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Relationships between solar activity and variations in both sea surface temperature (SST) and atmospheric circulation at the time of the solar maximum are presented. The global distribution of correlation
coefﬁcients between annual relative sunspot numbers (SSN) and SST from July to December was
examined over a 111-year period from 1901 to 2011. Areas with a signiﬁcant positive correlation
accounted for 11.7% of the global sea surface in December, mainly over three regions in the Paciﬁc. The
inﬂuence of solar activity on global atmospheric pressure variations and circulation in the maximum
years was also analyzed from 1979 to 2011. The results indicated that higher geopotential height
anomalies tended to appear in the stratosphere and troposphere in the northern hemisphere, centering
on around the Hawaiian Islands from November to December, in the second year of the solar maximum.
The SST distribution in the Paciﬁc with strong north and south Paciﬁc Highs produced a pattern that
resembled teleconnection patterns such as the Paciﬁc Decadal Oscillation (PDO) and the Central-Paciﬁc
~ o, or El Nin
~ o Modoki (ENM). It is suggested that the solar activity had an inﬂuence on the
(CP) El Nin
troposphere via not only the stratosphere but also the sea surface.
© 2015 Elsevier Ltd and INQUA. All rights reserved.
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1. Introduction
The global climate has experienced pronounced changes in the
past (Lamb, 1972). A number of climatic cyclic and quasi-cyclic
~ o events and the quasi-biennial oscillaphenomena such as El Nin
tion (QBO) affect the climate on an interannual time scale. Mean
zonal wind, which has a strong QBO signal in the tropical stratosphere, switches between westerly and easterly phases on an
approximately 27-month timescale (Pascoe et al., 2005; Inoue and
Takahashi, 2009; Inoue and Yamakawa, 2010). Tree rings, ice cores,
ocean sediments, corals, and stalagmites have displayed a cyclic
behavior in the past (Lamb, 1972; Burroughs, 2003, 2007;
Yamaguchi et al., 2010; Kataoka et al., 2012). Earth's climate is
inﬂuenced by natural ﬂuctuations. Meteorological disasters, which
cause extensive damage to human society, economic systems, and
ecosystems are considered to be associated with many overlapping
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factors as part of the natural variations in the climate system
(Yamakawa, 2005; Yamakawa and Suppiah, 2009).
The 11-year cycle (Schwabe cycle; Miyahara et al., 2010)
detected in sunspot numbers is strongly related to changes in solar
radiation. Variation in sunspot numbers is used as an indicator of
variation in solar activity. Individual sunspots and/or groups of
sunspots ﬁrst appear in middle latitudes. As the solar cycle progresses, sunspots tend to appear in lower latitudes. When sunspots
wane in low latitudes, they reappear in middle latitudes, and the
cycle is repeated. The solar magnetic ﬁeld, which is characterized
by opposite polarity in the two hemispheres, reverses around the
peak of solar activity. The 22-year period in which the magnetic
ﬁeld reverses and returns to its original state of polarity, called the
“Hale cycle”, has been identiﬁed in tree rings (Douglass, 1919;
Biondi et al., 2001; Miyahara et al., 2010). The 11-year and twofold sunspot number cycles are regarded as important indicators
of solar activity, and are the most marked periodic events of the
sun's circulation patterns.
The link between solar or cosmic ray variation and climate
variability has been extensively reported in the literature. However,
conﬂicting results have been reported regarding the relationship
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between solar activity and Earth's climate. The sun is the primary
energy source for Earth, and any changes to the energy balance can
have a signiﬁcant effect on Earth's climate. Many studies have
claimed correlations between 11- and 22-year sunspot cycles and
tropospheric or surface weather patterns (Pittock, 1978, 1983). For
example, Xanthakis (1973) showed correlations between rainfall
and solar activity at many locations, with the correlations also
showing conﬂicting signs. However, Duffy et al. (2009) argued that
there is no relationship between solar activity and late twentiethcentury warming. Despite the vast amount of literature on this
subject, Pittock (2009) identiﬁed a number of problems associated
with the results derived from these studies, including poor data
quality (especially the poor dating of non-instrumental data), data
selection, data smoothing and autocorrelation, and post hoc elaboration of hypotheses to explain discrepancies.
Lately, analyses of the relationships between solar activity and
surface temperature, rainfall, sea level pressure (SLP), sea surface
temperature (SST), upper ocean temperature, and other factors
have been conducted by several researchers (e.g., White, et al.,
1997; van Loon et al., 2007; Meehl and Arblaster, 2009; Zhou and
Tung, 2010; Gray et al., 2010; Semeniuk et al., 2011; Gray et al.,
2013; Hood et al., 2013; Kuchar et al., 2014; Yamakawa and
Ohishi, 2015). In light of the many controversial results regarding
solar variability and climate that have been reported in the past, we
investigated the regional and global relationships between solar
activity and variations in SST and atmospheric circulation during
the instrumental record period.
2. Data and methods
Relative sunspot numbers (SSN) were obtained from the Scientiﬁc Chronological Tables published by the National Astronomical Observatory of Japan. Global SST data were obtained from the
Hadley Centre for Climate Prediction and Research, British Meteorological Ofﬁce. This data set has a horizontal resolution of 1
latitude  1 longitude.
Monthly data for geopotential height, air temperature, and
horizontal (u-wind, v-wind) and vertical wind (omega below
100 hPa) were obtained from the National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) global atmospheric reanalysis data (Kalnay et al.,
1996). These data sets have a 2.5  2.5 grid resolution. Outgoing longwave radiation (OLR) data were also obtained from the
NCAR archive. Monthly precipitation data for the same grids were
obtained from the Climate Prediction Center (CPC) Merged Analysis
of Precipitation (CMAP) dataset (Xie and Arkin, 1997). Correlation
coefﬁcients between annual sunspot numbers and monthly SST
from 1901 to 2011 were calculated, and the areas where the rvalues were equal or greater than the 95% signiﬁcance level (<0.05)
were plotted (Fig. 1). To determine the inﬂuence of solar variability
on weather conditions during the solar maximum phase, we
selected three periods (9 years in total) when solar activity was at a
maximum during the period from 1979 to 2011: 1979e1981,
1989e1991 and 2000e2002.
For climatic elements such as geopotential height, wind, SLP,
OLR and precipitation, the differences from the 30-year mean were
determined by a two-sided t-test. Differences with P < 0.05 were
considered signiﬁcant. Geopotential heights at nine levels (10, 50,
70, 100, 200, 300, 500, 850 and 1000 hPa) were examined, but only
results for six levels (50, 70, 100, 200, 500 and 850 hPa) were
presented here. We investigated the climatic response with a 1- to
36-month lag. Signiﬁcant areas were plotted in Figs. 4 to 11. The
percentage of signiﬁcant grids was calculated. The areas of significance were generally more obvious in the second year than in the
ﬁrst year. In the third year, signiﬁcant areas were identiﬁed in the

stratosphere, but less signiﬁcant and ﬂuctuating areas were
recognized in the troposphere. Therefore, we focused on the climatic response in the second year.
~o
Furthermore, the analysis period included the strong El Nin
event in 1982 and the eruption of Mt. Pinatubo in 1991. The results
obtained did not show any signiﬁcant differences when these
events were excluded from the analysis.
Data concerning monthly SSN, Paciﬁc Decadal Oscillation (PDO),
~ o, El Nin
~ o ModCentral-Paciﬁc (CP) and Eastern-Paciﬁc (EP) El Nin
oki (ENM) and Southern Oscillation Index (SOI) were obtained from
the sources cited below. SSN data were acquired from WDC-SILSO,
Royal Observatory of Belgium, Brussels. PDO index data were obtained from the Meteorological Agency, Japan (http://www.data.
jma.go.jp/kaiyou/data/shindan/b_1/pdo/pdo.html). CP and EP El
~ o index data were obtained from ERSST data set (http://www.
Nin
ess.uci.edu/~yu/2OSC/), calculated using the regression-EOF
method (Kao and Yu, 2009; Yu and Kim, 2010). ENM index data
were provided by JAMSTEC (Japan Agency for Marine-Earth Science
and Technology; http://www.jamstec.go.jp/frcgc/research/d1/iod/
modoki_home.html.en). SOI index were obtained from Climate
Prediction Center (http://www.cpc.ncep.noaa.gov/data/indices/
soi).
3. Relationships between SSN and SST in 1901e2011
Positive correlation coefﬁcients (r) between solar activity and
global mean SST were reported by Reid (1987, 1991). However, a
detailed investigation of the relationships between solar activity
and the regional characteristics of SST has not been attempted.
Therefore, we calculated correlation coefﬁcients between annual
mean relative SSN and monthly SST to investigate regional variations over the globe. Signiﬁcant positive correlations were found in
several areas during the period from 1901 to 2011, which included
eight cycles of solar variations. In this study, areas with equal or
greater than the 95% signiﬁcance level, i.e., r ¼ 0.187, n ¼ 111, were
considered.
The global distributions of the correlation coefﬁcients (r) between annual SSN and SST from July to December for the period
from 1901 to 2011 are shown in Fig. 1. In this study, we focused on
areas with a greater than 95% signiﬁcance level, which accounted
for 11.7% of the global sea surface in December; correlation based
on latitudes were not attempted.
We focused on the results from autumn to early winter because
some interesting results were apparent from November to
December (Figs. 4 to 11) in the second year of the solar maximum.
Both signiﬁcant positive correlation areas (SPCAs) and the signiﬁcant negative correlation areas (SNCAs) were considered in this
study. The regional features of each sea area from July to December
were as follows.
The SPCAs tended to occur in the Circum-North Paciﬁc. In July,
SPCAs in the Circum-North Paciﬁc were distributed from around
Japan via the Aleutian Islands to the west of North America.
This relationship was less obvious in August and September, but
SPCAs were concentrated in the eastern parts of the Circum-North
Paciﬁc in October, centered off northern California, and this was
maintained throughout December.
In December, the SPCAs in the Circum-North Paciﬁc shifted
farther toward the southern part, and they were linked to SPCAs
around the Hawaiian Islands (Fig. 1f). SPCAs were apparent near
Japan, especially off eastern Japan, in July and from November to
December, although they were less common from August to
October.
In the Southern Hemisphere, SPCAs were found over the
southern Paciﬁc Ocean, including off eastern Australia and around
New Zealand. These extended into the Antarctic Ocean in August
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Fig. 1. Global distribution of the correlation coefﬁcients (r) between annual sunspot numbers (SSN) and sea surface temperatures (SST) in (a) July, (b) August, (c) September, (d)
October, (e) November, and (f) December from 1901 to 2011. The thick lines indicate the borders of regions above the 95% conﬁdence level (n ¼ 111).

and shifted southward in December. The SPCAs west of Chile
peaked in September and declined in size in December. SNCAs were
recognized along the South Paciﬁc convergence zone (SPCZ),
especially in December.
In the ice-forming period from November to December, SNCAs
occurred continuously in the Davis Strait between Bafﬁn Island in
Canada and southwestern Greenland. In the Gulf of Mexico, SPCAs
were present in autumn and expanded into the Bermuda waters in
November.
In the northern Indian Ocean, SPCAs occurred continuously
over the western Bay of Bengal and southwest of Sumatra and Java.
SPCAs occurred from July to September along the Mozambique
Channel before disappearing in December, and they were separate

from the SPCAs in the Antarctic Ocean. East of Madagascar, SPCAs
were present from September to December, with a peak in
October.
In the Antarctic Ocean, SPCAs occurred in a ring around
40e60 S, excluding the negative correlation area located in the
southeastern part of the South Paciﬁc.
Negative anomalies were generally predominant over large
areas of the Arctic Ocean. In September, when the area of sea ice
generally reached an annual minimum, SPCAs were observed in
northeast of Iceland, the northern coast of Scandinavia, the
Barents Sea and the East Siberian Sea, whereas the Beaufort Sea
and the eastern Kara Sea had the characteristics of negative
anomalies.
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Fig. 2. Secular variations in sunspot number (SSN) and sea surface temperatures (SST) at three locations: C, off northern California (38 Ne126 W); N, inshore Nauru (EQe167 E); J,
off eastern Japan (35 Ne156 E). The SSN scale is one ﬁftieth of the actual values. The values of SST [ C] are anomalies from an 11-year running mean.

3.1. Relationship between solar activity and SST in three selected
areas
Based on Fig. 1f, three distinctive stations, that is off northern California (38 Ne126 W: C point), inshore Nauru
(EQe167 E: N point), and off eastern Japan (35 Ne156 E: J
point), were selected to examine temporal characteristics of the
relationship between solar activity and SST. The three points
were dealt with as typical cases due to apparent strong relationships between solar activity and SST among the most
signiﬁcant areas. The positive correlations reached a maximum
in December off northern California, with statistical signiﬁcance
at a 99% conﬁdence level, and off eastern Japan and in the vicinity of Nauru, with statistical signiﬁcance at a 95% conﬁdence
level. Although the synchronicity was not always clear, in general, positive correlations between SSN and SST were observed
over a long time scale (Fig. 2).
Of the three points, the C point (located off California) had the
maximum r-value (Fig. 3). The behavior of the North Paciﬁc High
and the North Paciﬁc warm ocean current is an issue that should be
addressed. The SST in this area was inﬂuenced by relatively shortterm ﬂuctuations, such as the ENSO, which has a 4- to 5-year cycle, on average.

The J point is located over the Kuroshio Extension, where two
ocean currents meet. The relationship between SST anomalies and
atmospheric circulation is also inﬂuenced by pressure variations in
the North Paciﬁc High. This region plays an important role in
airesea interaction.
The r-value was lower at the N than at the C point, but the relationships between SST anomalies and atmospheric ﬁelds over the
N point are discussed in the next section.

4. Atmospheric features during the strong solar activity
phase
Of the 9 years selected for analysis, clear relationships were
found in the second year of the solar maximum, and locations with
noticeable relationships were identiﬁed. Statistically signiﬁcant
relationships tended to appear as continuous patterns in November
and December (Fig. 4).
In the northern hemisphere stratosphere, when the strength of
the westerly jet stream increases from late autumn to early winter
(around November and December), the planetary waves (i.e.,
Rossby waves) can propagate upward. It is thought that the
stratospheric response to solar activity is possibly related to

Fig. 3. Scatter diagrams of sunspot number (SSN) and sea surface temperatures (SST) at C, off northern California (38 Ne126 W); N, inshore Nauru (EQe167 E); and J, off eastern
Japan (35 Ne156 E) in December. The values of SST [ C] are anomalies from an 11-year running mean. The correlation coefﬁcients (r) were C: 0.26 (above the 99% conﬁdence level)
and N: 0.21, J: 0.23 (both over the 95% signiﬁcance level).
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Fig. 4. Global geopotential height anomalies [gpm] (a,d) 50 hPa, (b,e) 70 hPa, and (c,f) 100 hPa in the stratosphere. Distributions in November (a,b,c) and in December (d,e,f) are
shown on the left and right, respectively. The thick lines indicate the borders of regions those are equal or greater than the 95% signiﬁcance level (n ¼ 9) from 1979 to 2011.

tropospheric circulation, precipitation and SST anomalies near the
tropical Paciﬁc, as noted below.
At 50, 70, and 100 hPa, positive anomalies occurred over a large
area centered on the Hawaiian Islands. At 50 hPa in the northern
hemisphere (Fig. 4a,d), positive areas expanded from the subtropical mid-Paciﬁc, comprising the Hawaiian Islands, the United States,
Mexico, Central America, and the Greater Antilles, through to
northwestern Africa and the Mediterranean region. The positive
anomalies of high geopotential height zonally covered about two
thirds of the annular mode. Likewise, the upper layers in the
stratosphere such as at 20 hPa (not shown) were characterized by
the annular mode.

The area of positive anomalies at 70 hPa (Fig. 4b.e) tended to be in
a state of transition from annular mode to restricted prevalence in
the central Paciﬁc. In December, marked positive anomalies were
noticed at 100 hPa (Fig. 4f) from around the Hawaiian Islands to
eastern offshore Nauru. The area of positive anomalies tended to
concentrate in the central Paciﬁc with wider positive area in
December than in November. In the southern hemisphere, signiﬁcant
positive anomalies were found over southern Polynesia, around Peru
and in the Antarctic Ocean close to the South Atlantic (Fig. 4).
On the other hand, signiﬁcant negative anomalies were found
around Greenland in November (Fig. 4c) and on the northern coast
of Siberia in December (Fig. 4f) in the second year of the solar

294

S. Yamakawa et al. / Quaternary International 397 (2016) 289e299

Fig. 5. Global geopotential height anomalies [gpm] at (a,d) 200 hPa, (b,e) 500 hPa, and (c,f) 850 hPa in the troposphere. Distributions in November (a,b,c) and in December (d,e,f) are
shown on the left and right, respectively. The thick lines indicate the borders of regions those are equal or greater than the 95% signiﬁcance level (n ¼ 9) from 1979 to 2011.

maximum. These low geopotential heights coincided with the low
temperature area. In winter, polar stratospheric clouds (PSCs) form
over the Arctic (Jensen et al., 2002). In spring, with the return of
sunlight and increased solar radiation, PSCs sublimate and destroy
some of the ozone. These areas of negative anomalies are of
importance from the perspective of ozone depletion in the Arctic.
Based on the heights in the stratosphere and troposphere, the
positive anomaly around the Hawaiian Islands stretched from the
stratosphere to the troposphere (Fig. 5). Judging from the positive
anomalies of geopotential height between 200 and 500 hPa, the
tropopause was considered to be higher than average in November
and December. Although there was a signiﬁcant area of shrinkage
around the tropopause between 100 and 200 hPa (Fig. 5a,d), it
could be conﬁrmed up to 500 hPa (Fig. 5b). On the contrary, a

signiﬁcant negative area was made clear in the central and eastern
Paciﬁc at 850 hPa (Fig. 5c,f) and 1000 hPa (not shown).
Wind (u, v components and omega) analyses produced coherent
patterns with the pressure ﬁeld. In Fig. 6, which shows the v-wind,
it is clear that southerly anomalies were found heading from eastnortheast off Indonesia in the tropical Paciﬁc toward southeast of
Japan at 100 hPa (Fig. 6a) and heading from the central Paciﬁc toward east of Japan at 850 hPa (Fig. 6b).
In Fig. 7, which indicates the vertical wind (omega), as for the
northern mid-Paciﬁc, signiﬁcant negative anomalies, i.e. ascending
currents, were observed around the tropical area at 100 and
850 hPa, while signiﬁcant positive anomalies, i.e. descending ones,
were found in the subtropics and mid-latitudes, with two centers of
both 20 N and 45 N at 850 hPa (Fig. 7b). In response to the

S. Yamakawa et al. / Quaternary International 397 (2016) 289e299

295

Fig. 6. Meridional wind anomalies [m/s] at (a) 100 hPa and (b) 850 hPa in December of the second year of the solar maximum. The thick lines indicate the borders of regions those
are equal or greater than the 95% signiﬁcance level (n ¼ 9) from 1979 to 2011.

anomalies of ascending currents, negative anomalies were
observed in sea level pressure (SLP) (Fig. 8) and OLR (Fig. 9), with
active convection apparent over these regions. The SLP anomaly
pattern corresponded well to the SST anomaly patterns (Fig. 1e,f)
and indicated positive areas in the western Paciﬁc and negative
areas in the central and eastern Paciﬁc.
The OLR (Fig. 9) and the precipitation patterns (Fig. 10) were
characteristic of active intertropical convergence zones (ITCZ)
in the central and eastern Paciﬁc. Conversely, it is suggested
from Figs. 9 and 10 that droughts tended to occur in the
Philippines, northwestern and central Australia, and northeastern Brazil.
When a high-pressure circulation strengthened in the North
Paciﬁc and the trade winds blew predominantly, strong warm air
advection at 100 hPa, as mentioned above, expanded towards the
vicinity of Japan (Fig. 6a). The southerly winds southwest of Hawaii
tended to descend around the area of 25e30 N in the cross section
along 180 E (Fig. 11a). Additionally, strong ascending currents
appeared around the area of 170 E to 170 W in the cross section
along 5 N (Fig. 11b) due to the warmer SST. It is concluded that
ascending currents were strengthened and the Walker circulation
became more intense globally in the eastewest cross section along
5 N (Fig. 11b).
Based on the north-south cross section along 180 E (Fig. 11a),
Hadley circulation was strengthened not only in the summertime
central South Paciﬁc, but also in the wintertime central North Paciﬁc, in particular, in the northern region of the mid-Paciﬁc around
the International Date Line with a 1- to 2-year lag, so that the North
Paciﬁc and South Paciﬁc Highs developed simultaneously,
strengthening easterly waves of trade winds and westerly waves in
the northern mid-latitudes. The development of these circulation
patterns could sometimes lead to the formation of blocking highs,
seen as at 100 hPa over North America in December (Fig. 4f). Based
on Fig. 11, the tropopause was considered to be higher than average,
i.e. up to about 16 km, and hence the height of the top of cumulonimbus (Cb) cloud was raised substantially.
Under these circumstances, the signiﬁcant signal in the stratosphere due to strong solar activity seems to reach the troposphere.
5. Discussion
It is known that global average SST was positively correlated
with solar activity (Reid, 1987, 1991). However, the relationship
between solar activity and regional SST has not been investigated in detail. This study attempted to determine the relationships between solar activity and SST. Instrumental data

from 1901 to 2011 revealed a signiﬁcant positive relationship on
a global basis.
Haigh's (1999) model showed a signiﬁcant relationship between
solar radiation and stratospheric circulation, but the response in
the troposphere was not clear. Kodera and Kuroda (2002) suggested
that the subtropical jet was stronger due to increased solar forcing
during the solar maximum, which could lead to changes in
meridional circulation and warming in the lower stratosphere due
to interaction between planetary waves and the mean ﬂow. These
studies did not show a remarkable tropospheric response to solar
activity, and our results are consistent with theirs with regard to
the stratosphere.
In the present study, we conﬁrmed signiﬁcant positive relationships between solar activity and circulation systems in the
troposphere. Because westerlies dominate in most parts of the
stratosphere in late autumn and winter, planetary waves can
propagate upward in the stratosphere in November and December.
Therefore, the tropospheric response to stratospheric variation may
be detected more easily than in other seasons (Inoue et al., 2011;
Inoue and Takahashi, 2013). As a result, stratospheric geopotential
height anomalies seem to reach the troposphere in November and
December.
Labitzke and van Loon (1992) reported a signiﬁcant positive
relationship between the subtropical high and electromagnetic
waves at a wavelength of 10.7 cm at 30 hPa in July and August. Our
results indicated that the positive inﬂuence of solar activity on the
subtropical high-pressure zone is apparent in both the stratosphere
and troposphere in terms of the barotropic structure during the
latter half of the year. Therefore, our results suggest that further
investigation into the link between solar activity and Earth's circulation systems would be beneﬁcial to understand unusual
weather, including teleconnection patterns. At the beginning of the
northern hemisphere winter, i.e., in November and December, in
the second year of the solar maximum, higher geopotential height
anomalies occurred over the subtropical areas, not only in the
stratosphere but also in the troposphere. These anomalies tended
to develop in early winter.
In the lower troposphere i.e. at 850 and 1000 hPa, wider negative areas with a 95% signiﬁcance levels were identiﬁed, compared
with the upper troposphere during the early northern winter in the
second year of the solar maximum; therefore, it is likely that the
solar activity also seemed to have an inﬂuence on the atmosphere
via the sea surface.
As for the distribution of SST, van Loon et al. (2007) found a
~ a-like or cold event-like response to peaks in the DSO
La Nin
(Decadal Solar Oscillation) activities, followed by a lagged warm
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Fig. 7. Vertical p-velocity (omega) anomalies [103 Pa/s] at (a) 100 hPa and (b) 850 hPa levels in December of the second year of the solar maximum. Negative and positive values
show upward and downward currents, respectively. The thick lines indicate the borders of regions those are equal or greater than the 95% signiﬁcance level (n ¼ 9) from 1979 to
2011.

~ o-like response (Meehl and Arblaster, 2009).
event or El Nin
They analyzed observations and results from two global coupled
climate models at time lags in December, January and February.
One or two years later, with an eastward shift in warm waters
along the equator, a band of warm waters were pointed out
from west off the California coast to east off Japan. Their consequences were consistent with this work as to warm event-like
response at time lags. The results of recent simulations focused
on SST and SLP affected by solar forcing by Hood et al. (2013)
were also consistent with this study. Besides, Gray et al.
(2013) conducted model research on SST and temperature in
the Atlantic and Europe, and their results were coherent with
this paper as far as SST in the Paciﬁc is concerned.
Fig. 1f revealed strong positive correlation between SSN and SST
in the second year of the solar maximum in the tropical central and
eastern Paciﬁc, which slightly resembled a warm event. However,
the correlation was rather weaker off the Peru coast with some
negative anomalies. Therefore, it is not identiﬁed as the conven~ o. Northeastward high positive and southeastward less
tional El Nin
high positive anomalies, centered in the tropical central Paciﬁc
were found in the ﬁgure. In the higher latitudes where these positive anomaly bands were located, negative anomaly areas were
found almost parallel to these bands.
In comparison, there are similarities between the distribution of
~o
the areas with signiﬁcant r-values in Fig. 1 and the CP El Nin
~ o Modoki (ENM) pattern
pattern (Yu and Kim, 2010) and the El Nin

(Ashok et al., 2007). Moreover, Fig. 1f is also similar to the area of
the PDO, with a horseshoe arch pattern (Roy and Haigh, 2010; Gray
et al., 2013) in the central and eastern Paciﬁc. In the positive phase
of the PDO, SST in low latitudes of the central and eastern Paciﬁc
becomes higher, with a pronounced tendency for higher SST from
around the Hawaiian Islands to California coastal waters. Lower SST
tends to appear from the tropical western to northwestern Paciﬁc.
In the second year of the solar maximum, a pattern similar to the
positive phase of the PDO tended to occur. In addition, there are
~ o in the terms of spatial
also similarities between PDO and CP El Nin
distribution.
~ o is characteristic of a higher anomEastern Paciﬁc (EP) El Nin
alies than the average in SST of the tropical eastern Paciﬁc, that is
~ o (Yu and Kao, 2007;
above þ0.5  C, while Central Paciﬁc (CP) El Nin
Kao and Yu, 2009) is typical of a similar higher anomaly in the
~ o have a time span of
tropical central Paciﬁc. Both types of El Nin
~ o tend to expand
several months. Higher anomalies of CP El Nin
northeast and southeast.
Meanwhile, ENM is associated with strong anomalous warming
in the tropical central Paciﬁc and cooling in the eastern and western
Paciﬁc. ENM index is mainly based on the SST in the tropical central
Paciﬁc, subtracting the SST in half on the eastern and western
fringes of the tropical Paciﬁc.
In this study, analyses were made at ﬁrst using annual SSN as an
index representing solar activity, on the tentative hypothesis that
the relationship with SST would have been made clearer if short-

Fig. 8. Sea level pressure (SLP) anomalies [hPa] in December of the second year of the
solar maximum. The thick lines indicate the borders of regions those are equal or
greater than the 95% signiﬁcance level (n ¼ 9) from 1979 to 2011.

Fig. 9. Outgoing long wave radiation (OLR) anomalies [W/m2] in December of the
second year of the solar maximum. The thick lines indicate the borders of regions
those are equal or greater than the 95% signiﬁcance level (n ¼ 9) from 1979 to 2011.

S. Yamakawa et al. / Quaternary International 397 (2016) 289e299

Fig. 10. Precipitation anomalies [mm/day] in December of the second year of the solar
maximum. The thick lines indicate the borders of regions those are equal or greater
than the 95% signiﬁcance level (n ¼ 9) from 1979 to 2011.

term variations of solar activity had been removed. However, with
the aim of elucidating quantitative relationship between solar ac~ o and so forth, monthly
tivity and indices such as PDO and CP El Nin
correlations between SSN and these indices were calculated at lags
up to 60 months (Fig. 12). As the Anomalous patterns of SST in this
~ o than
study showed a closer resemblance to PDO and CP El Nin
ENM in terms of spatial distribution, correlation coefﬁcients be~ o were
tween SSN and PDO and between SSN and CP El Nin
computed.
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As concerns the relation between SSN and PDO, the analyses
were made, divided into 2 periods of 1901e2014 and 1948e2014.
As a result, higher positive correlations were established at the 99%
signiﬁcance level in the recent 1948e2014 period at a 7- to 45month lag with a peak at a 29-month lag than in a long-term
1901e2014 period. Besides, positive correlations between SSN
~ o were also recognized at the 99% signiﬁcance level in
and CP El Nin
the recent 1948e2014 period at a 8- to 39-month lag with a peak at
a 29-month lag, but a subsequent quick reduction in coefﬁcients
was recognized. It is worthy of note that the strongest coefﬁcients
were found in the relationships both between SSN and PDO
~ o (r ¼ 0.173) at a 29-month lag,
(r ¼ 0.182), and SSN and CP El Nin
respectively. In addition, there remained relatively high signiﬁcant
~ o and PDO up to a 28-month
positive correlations between CP El Nin
lag with a peak at a 0-month lag (r ¼ 0.359). On the other hand, EP
~ o was not statistically signiﬁcant with SSN.
El Nin
As for ENM, higher positive correlations with SSN were also
found at a 99% signiﬁcance level in the 1948e2014 period at a 0- to
44-month lag, with a peak at a 26-month lag, although signiﬁcant
positive correlations with PDO remained at a 0- to 18-month lag
with a peak at a 6-month lag (r ¼ 0.193). Concurrent correlation
~ o and ENM was proved to be r ¼ 0.821 at the 99%
between CP El Nin
signiﬁcance level.
In connection with the solar activity, the highest negative correlation between SSN and SOI (southern oscillation index) was
recognized at a 26-month lag with the 99% signiﬁcance level in the
1951e2014 period. It is interesting that the highest coefﬁcients
were found in the relationships both between SSN and ENM

Fig. 11. Vertical p-velocity [102 Pa/s] in (a) the latitudeepressure cross section along 180 E and (b) the longitudeepressure cross section along 5 N in December of the second year
of the solar maximum. Negative and positive values indicate upward and downward currents, respectively. The thick lines indicate the borders of regions those are equal or greater
than the 95% signiﬁcance level (n ¼ 9) from 1979 to 2011.

~ o, and SSN and ENM at lags up to 60 months after the solar maximum.
Fig. 12. The time series of monthly lagged correlation coefﬁcients (r) between SSN and PDO, SSN and CP El Nin
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(r ¼ 0.206) and between SSN and SOI (r ¼ 0.220) at a 26-month
lag, respectively.
The mechanism between solar activity and prevalent SST patterns is yet to be clariﬁed, but it is likely that the effect of solar
activity on SST seems to be related to the PDO. Deducing from Fig. 1f
in the second year of the solar maximum, the higher SST pattern
seems to lead to development of the North and South Paciﬁc Highs
in the central and eastern Paciﬁc. The SST distribution associated
with strong Paciﬁc highs seems to produce a pattern that is similar
~ o-like
to the PDO. A long-lived large-scale horseshoe-shaped El Nin
pattern, which is a positive phase of the PDO (Hare, 1996; Mantua
and Hare, 2002), seems to be formed in the Paciﬁc Ocean, with a
distribution of warmer SST around the tropical central and eastern
Paciﬁc and cooler SST around the western Paciﬁc on a decadal time
scale.
In the meridional cross section along 180 E (Fig. 11a), the active
descending currents around the subtropical high pressure zone at
25e30 N and the southerly winds in the northern mid latitudes
around 40 N enhanced meridional circulation (Fig. 6b) as well as
westerly waves, i.e. Rossby waves, probably accompanied by the
development of blocking highs in some cases (Yamakawa and
Ohishi, 2015). Blocking patterns results in stagnation and persistence in weather conditions, which tend to trigger extreme weather
such as pluvial rain, ﬂoods, drought and so forth.
At 500 hPa, SNCAs were found around North India (Fig. 5e). It is
likely that unusually cold weather tended to occur in North India in
the early winter of the second year of the solar maximum.
6. Conclusion
An analysis of the relationship between the variations in solar
activity and SST was conducted in this study using statistical analyses. The results are summarized as follows.
The analysis of the relationship between variations in solar activity and SST from 1901 to 2011 indicated that sunspot numbers
and SST were positively correlated in wide areas, with statistically
signiﬁcant positive correlations in many regions. Although SST did
not exhibit periodicities, long-term variations revealed a link with
solar activity. Our results showed that the positive correlations
reached the maximum off northern California, with statistical signiﬁcance at the 99% conﬁdence level, and off eastern Japan and in
the vicinity of Nauru, with statistical signiﬁcance at the 95% conﬁdence level.
Analyses of the relationships between solar activity and the
Earth's climate system also revealed relationships between variations in solar activity and circulation in the troposphere. Statistically signiﬁcant correlations were found over the North Paciﬁc,
particularly over the location of the North Paciﬁc High. The r distribution pattern in the Paciﬁc corresponded with the positive
~ o and ENM pattern. It is worthy of
phase of the PDO, the CP El Nin
note that the highest coefﬁcients at a 29-month lag were found in
the relationships both between SSN and PDO, and SSN and CP El
~ o with statistical signiﬁcance at the 99% conﬁdence level,
Nin
respectively(Fig. 12).
In the second year of the solar maximum, signiﬁcant positive
atmospheric anomalies were represented in the mid-latitudes in
November and December. The distributions of zonal and meridional winds (u and v), vertical wind (omega), OLR and precipitation
were associated with the maximum phase of solar activity.
Particularly in the northern equatorial Paciﬁc, vertical winds displayed signiﬁcant negative anomalies, i.e. ascending currents at
850 hPa and 100 hPa (Fig. 7), whereas to the north of these
anomalies, around both 20 N and 45 N, signiﬁcant positive
anomalies, i.e. descending currents were observed at 850 hPa,
demonstrating the prevalence of Hadley circulation (Fig. 11a). In

November and December, the solar signal displayed in the
stratosphere could reach the troposphere with a change in the
meridional circulation in association with wave activity, and it
could be also linked with the tropospheric circulation ﬁeld and its
precipitation behavior.
In the second year of the solar maximum, a signiﬁcant negative
anomaly of geopotential height at 100 hPa was recognized around
Greenland in November (Fig. 4c) and on the northern coast of
Siberia in December (Fig. 4f). In the Arctic, PSCs occurred in winter.
These anomalous areas are important from the perspective of
ozone depletion.
In the lower troposphere i.e. at 850 and 1000 hPa, wider negative areas with the 95% signiﬁcance level were identiﬁed than the
positive areas in the upper troposphere in the second December of
the solar maximum; therefore, it is likely that the solar activity had
an inﬂuence on the troposphere not only from the stratosphere but
also via the sea surface.
Several of the results obtained in this study need further
investigation to better understand the causes of past unusual
weather and meteorological, climatic disasters (Yamakawa, 2010),
from the viewpoint of teleconnections. The results of these analyses
should be further examined to better understand the relations
between solar activity and the climate system of Earth.
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