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Abstract. Beginning from the 1950's, Pau and mosphere, but it shows latitudinal, longitudinal and altitu-
Novotra (2009) observed statistically significant phase co-dinal dependence. While there is a well-documented influ-
herence among oscillatory modes with the period of approx-ence of the solar signal in the stratosphere, observations of
imately 7-8 years detected in monthly time series of sunspothe tropospheric responses to the solar variability are more
numbers, geomagnetic activity aa index, North Atlantic Os-ambiguous. Besides the geographical complexity, the dy-
cillation (NAO) index and near-surface air temperature from namical coupling between the stratosphere and troposphere
several mid-latitude European stations. Focusing on georemains poorly understoo®ind et al, 2008 Simpson et a.
graphical distribution of the phenomenon we study North-2009.

ern Hemisphere patterns of phase coherence between so-In this study we are interested in tropospheric responses to
lar/geomagnetic activity and NCEP/NCAR and ERA40 near-variable solar activity, in particular, in measurable influences
surface air temperature. Both the reanalysis datasets providef the solar variability observed in near-surface air tempera-
consistent patterns of areas with marked phase coupling bdure.

tween solar/geomagnetic activity and climate variability ob- The strongest solar signal in the tropospheric temperature
served in continuous monthly data, independent of the seahas been observed predominantly in middle latituétssdh

son, however, confined to the temporal scale related to th003 Lu et al, 2007, eventually in the tropics and in the
oscillatory periods about 7-8 years. middle latitudes of both hemisphereSléisner and Thejll
2003 Gleisner et al.2005. Analogous latitudinal depen-
dence — maximal response in the middle latitude near-surface
i air temperature was demonstratedisan and Rind2008),

1 Introduction while Camp and Tund2007): Tung and Camg2008 ob-
served the strongest solar cycle response in higher latitudes.
With the aim to identify responses to solar forcing, rela-
onships between the solar activity, or quantities closely re-
ated to the solar activity, and temperature data have been
sought. Besides the well-known sunspot humbers, the aa in-

. . dex characterizing the geomagnetic activity provides the
Frohlich 2007 Tinsley, 2008 Lockwood 2009and refer- longest data set of solar proxies which goes back to 1868

ences therein). There is empirical evidence that the reSpons@/layaud 1972. Significance of geomagnetic activity in in-

to solar signal is not homogenously distributed over the aLt'vestigation of climate response to solar signal is noticed in

several worksJsoskin et al.2005 De Jager and Usoskin
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A renewed interest in the field of Sun—climate relations,
namely in detecting and understanding of climate responseg
to variable solar activity has led to a number of re- |
cently published interesting results (deaigh 2003 2005
2007 De Jager 2005 Lean et al. 2005 Lockwood and
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A search for dynamical mechanisms of interacting com- In our previous analyse®&lus and Novota, 1998 2004
plex processes underlying experimental data in many case®006 2007, 2009 the long-term near-surface temperature
starts with an attempt to identify trends, oscillatory processesecords from European stations were used. In this pa-
and/or other potentially deterministic signals in a noisy envi-per we study Northern Hemisphere geographical patterns
ronment.Pals and Novota (1998 2004 2006 2007, 2008 of phase coherence between solar/geomagnetic activity and
used the Enhanced Monte-Carlo Singular System Analysisiear-surface air temperature from NCEP/NCAR and ERA40
(EMCSSA) in order to detect quasiperiodic phenomena inreanalysis data, considering the period 7-8 years oscilla-
near-surface air temperature from a number of European stadery modes. Thus we map a relative strength of the so-
tions, in the monthly North Atlantic Oscillation (NAO) in- lar/geomagnetic influence on a part of temperature variabil-
dex and, more recently, in the geomagnetic aa index andty over the Northern Hemisphere and compare the results
in the sunspot numbers. The North Atlantic Oscillation is with the pattern of coherence between the NAO index and
a dominant pattern of atmospheric circulation variability in NCEP/NCAR and ERA40 near-surface temperatures. For
the extratropical Northern Hemisphere, accounting for aboubetter comparability of results of the previous and the present
60% of the total sea-level pressure variance. The NAO hastudies the identical characteristics of solar/geomagnetic ac-
a strong effect on European weather conditions, influenc4ivity (sunspots numbers, aa index) were used.
ing meteorological variables including temperatureiell
et al, 2001ab). A number of oscillatory modes, some of
them with quite similar periodsP@lis and Novota, 2007, 2 Methods

2008, have been identified in both the solar/geomagnetic.l_he phase synchronization analysiikovsky et al, 2001
data and climate data, the latter represented by near-surfa(igalLvB and Novotd, 2008 Palik et al, 2000 2007 is. 2001

air temperatures from European stations and the NAO index . . : .
' . . ful tool for discovering weak dependence in noisy, non-

The existence of oscillatory modes of common frequencies ,_.. . .
L o -“stationary and relatively short data from oscillatory pro-

allows for an application of phase-synchronization analysis

(Pikovsky et al. 2001 Pali and Novota, 2006 Pali et cesses. It has many successful applications in physiology

al.,, 200Q 2007 in order to detect possible interactions in (Scfafer et al, 1993 and'other sciencesfkovsky et al,
. o . 2000). In analysis of climate related datdjaraun and
the studied data. Not surprisingly, 11 years cycles in the h h found hs of oh h b
sunspot data and the geomagnetic aa index have been fourl1< rths (200§ have foun €pocns of phase conerence be-
tween the El Nilo-Southern Oscillation and the Indian mon-

phase-coherent. There was, however, no phase relatlonssoon. Tatli (2007) presents phase synchronization between

found in the 11.years cycle bgtween the solar/geomagneti%he North Sea—Caspian pattern index and near-surface air
data and the.ch'm.ate data, ne|th'er the 11 years cyc[e h‘fjwfaemperature over large territories of the extratropical North-
been found significantly present in the near-surface air tem-

perature records in the mid-latitude European stations in the Hemisphere. Considering a system whose evolution is

EMCSSA tests. Possible harmonics, i.e. cycles with perioddomma‘ted by a (quasr)oscﬂ_latory dynqmms, ihe state of
: L such a system can be described by its instantaneous phase
5.5 years have been identified in these temperature record

however, they are not locked with the solar 11 years cycle% (Pikovsky et al. 2001). For a measured time series, the

(Pals and Novot, 2009. These results are in agreement phasa can be obtained gsing the analytic signal concgpt of
with those ofMoore et al.(200§ who found no consistent Gabor(1949. For an arbitrary time seriedr) the analytic

phase relationship between the 11 years sunspot cycles aﬁc’(']gnah//([) is a complex function of ime defined as

the sea ice extent or the spring ice break-up in seas and portgs (1) = s(r) +i$(t) = A(t)e'?®. (1)

sea surface temperatures, sea level pressure, and various long

meteorological records from cities in Europe. The instantaneous phagér) of the signals(¢) is then
On the other hand, the EMCSSA analysis statistically con- 50)

firmed existence of oscillatory modes with the period 7—¢(t) = arctans(—t). (2)

8 years in both climate (NAO index, near-surface air tem-

perature from mid-latitude European stations) and solar/geoThere are several ways how to determine the imaginary part

magnetic data. Instantaneous phases of the modes underweiit) of the analytic signais (). In the standard approach of

synchronization analysis and their statistically significant Gabor (1946, §(¢) is given by the (discrete) Hilbert trans-

phase coherence, beginning from 1950’s, has been observefbhrm of s(r) (Rosenblum et al1996 Pals, 1997 Pikovsky

ThusPalws and Novota (2009 were able to present the sta- et al, 2001). When this procedure is applied to a broadband

tistical evidence for a coupling between solar/geomagneticsignal, a filtering procedure is required before computing the

activity and climate variability, obtained from continuous Hilbert transform.

monthly data, independent of the season, however, confined The approach used in this study is based on the wavelet

to the temporal scale related to oscillatory periods about 7-transform forrence and Compd998. Applying a contin-

8 years. uous complex wavelet transform (CCWT thereafter) directly
to time seriess(¢), the complex coefficients related to the
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scale (frequency) of the studied cycles (here the period of 9&erved. A probability thay,, observed in the analyzed data,
months) can directly be used in EQ) for the estimation of  can occur by chance without any real dependence, is evalu-
the phasey(r). The CCWT provides both the band-pass fil- ated using a large number of surrogate data realizations. If
tering of the signal and the phase estimation. In a similarthe probability of a random occurrence pf y, is smaller
context,Moore et al (2006 use the wavelet extracted phases than, say, 5%, we say that the statistical test is significant
to search for relations between the sunspot cycle and varien the level 95%, or witlp < 0.05. Such a result is usually
ous meteorological records. Using the same type of phasegonsidered as the statistical evidence for existence of phase
Mokhov and Smirno{2006 demonstrated that the El hb- synchronization in the studied pair of time series. Strictly
Southern Oscillation drives the North Atlantic Oscillation.  speaking, however, such statistical testing provides the evi-

Both the filtering and the phase estimation is dence for dependence of the phases, but not necessarily for
also given as an output of singular system analysisthe specific physical mechanism of phase synchronization.
Palws and Novota (2007 had used the EMCSSA for the Therefore we will use the broader term “phase coherence”
detection of the oscillatory modes in the analyzed data.nstead of the more specific “phase synchronization”.
Once the existence of a particular mode is confirmed in the
EMCSSA test, for the phase synchronization analysis it is
suitable to extract the instantaneous phase of the detectedl Dat
mode by using the CCWT which gives the instantaneou
phases correctly localized in timB4lus and Novota, 2006
Palls et al, 20095.

In the classical case of periodic self-sustained oscillators
existence of their coupling (dependence) can lead to phas
synchronization, defined as a phase locking, i.e., the phas

difference A¢ (1) = ¢1(t) — ¢p2(¢) is constant. In the case dam (1304E, 5223N), Vienna (1621E, 4814N), and

of phase-synchronized chaotic or other complex and nms)ﬁurich (0834E, 4723N), from the period 1901-1999
systems, fluctuations of the phase difference typically OC'(KIein-Tank ot ai 2002 ' P

cur. Therefore, the criterion for phase synchronization is that In this study we use monthlv mean values of the near-
the absolute values ok¢ are boundedRosenblum et al. y y

1996. It is important to note that the instantaneous phaseslgga and ERA40 Simmons and Gibsor200Q) reanalyses
are not represented as cyclic fun.ct|ons n the mtg[@aln) We use the Northern Hemisphere data in the latitudes from O
or [—m, ), but as monotonously increasing functions on thetO 70° N in the grid of 2.5 2.5 in the case of the ERA40

whole real !lne. _Then also the lnfstantane_ous phase dlﬁer_data and 1.875< 1.9 in the case of the NCEP/NCAR data.
enceA¢(t) is defined on the real line and is an unbounded

. . : ! : We evaluate the mean phase coherence for temporal seg-
(increasing or decreasing) function of time for asynchronous

(independent) systems, while epochs of phase synchroniz ments of 512 months, starting in January 1958 and ending in

tion (or coherence) appear as plateausin() vs. time aAugust 2000 (see the thick solid line in Fil). As the only

plots. In order to prove that the phase synchronization (Co_pre-progessmg of the data, the annual cycle was removed by
subtracting the mean values for each month in the year.

herence) indeed exists in the analyzed data, it must be as- The NAO index is defined as the normalized pressure

;gis;d g;saeqcti)imllitr?mi/: tw:ﬁeg:Sﬁgjsl‘quggg:amiﬂizcnp'difference between the Azores and Iceland. The monthly
P pling P 4 NAO index with its detailed description is availabletutp:
as ) .
/Iwww.cru.uea.ac.uk/cru/datalrhe aa index is a measure of
y2 = (COL AP (1)) + (SIN(AP (1)))? (3) the disturbance level of the Earths magnetic field based on
magnetometer observations at two nearly antipodal stations:
Rartland observatory in the UK and Canberra observatory

a

SFor comparison with the previous studyals and Novota,
2009, we briefly demonstrate some results obtained us-
ing monthly mean values of the near-surface air tempera-
ture from these stations: Prague—Klementinum (longitude
f4°25’E, latitude 5005'N), Bamberg (1053 E, 4953N),
Basel (0735E, 4733N), De Bilt (05°11E, 5206'N), Pots-

surface air temperature from the NCEP/NCA®[nhay et al,

where() means the temporal average. The mean phase cohe

ence (MPC) tends to zero faxg of asynchroqou; PTOCESSES i Australia. The aa-index was obtained from World Data
and to one for phase locked systems. Considering real, nOIs&entre for Solar-Terrestrial Physics, Chiltohttp://www.

data neither 0 nor 1 IS _reached. Therefore, posglble PreSent ssdc.ac.ukiwdccl/wdmenu.html The sunspot data was
of phase synchronization or phase coherence is assessed |

a statistical test based on surrogate dB@l, 2007 Palis OBtained from the SIDC-team, Royal Observatory of Bel-

. X gium, Ringlaan 4, 1180 Brussels, Belgiuhttp://sidc.oma.
and Novot@, 2006§. The numerically generated surrogate. be/DATA/monthssn. dat

data have the same frequency spectra (amplitudes of Fourier The time series with the monthly sampling obtained as the

coefficients) as the original data, but their Fourier phases are .
. . . . monthly mean values are used in all cases of the analysed
randomized independently for each time series. Thus an

dependence between the series, present in the original teste(?ta'
data, is removed in the surrogate data. However, the auto-
correlations (serial correlations) of individual series are pre-
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] (dashed line in Figla). We can see that in this case (¢)
. does not plateau but decreases also after 1950’s with the same
] slope as before 1950’s.
] Now, in order to compare station data with the reanalysis
- gridded data, in Figlb (thick solid line) we plot the instan-
] taneous phase differenaeg (1) between the aa index and
- 1 the near-surface air temperature from the ERA40 grid point
] 15°00E, 500N (the closest ERA40 grid point to Prague).
N Apparently, Ag(¢) is confined to the plateau. On the other
NN hand, the decreasiny¢ (¢) (dashed line in Figlb) was ob-
] tained from the ERA40 grid pointO0'E, 25 00N which, as
we will see below, belongs to one of the areas where no phase
coherence between solar/geomagnetic activity and tempera-
ture variability was observed. These tw@ (¢) curves also
demonstrate the temporal extent of all the following analyses
— a segment of 512 months starting in January 1958, ending
in August 2000.
T T PRt e Using the sunspot data with removed modes related to
1920 1940 1960 1980 2000 the 11 years cycleRalls and Novota, 2008 2009 and aa
TIME [YEAR] . . . .
index and NAO index without any preprocessing, we have
computed the instantaneous phase differengér) between

Fig. 1. The instantaneous phase differences of pairs of the oscilla- h of th three variabl nd near-surf ir tempera-
tory modes obtained using CCWT with the central wavelet periodeac of these three variables a ear-surface ar tempera

96 months from(a) the aa index and the near-surface air tempera—ture _data from each grid point of bqth the reanalysis sets.
ture from the 6 European stations listed in the Data section (all ex-The instantaneous phases were obtained from the CCWT us-
cept of Prague-Klementinum) (thin solid lines); the aa index and theing the central wavelet frequency related to the period of
70 years shifted Prague-Klementinum near-surface air temperatur@6 months. The behaviour @¢ (r) has been quantified by
series (dashed linefb) the aa index and the Prague-Klementinum mean phase coherengeccording to Eq.3). The MPC val-
(14°25'E, 50°05'N) near-surface air temperature series (thin solid ues are mapped, using color coding, in Fidor the ERA40
line); the aa index and the ERA40 near-surface air temperature closand in Fig.3 for the NCEP/NCAR reanalysis data. The areas
est to Prague grid point (£B0'E, 50°00'N) (thick solid line); and  of strong phase coherence between the solar data (top panels)
the aa index and the ERA40 near-surface air temperature from and geomagnetic aa index (middle panels) on one side and
no-coherence area{00'E, 25°00N) (dashed line). the temperature data on the other side seem to be more ex-
tended in the ERA40 data (Fig) than in the NCEP/NCAR
data (Fig.3). Closer inspection and consideration of the
4 Results different grid densities used, however, give arguments for a
quite good consistency of the obtained results.

'
(4]
T T

=
o

—T T
-
1

PHASE DIFFERENCE Ag [RAD]
——

In order to remind the results of our previous stuBgl(s and

Novotrg, 2009, in Fig. 1 we plot the instantaneous phase dif-

ferenceA¢ (t) between the aa index and several near-surfaces  Statistical evaluation

air temperature series, obtained using the central wavelet fre-

quency related to the period of 96 months. The thin solidThe statistical significance of the observed mean phase co-
lines in Fig.la illustrateA¢ (¢) between aa index and tem- herence has been evaluated using the Fourier transform-
peratures from Bamberg, Basel, De Bilt, Potsdam, Viennabased surrogate data. For each grid point 2000 surrogate re-
and Zurich. The result for the Prague-Klementinum seriesalizations have been constructed. It is important to establish
is plotted in Fig.1b using the thin solid line. In all cases the statistical significance in each point separately, since the
A¢(t) decreases at the beginning, however, a plateau occuglPC values and their surrogate ranges depend not only on
from 1950’s. The phase coherence in the plateau was quarthe actual coherence strength, but also on other properties of
tified using MPC and mutual informatioP&lus, 1997 and particular data. Thus it is impossible to establish a univer-
tested using Fourier transform-based surrogate data with theal critical value for the statistical significance. On the other
results strongly supporting the existence of phase synchrohand, the large number of statistical tests open the question
nization/coherence on the significance levels about 99.5%f simultaneous statistical inference. For instance, testing
(p <0.005) Pals and Novota, 2009. For a visual demon-  all the 4176 ERA40 grid points, for the total outcome to be
stration of the difference between phase coherent and norsignificant on the 95% level, a single point test should be sig-
coherent modes, we plak¢ () between the aa index and nificant on the level 99.999%. Such overly conservative ap-
the Prague near-surface air temperature shifted by 70 yeaproach would diminish or destroy any significance. A more
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Fig. 2. The mean phase coherence between the sunspot data (top panel), geomagnetic aa index (middle panel), NAO index (bottom panel
and the ERA40 near-surface air temperature for the oscillatory modes obtained using CCWT with the central wavelet period 96 months.

LATITUDE [DEG]

-150 -100 -50 0 50 100 150
LONGITUDE [DEG]

Fig. 3. The mean phase coherence between the sunspot data (top panel), geomagnetic aa index (middle panel), NAO index (bottom panel) an
the NCEP/NCAR near-surface air temperature for the oscillatory modes obtained using CCWT with the central wavelet period 96 months.
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Fig. 4. The significance levels for the mean phase coherence between the sunspot data (top panel), geomagnetic aa index (middle panel)
NAO index (bottom panel) and the ERA40 near-surface air temperature for the oscillatory modes obtained using CCWT with the central
wavelet period 96 months. The shadowed levels are §0%@.2, light grey), 90% p < 0.1, dark grey), and 95%(< 0.05, black).
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Fig. 5. The significance levels for the mean phase coherence between the sunspot data (top panel), geomagnetic aa index (middle panel)
NAO index (bottom panel) and the NCEP/NCAR near-surface air temperature for the oscillatory modes obtained using CCWT with the
central wavelet period 96 months. The shadowed levels are 0%9(2, light grey), 90% p < 0.1, dark grey), and 95%p(< 0.05, black).
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realistic approach would need to estimate the number of acindex, Lukianova and Aleksee(2004) claim that their cor-
tually independent tests which is not a trivial task. There-relation is significant since the end of 1940'®als and
fore we present spatially mapped significance based on sinNovotra (2007, 2008 proved existence of common oscilla-
gle tests in Fig.4 for the ERA40 and in Fig5 for the  tory modes (i.e., the modes with the same average period) in
NCEP/NCAR reanalysis data, for better understanding of thehe solar/geomagnetic and climate data. Therefore they were
absolute MPC values, rather then as a statistical evidencable to apply the synchronization analysis in order to find
We remind that we were able to perform the appropriate rig-a possible dependence between the phases of the observed
orous tests using the above mentioned station data, so that thescillatory modes, and thus to find possible scale-specific re-
statistical evidence for the existence of the discussed phadationships of the solar, geomagnetic and climate variability.
coherence has been presentedial (s and Novota, 2009. The phase coherence has been found and statistically con-
firmed in relationships of the oscillatory modes with the pe-
riod of approximately 7—-8 years detected in the sunspot data,
6 Discussion of the results the aa index, the NAO index and the near-surface air tem-
perature from several European stations, starting in 1950’s in
A quick comparison of the top and middle panels in F3& the continuous monthly records independent of the season,
reminds the results from the station de®al(s and Novota, and without any special preprocessing such as removal of El
2009 where the coherence of temperature with the sunspoNifio and volcanic signal$@lus and Novota, 2009.
data has been weaker than that with the geomagnetic data, In this paper we present the Northern Hemisphere pat-
however, all the results were statistically significant. Here theterns of phase coherence between solar/geomagnetic activity
areas of high coherence between temperature and the sunspid NCEP/NCAR and ERA40 near-surface air temperature
data (top panels in Fig2-5) are less extended than the ar- in period 7-8 years oscillatory modes, again in the continu-
eas of high coherence between temperature and the aa indexis monthly records independent of the season, and without
(middle panels in Fige2-5). The areas of high coherence of any special data preprocessing. The temporal scale related
temperature with the sunspot data are subsets of the coheto the oscillatory period 7-8 years has not been chosen ar-
ence areas of temperature with the aa index. This generallpitrarily, but based on our previous results proving the ex-
seems to be the case, with one exception — the Great Britaiistence of the period 7—8 years oscillatory modes in the so-
and Ireland, the areas with quite high and statistically signif-lar/geomagnetic and climate dafaus and Novota, 1998
icant phase coherence between temperature and the suns@gg04 2007, 2008.
data, but with low (insignificant in NCEP/NCAR data) co- It is important to note that our oscillatory modes detec-
herence with the aa index. tion results are not isolated in the scientific literaturéaut
SincePals and Novota (2009 observed mutual coher- et al. (1995 detected an oscillatory component with the pe-
ence of temperature, the sunspot data, the aa index and thied 7.7 years in 335 years long central England temperature
NAO index, it might be useful to study also the coherencerecord. The oscillatory mode with the period of 7.8 years
patterns between temperature and the NAO index (bottonhas been detected in the NAO, in the Arctic Oscillation, in
panels in Fig2-5). These areas are the most extended andhe Uppsala winter near-surface air temperature, as well as
include consistently the areas of phase coherence of tempera the Baltic Sea ice annual maximum extent Jgvrejeva
ture with the geomagnetic aa index and consequently also thend Moore(2001). Applying MCSSA to the winter NAO
areas of coherence with the sunspot data, however, with thindex, Gamiz-Fortis et al(2002 detected oscillations with
exception of the Great Britain and Ireland, as noted abovethe period 7.7 yeardJnal and Ghil(1995 andJevrejeva et
The area of high phase coherence of temperature with NAQl. (2006 observed oscillations with periods of 7-8.5 years
corresponds to the area of impacts of Atlantic climate vari-in a number of sea level recordseliks and Ghil(2007) re-
ability depicted byMarshall et al(2007). port the significant oscillatory mode with the 7.8 year pe-
These findings could open the debate about the role of theiod in the Nile River record, the Jerusalem precipitation, tree
NAO phenomenonHurrell et al, 20013b) in possible trans-  rings and in the NAO indexDa Costa and Colin de Verdiere
mission of the solar signal from the stratosphere to the tro{2002 have detected oscillations with the period 7.7 years in
posphere and about the role of geomagnetic activity in thenteractions of the sea surface temperature and the sea level
climate variability. pressure. Using global sea-surface temperature figldsn
et al.(1998 observed 7-8 years oscillations involving the en-
tire double-gyre circulation of the North Atlantic. In an anal-
7 General discussion and conclusion ysis of the mechanisms responsible for interannual variabil-
ity in the Greenland Iceland-Norwegian Se&amiz-Fortis
Thejll et al. (2003 observed correlations between the ge- and Sutton(2007) obtained a quasi-periodic, similar to 7-
omagnetic Ap index and the winter NAO, increasing from year signal in sea surface temperature and sea surface salin-
1950's, although statistically significant from 1970’s. Us- ity using a control integration of the HadCM3 coupled cli-
ing filtered data of the yearly aa index and the winter NAO mate model. Thus the oscillatory phenomena with the period
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