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Abstract. Possible direct or indirect climatic effects re- scientists who study the evolution of the Earth know that
lated to solar variability and El Nifio—Southern Oscillation in, its giga-year history, the planet has gone through several
(ENSO) were investigated in the southern Brazil region by catastrophic episodes that brought drastic changes to the en-
means of the annual mean temperatures from four weatherironment and affected all types of existing life. Therefore, it
stations 2 degrees of latitude apart over the South Atlantids certainly important that natural processes that may affect
Magnetic Anomaly (SAMA) region. Four maximum temper- the climate are also investigated so that their effects can be
ature peaks are evident at all stations in 1940, 1958, 197&valuated.

and 2002. A spectral analysis indicates the occurrence of pe- This investigation studies the effects of solar activity
riodicities between 2 and 7 yr, most likely associated withas one of the possible natural climatic forcings. A possi-
ENSO, and periodicities of approximately 11 and 22 yr, nor- ble correlation between sunspots and climatic variables has
mally associated with solar variability. Cross-wavelet anal-been proposed by several authors for over a century (see
ysis indicated that the signal associated with the 22 yr solareview article by Gray et al., 2010). However, this rela-
magnetic cycle was more persistent in the last decades, whilgon between solar activity and climate has been difficult
the 11yr sunspot cycle and ENSO periodicities were inter-to determine because the solar energy flux variation dur-
mittent. Phase-angle analysis revealed that temperature varing a solar cycle is very small and insufficient to give rise
ations and the 22 yr solar cycle were in anti-phase near théo significant climate variations (Dickinson, 1975). Never-
SAMA center. Results show an indirect indication of possi- theless, there were observational results that would favor
ble relationships between the variability of galactic cosmicthe solar activity—climate correlation (e.g., Wilcox, 1975;
rays and climate change on a regional scale. Lassen and Friis-Christensen, 1995). An alternative and con-
sistent explanation was proposed by Svensmark and Friis-
Christensen (1997) and Svensmark (2007) by introducing the
intermediate action of galactic cosmic rays (GCRS).

Solar activity variation has been historically associated
with sunspot numbers, but other solar properties, such as
1 Introduction the heliomagnetic field, also vary during solar cycles. The

high solar magnetic field during solar maxima reduces the
Global warming and other climatic effects caused by an-incigence of GCRs on the Earth to a minimum, whereas

thropic action have been a subject of concern among investithe maximum incidence would correspond to solar minima.
gators in the area of environmental sciences. However, geo-
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Table 1.Information on the weather stations in this study.

Station Code  Coordinates Altitude

SPO 83781 23%S,46.6W 792m
CUR 83842 25.4S,49.3W 924m
FLO 83897 27.8S,48.5W 2m
POA 83967 30S,51.2W 47m

past few centuries, and they show that the anomaly center

-20' approached Rio de Janeiro near 1900 and then drifted south-
Brazil e west until reaching the coast of the state of Parana near 1945,
Paraguay ~ wspo  **x P when the trajectory changed again to a westward drift. Dur-
.25° CUR ** ing the past century, the SAMA center has passed close to
2008 XX XK o several Brazilian weather stations. Analyses of temperature
Argem;i; a' ®FLO time series from four Brazilian weather stations when the
.30° { "poa SAMA center was close to them will be shown.
1 ok ' Allantic Ocean
- gy 2 Study area, data sets and methodology of analysis
-60° -55° -50° -45° -40° -35°

_ o _ Some authors relate cosmic rays to climate at specific re-
Fig. 1. (A) Global geomagnetic field intensity map computed from gions of the planet (e.g., Pudovkin et al., 1997; Vieira and da
IGRF data for 2005. The study area is bounded by the white rectangijya. 2006: Harrison and Ambaum 2009). Spatially, GCR

gle.(B) Enlarged map of the study area showing the locations of thequx varies according to the geomagnetic field direction and

weather stations (SPO, CUR, FLO and POA) and the SAMA Centerintensit with higher fluxes in the polar regions and lower
drift from 1905 to 2005 (black stars), computed every 5yr. Y, 9 P 9

fluxes at the Equator. Moreover, regions with weak geo-
magnetic intensities, such as the South Atlantic Magnetic
Anomaly (SAMA), enable higher fluxes of particles (Konig

Through multiple interactions, GCR high-energy particles et al., 1978; Smart and Shea, 2009). Currently, the SAMA

create a large number of ions that, when associated W'trt]:overs part of the South Atlantic Ocean and the South Amer-

aerosols, can favor condensation and the formation of Iow-iCan continent. The reaion has been stronalv influenced b
altitude clouds. Therefore, cloud formation and their conse- ) 9 gy y

S ; ; the SAMA since the early twentieth century. This geomag-
quence on climatic variables can depend on the Sun’s mags tic anomaly £ 25 000 nT) now covers half of South Amer-
netic field, but the Earth’s magnetic field is also variable and. a and part of the South Atlantic (Fig. 1a). Its center moved

o . . i
can reduce the GCR incidence. The simultaneous action Ot{omthe Atlantic Ocean to Paraguay between 1905 and 2005,

the heliomagnetic and the geomagnetic fields has been onge

e o L2 . as shown in Fig. 1b, which also shows the locations of the
of the difficulties in determining clear evidence of the effect . .
- ) 2 ) four weather stations. Three stations (CUR, FLO and POA)
of solar activity on climate variation (Dorman, 2012; Lock-

: are maintained by the Brazilian National Institute of Mete-
wood, 2012). Furthermore, there are many studies based on . . ~

S . ; .. -orology and one (SPO) by the University of S&o Paulo. The
climatic and proxy data analysis that are in agreement with Hetails of these stations are presented in Table 1
the GCR—climate relationship (e.g., Miyahara et al., 2008; b :

Souza Echer et al., 2012; Svensmark, 2012) and other stud- The time evolution of _geomagnenc f|elq Intensities, C?I'
; . . . ; . culated from the International Geomagnetic Reference Field
ies that disagree with this relationship (e.g., Wagner et al.

2001; Overholt et al., 2009; Erlykin and Wolfendale, 2011). (IGR'.:)’ at gaqh weather station Iocatlon_ IS shown in Fig. 2.
. - . The figure indicates that the geomagnetic intensity has been
Experimental results indicate that GCRs may play an impor-

S . : continuously decreasing. The intensities were very similar
tant role in climate modulation (Enghoff et al., 2011; Kirkby 2 .
etal., 2011; Pedersen et al., 2012). for all positions for the period between 1960 and 1990.

In this research, we investigated the effect of solar activity':Igure 2 also shows the distance between the weather sta-

. o : . tions and the SAMA center as a function of time. The mini-
on climate variation in the South Atlantic Magnetic Anomaly mum distance occurred in 1940 for SPOZ30 km), in 1960

(SAMA) region where the geomagnetic field is exceptionally for FLO (~165km), in 1965 for CUR 4 70km), and in

IQW and, therefore, Where the influence of Earth S magnet|c1985 for POA ¢ 340 km). The CUR weather station was the
field on the GCR flux is much smaller and continuously de- closest to the SAMA. followed by ELO and SPO
creasing (Smart and Shea, 2009). The SAMA time evolution ' y '

has been investigated by Hartman and Pacca (2009) over the
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Fig. 2. (A) Time evolution of the geomagnetic field intensity at 5 yr

resolution for the meteorological station positions and the SAMA
center from 1900 to 201@B) Distance between each station and

the SAMA center between 1900 and 2010.

— POA

ture and rainfall strongly affected by El Nifio—Southern Os- 1940 2950 138D 2000

Southern Brazil has a subtropical climate, with tempera-

- . Y
cillation (ENSO; Grimm et al., 2000; Barros et al., 2002). ear

At longer timescales, solar activity variability can also affect Fig. 3. Time series of the relative temperature between 1933 and
temperature and rainfall patterns. A possible climatic modu-2008 for four Brazilian meteorological stations: SEX), CUR(B),
lation by solar activity at these timescales was suggested bfLO (C) and POA(D). The shaded bands indicate simultaneous
Gusev et al. (2004) and Souza Echer et al. (2008). Spectrdnaximum temperature events.
analysis of tree growth rings over the last centuries indicated
climatic variations associated with ENSO on an interannual
timescale and with solar activity on decadal to multidecadal—1 in odd cycles and is represented in terms of Rz22. GCR
timescales (Rigozo et al., 2003, 2004; Prestes et al., 2011¥lux exhibits a clear effect from the 11 yr solar magnetic field
However, this external forcing has not been studied on themodulation. Moreover, there is a 22 yr secondary modula-
regional scale. tion that depends on the Sun’s magnetic field polarity (see
The time series of the annual average temperature relkKudela, 2009). Neutron count curves in transitions from so-
ative to the 1961-1990 mean are shown in Fig. 3. Meanar cycles 19 to 20 and 21 to 22 have a thin triangular shape.
values for the 1961-1990 interval were 187 for SPO,  During transitions from cycles 20-21 and 22-23, the count
16.8°C for CUR, 20.£#C for FLO and 19.5C for POA. curves become thick and squared.
The time series of suggested climate forcings are shown in Classical spectral analysis with iterative regression
Fig. 4. The Southern Oscillation Index (SOI) (Fig. 4a) was (ARIST — Andlise por Regresséo lterativa de Séries Tempo-
obtained from the University of East Anglia websitgtp: rais) was used to identify cyclic variations in the tempera-
[lwww.cru.uea.ac.ul/ The SOI estimates the ENSO ampli- ture data. ARIST is based on the adjustment of observational
tude. Negative (positive) values are related to El Nifio (Ladata by means of a sine function with three unknown param-
Nifia) events. The sunspot number time series (Fig. 4b), repeters (frequency, amplitude and phase). These parameters are
resented in terms of Rz (Hoyt and Schatten, 1997), was obeomputed in an iterative process, after which it is possible to
tained from the Solar Influences Data Analysis Center web-determine periodicities that may be present in the time series
site (ttp://sidc.oma.b@/ Neutron counts (Fig. 4¢), an indi- and to select those with statistical significance (Rigozo and
cator of the GCR flux, were measured at the Climax Neu-Nordemann, 1998; Rigozo et al., 2005).
tron Monitor. These data are available on the website of the To identify the common high covariance periodicities be-
Neutron Monitor Datasets of the University of New Hamp- tween temperature and climatic forcing time series, wavelet
shire for between 1953 and 2006. The Hale cycle (or “doublecoherence (WTC) spectra based on the complex Morlet
sunspot cycle”) (Fig. 4d) is the sunspot number multiplied by wavelet base function were computed (Torrence and Compo,

www.ann-geophys.net/31/1833/2013/ Ann. Geophys., 31, 188341, 2013
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ability and four temperature maxima at SPO, CUR, FLO and
POA in 1940, 1958-1959, 1977 and 2002 are indicated by
the shaded bands in Fig. 3. The average time interval be-
tween these peaks is approximately 21 yr, which is very close
to the Hale cycle. Furthermore, the mean annual tempera-
ture peaks occurred close to the maxima of odd solar cycles
1 of positive (negative) polarity at the North (South) Pole in
D100 1937, 1957, 1979 and 2000 (Fig. 4). The figure also shows
[ ] that mean annual temperature maxima were nearly simulta-
neous to the cosmic ray minima that correspond to solar odd
cycle maxima activity for 1958, 1982 and 2000—-2003.

After removing the temperature trends, an iterative regres-
sion analysis was used to search for periodicities, and af-
ter 200 iterations, periodicities at interannual and decadal
timescales were found over the 95 % confidence level (Ta-
ble 2). Periodicities between 19 and 25yr, 9 and 13yr, and
2 and 7yr are indications of the Hale, Schwabe and ENSO
cycle influence, observed at all stations. The nearly 33 yr pe-
riodicity at FLO might be related to the Briickner solar cycle
(Bruckner, 1890; Prestes et al., 2011). The wavelet coherence
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1240 1260 1280 2009 power spectrum and the relative phase angles were calcu-

Year
lated to investigate the time evolution of statistically signif-

Fig. 4. Time evolution of the annual mean SOl indg¥, Rz time  jcant periodic variations and the phase relationship between
serieqB), n_eutron (_:ounts registered at the Climax Observa({Gjy temperature and natural climatic forcing.
and Rz22 time serig). The sunspot cycle number and the global o \WTC between the temperature time series and Rz22 is
solar magnetic f'eld. pqlarlty are _s_hown (B). The gray arrows shown in Fig. 5. High and persistent coherence (higher than
(black arrows) in(C) indicate transitions from odd to even (even to . Y
odd) cycles. The shaded bands indicate the maxima of odd sunsp(p['S) was Qbserved for apprQXImgter 22_ yr periodicities at all
cycles. four locations. Part of the signal is outside of the COI. Other
intermittent and statistically low coherent periodicities, be-
tween 4 and 8yr, are also apparent. They occurred at SPO
1998). The WTC is quantified by a number between 0 and 1between 1942 and 1960, at CUR between 1942 and 1970,
which indicates the cross-correlation between analyzed timét FLO between 1943 and 1965, and at POA between 1942
series in different spectral bands. For WTC spectra, the con@nd 1962. Other intermittent features with periods less than
of influence (COI), the 95 % significance level and the rel- 4 years are apparent between 1970 and 1980 (at all stations)
ative phase angles were calculated according to the metho@nd near 1990 (for FLO and POA). Black arrows in Fig. 5
of Grinsted et al. (2004). The COl is the limit of the spec- indicate the phase angles between the time series. For peri-
tral region where edge effects may be statistically important 0dicities of approximately 22 yr, the arrows tend to point to
The 95 % significance level region is a spectral area wherdhe left for SPO, CUR and FLO, indicating a possible lin-
the WTC values are not affected by a red noise process. Thi§ar (anti-phase) relationship between the Hale cycle and the
spectral region is calculated from a first-order autoregressivé€mperature variations. However, for POA, the arrows point
(AR1) process. The phase angles give indications about th&P: indicating a non-linear relationship. For the intermittent
linearity of a possible relationship between the two time se-Periodicities (4-8yr), the arrows point up, suggesting a non-
ries. Phase angles arountl @& around 189 indicate, for a linear relationship. For significant periodicities of less than
linear relationship with the former, an in-phase relationship4Y'. the arrows tend to point to the right, indicating a lin-

and the latter an anti-phase relationship. Other phase-angfar relationship. Similar out-of-phase phase-angle relations,
configurations indicate a non-linear relationship. at different stations and at the same time, can be an indica-

tion of a similar non-linear relationship. Notably, the wavelet

coherence spectral features are very similar for all weather
3 Results stations.

Figure 6 shows the wavelet coherence spectrum between

The temperature time series shown in Fig. 3 indicate a positemperature and Rz. The 11yr cycle signal was statistically
tive temperature trend for three of the four weather stationssignificant until 1960 for SPO, after 1985 for CUR, until
0.030degreesyt for SPO, 0.021 degreesy for CUR, 1971 for FLO, and after 1950 for POA. The phase-angle
and 0.011degreesyt for FLO. No significant trend has analysis indicates a linear relationship between the Schwabe
been observed for POA. However, strong interannual vari-cycle and temperature in SPO (until 1960), FLO (until 1971)

Ann. Geophys., 31, 18331841, 2013 www.ann-geophys.net/31/1833/2013/
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Table 2. Statistically significant periods in the temperature data for each station.

Periods (amplitude iAC)

Station
2-7yr 9-13yr 19-25yr 32-34yr
SPO 2.3(0.14),2.9(0.14), 4 (0.16), 4.4 (0.17),6.1 (0.19) 9(0.15),10.9(0.14) 19.8(0.15)
CUR  2.1(0.22),4.1(0.17),4.7 (0.22), 5.2 (0.15) 9.1(0.21) 21.2(0.18)
FLO 4.1(0.16),4.5(0.14),5.2(0.18), 6.3 (0.18) 11 (0.14) 21.7(0.22) 33.4(0.2)
POA  2(0.16),3.4(0.14),4.1 (0.19), 4.7 (0.22), 6.5 (0.18) 10.7 (0.19) 21.2 (0.16)

and POA (until approximately 1971). After 1985, the phase modulation varies locally in the Brazilian subtropical region.
angles tend to point down for CUR and POA. Between 1950The most statistically significant coherence spectrum signal,
and 1960, a 4-6yr periodicity occurred in CUR, FLO and with cycles between 4 and 7, occurred between 1955 and
POA, with the arrows pointing down. Near 1980, a period- 1965. Similar spectral features were also observed in Fig. 6.
icity of less than 4 yr was detected in all stations, with the McCracken et al. (2002) and Usoskin et al. (2006) have as-
arrows pointing to the left. Thus, the coherence features besociated an intermittent periodicity of 5.5yr either directly
tween temperature and the 11 yr solar cycle are not similaor indirectly to solar activity. This cycle is present in the ge-
for all stations. omagnetic field variations and in Earth’s rotation variations
The relationship between temperature variations and thé€Djurovic and Paquet, 1996).
SOl index computed by the WTC spectrum is shown in  The 11yr cycle is less persistent than the ENSO signal.
Fig. 7. Very similar features common to all locations are ob- Furthermore, there is no noticeable common standard rela-
served before 1945 and between 1955 and 1980, with cytionship for all locations in terms of the time-series phase an-
cles between 4 and 8yr and characterized by arrows pointgles. This intermittence of the 11 yr signal was also observed
ing to the left. After 1990, features with periods less thanby Souza Echer et al. (2008) and by Rampelotto et al. (2012)
4yr and with arrows pointing to the left are observed in and might be related to a non-linear local climatic response
SPO and CUR. After 1980, similar spectral features are deto solar variations. However, the most striking factor affect-
tected in FLO and POA. Between 1982 and 1997, period-ing the temperature records for the investigated locations ap-
icities of 4—7 yr with arrows pointing down are observed. pears to be the 22yr solar cycle, as indicated by the tem-
For periodicities less than 4yr after 1995 and between 7perature maxima, the ARIST spectral analysis and the high
and 11yr after 1985, the arrows point to the left. At CUR, amplitudes in the wavelet coherence spectrum, which agrees
periodicities longer than 11yr with arrows pointing down with previous work by Souza Echer et al. (2008) and Ram-
are also observed. An analysis of SOI versus temperaturpeloto et al. (2012). In general, the 22 yr cycle present in the
wavelet coherence indicates that ENSO is an important cliclimatic data is associated with solar activity variation and
matic forcing in the southern Brazil region. Small spectral more specifically to a cosmic-ray-related climate modulation
feature differences were noted between the southernmost andechanism (Kirkby, 2007 ).
the northernmost stations. The 22 yr cycle is a remarkable characteristic of the galac-
tic cosmic ray flux, modulated by the Hale solar magnetic
) ) cycle (Usoskin et al., 2001). As shown in Fig. 4, odd cosmic
4 Discussion ray cycles are longer than even cosmic ray cycles. During

e ) , transitions from odd to even cycles, the maximum of cos-
ENSO periodicities in the temperature data were intermittent. . ray flux appears as a clear peak, while for transitions

over time, but some similar features were observed in MOr&om even to odd cycles, the maximum of cosmic ray flux
than one location using Wav_elet coherence and phase-.ang rsists for a longer time period. This observation suggests
analysis. The most interesting feature was observed in al hat during transitions from an even to odd solar cycle, the
stations with similar spectral characteristics before 1945 (4'flux of cosmic ray on Earth's atmosphere is higher than in
7yr periods), in the 1955-1980 interval (4-7 yr periods) andy , nsitions from even to odd cycles. Furthermore, Usoskin et
after 1995 g 4yr periods). Around 1940, 1958, 1977 and 4 "(5001) showed the existence of a time lag between solar

2002,_the SO.I index exhibited _[‘ega“?’e excursions (Fig. 4)activity variations and the consequent cosmic ray variations.
associated with a strong El Nifio episode that might haveDuring odd cycles, the time lag is long, while during even
caused the four simultaneous maxima in the mean annua&ycles the time lag is short or negative

temperature. However, other strong El Nifio episodes have Temperature peaks occurring in 1940, 1958-1959, 1977

not produced simultaneous statistically significant periodicand 2001-2002 were in phase with the maximum of the odd

variations or maxima temperature peaks simultaneously agunspot cycles (1937, 1957, 1979 and 2000, respectively).
the four locations. This observation indicates that the ENSO

www.ann-geophys.net/31/1833/2013/ Ann. Geophys., 31, 188341, 2013
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Period (years)

S

Period (years)

22r,,1///|ifri, I

1940 1950 1960 1970 190
Year

1940 1950 1960 1970 1980 1990 2000
Year

Fig. 5. Wavelet coherence spectrum between temperature data anig. 6. Similar to Fig. 5, but considered for the wavelet coherence
the Rz22 time series computed for SEX), CUR(B), FLO (C), and spectrum between the temperature data and the Rz time series com-
POA (D). Coherence values are indicted by colors. The white line puted for SPQA), CUR (B), FLO (C), and POA(D).

indicates the COl, below which edge effects may be important. The

black lines are the limit of the 95 % confidence level for red noise.

Black arrows represent the phase angle between two investigated
imum. Curiously, it was for the solar cycle 20-21 transition

time series.
(~1974) that Usoskin et al. (2001) found the longest nega-
tive time lag between solar activity and neutron count varia-

In addition, the last three temperature maxima occurred neations, indicating that the cosmic ray maximum occurred be-
the minima of neutron counts (1958, 1982 and 2000—-2003)fore the solar activity minimum.

The observed 1940, 1958-1959 and 2001-2002 temperature This relationship between temperature maximum and cos-
maxima occurred after the 1937, 1957 and 2002 odd cy-smic ray minimum activity is in agreement with the cosmic-
cle maxima respectively, and after or at the same time asay—cloud-climate modulation mechanism because periods
the 1958 and 2000-2002 neutron count maxima. Howeverpf lower cosmic rays would be associated with lower
the 1977 temperature maximum occurred before the 1972loud coverage and consequently with maximum tempera-
odd solar cycle maximum and the 1982 neutron count maxiure events. Another interesting feature in agreement with

1990 2000

Ann. Geophys., 31, 18331841, 2013 www.ann-geophys.net/31/1833/2013/
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denced in the region that surrounds the locations of Earth’s
lowest magnetic field intensity.

5 Conclusions

The regional impact of natural climatic forcings (solar vari-
ability, galactic cosmic rays and ENSO) on temperature vari-
ations has been discussed for the Brazilian subtropical re-
gion with a SAMA-heavy influence since the beginning of
the twentieth century. Spectral analysis results indicate that
the influences of ENSO and the Schwabe solar cycle are in-
termittent in time and exhibit different characteristics for dif-
ferent locations in southern Brazil. Modulation of the ENSO
and the Schwabe solar cycle signals can appear with different
characteristics in distinct locations and under distinct meteo-
rological variables (Grimm et al., 2000; Barros et al., 2002;
Haigh, 2007; Gray et al., 2010).

The Hale solar magnetic cycle signal was persistent during
the entire period for all analyzed locations, in agreement with
Souza Echer et al. (2008) and Rampelotto et al. (2012), who
used data from a single location. The four temperature max-
ima in the time interval between 1933 and 2008 occurred si-
multaneously at all weather stations, which are separated by
2 degrees of latitude. The time of occurrence of these max-
ima nearly coincides with the maxima of solar odd cycles and
consequently with the minima of the galactic cosmic ray odd
cycles.

Results of the present work are an indirect statistical in-
dication for a possible cosmic-ray—climate mechanism at a
regional scale. This conclusion is supported by the influence
of SAMA, as possibly indicated by the phase-angle analysis,
which allows for easier entry of electrically charged parti-
cles (Konig et al., 1978; Vieira and da Silva, 2006). Future
work will continue this line of study with additional data
from other climatic variables and from other weather stations
installed in this region. Furthermore, displacement of few
years between some cosmic ray minima in odd cycles and
temperature maxima should be investigated in more detail in
Fig. 7. Similar to Fig. 5, but considered for the wavelet coherence future work.
spectrum between the temperature data and the SOl index time se-
ries computed for SPQ\), CUR(B), FLO (C), and POAD).

Period (years)

Year
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