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Abstract. The length of the sunspot cycle determined by Friistemisphere terrestrial temperature record. In this initial paper
Christensen & Lassen (1991) correlates well with indicators tifey considered the period 1861 to 1989. In a later paper Lassen
terrestrial climate, but has been criticized as being subjectige Friis-Christensen (1995) extended the cycle length record
In the present paper we present a more objective and generd the more distant past using a combination of sunspot num-
cycle-length determination. Objectivity is achieved by using theer and auroral observations. They again find a good correlation
continuous wavelet transform based on Morlet wavelets abdtween cycle length and indicators of climate. This result was
carrying out a careful error analysis. Greater generality confesther buttressed by observations of sun-like stars evaluated
from the application of this technique to different records dfy Baliunas & Soon (1995) which revealed a close relation-
solar activity, e.g. sunspot number, sunspot area, plage arealop between the length of stellar activity cycles and Ca ll H &
10Be records. The use of different indicators allows us to tratkemission flux, an indicator of stellar photometric brightness
cycle length variations back to the 15th century. All activitghanges.
indicators give cycle length records which agree with each other However, the goodness of the correspondence between cycle
within the error bars, whereby the signal due to the solar cydéngth and climate depends on the way the solar cycle length
is weaker within'°Be than in the other indicators. is determined and on the amount of smoothing applied to the

In addition, all records exhibit cycle length variations whiclkycle length record, as pointed out by Kelly & Wigley (1992).
are, within the error bars, in accordance with the record origfhey called into question the conclusions of FL91, pointing out
inally proposed by Friis-Christensen & Lassen (1991). In thiat the cycle length determined from the cycle maxima differs
16th century, however, théBe record suggests a much longefrom that determined from minima. Also, different amounts of
cycle than the auroral record used by Friis-Christensen stnoothing give widely different results. It & priori unclear
Lassen. Also, the presence of a distinct 11-year cycle in tivbich one of the different possible cycle length records is the
10Be record during the Maunder Minimum is confirmed. Bypne to use.
combining the results from all the indicators a composite of the The present paper addresses this question by determining
solar cycle length is constructed, which we expect to be mdte evolution of the cycle length via a robust and “objective”
reliable than the length derived from individual records. technique, namely the wavelet transform. A wavelet analysis

does not rely on determining exactly when maxima and minima

Key words: methods: data analysis — Sun: activity — Sun: solanf activity occur (which can depend strongly on the type of
terrestrial relations — Sun: sunspots record analyzed, e.g., daily, weekly, monthly or yearly means).
Also, the whole data set enters into the wavelet analysis and not
just relatively few points near the maximum and minimum.

We also consider two other questions. The first is how rep-
1. Introduction resentative is the length of the sunspot number cycle analyzed
Studies aiming to uncover a possible solar influence on tR¥ FL91, Kelly & Wigley (1992) and others? We address it by
Earth’s climate system have often concentrated on searchitRp!ying the wavelet transform also to other indicators of solar
for relations between indicators of solar activity and terrestri@ftvity besides the sunspot number. Finally, we consider the
climate records. In addition to searching for the prominent sBoSSiPility of determining the length of the sunspot cycle also
lar activity period of about 11 years in climate records a nurifl the pre-telescopic period, at times when no reliable direct
ber of researchers have considered longer time scales. Ffgservations of solar activity indicators were made. We explore
Christensen & Lassen (1991; henceforth referred to as FL3AS period by analyzing thé'Be concentration record obtained
were the first to point out that an extraordinarily high correlatidhom Greenland ice cores. The application of wavelets Be

exists between the length of the sunspot cycle and the north@}3P Provides an independent test of the finding of Beer et al.
(1998) that the solar activity cycle persisted also during the
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Maunder Minimum, which they obtained using Fourier tect2. Indicators of solar activity

niques. GSPIar activity is strongly variable, subject to a cyclic behavior

Wavelet-based analysis techniques have been applie |81 a period of about 11 years that is driven by the global evo-

a variety of astronomical problems (e.g., Hjorth et al. 1992 ; o . .
Starck et al. 1995) including studies of solar cycle variabilitp?jtlon of the Sun’s magnetic field. Its surface manifestations,

(Vigouroux & Delache 1993, 1994; Ochadlick et al. 1993). Inke sunspots or facglae, influence the 50'?“. brightness which
the present paper we make use of the continuous wavelet tr Hanges in phase with the glqbal solar actlv_|ty. Sunspots have
form which is particularly suited for time-frequency studies ;}?een regqlar!y recorded ever since the invention Ofth? telescope
non-stationary signals such as records of solar ac tivity. L,lfawr—the beginning ofthe 17th century. Regularobservaﬂons of fac-
like the Fourier transform it not only provides informati on ol 2% h_owev_er, _started much later since they are far 'e?s clearly
: . . . V|§|ble in white light. These records represent the only direct ob-
the time-averaged frequencies present in the signal, but also’al-""". U o
lows the instantaneous power to be determined in the varioslﬁasrvatlons of past solar variability. Cosmogenic isotopes, how-
frequencies ever, provide indirect measures. They have the advantage that

Ochadlick et al. (1993) first used the wavelet transform {Qe'Irnr?ﬁgrdfezlsstregczrb\?vzkJggﬁ}féerf?eF)rgr:t'Tee;r dinas of
determine the solar cycle length from the sunspot relative num- P nt pap N 9
nspot properties. Firstly, we employirfch sunspot relative

: . S
berrecord. Frick etal. (1997) Iat_e_r applied the sametechnlqu%ﬁo ber. Ry, introduced by Rudolf Wolf in the last century,
an extended record of solar activity, the so-called group sunspoL o by counting the number of SuNspots and Sunsoot
numbers (Hoyt et al. 1994). ! ! y counting u unsp unsp

Our work differs from these investigations in several waygrOUpS present on the solar disc, combining them in an appropri-

Firstly, we investi gate different indicators of solar activity inf’lte manner and weighting the result by an individual, observer-

stead of just a single record (e.giiEh sunspot relative num- dependent, factor. Time-seriesi®f date back to the beginning

bers, group sunspot numbers, sunspot areas, facular and p%fé%e 18th century. Secondly, we use the group sunspot number,

areas, etc.). This allows us to test if the length of the solar 51 g Proposed by Hoytetal. (1994) and Hoyt & Schatten (1998).

L ; : , ts a revision @tz based on group counts alone and
tivity cycle is a robust parameter that is almost inde ende}]{epresen " Z Te== !
y &Y P P I3 extended by additional historical sourcés. and Ry differ

of the employed indicator. Also, facular and plage indicator ) .
serve as proxies of a different part of the solar magnetic fiel stly for the period before 1880. Thirdly, we analyze mea-

than sunspots. In addition faculae influence the brightness ofﬁTrememS of sunspot areak, The earliest regular recordings

. . : : Q esunspot areas date back to 1874 and were performed by the
sun in a different way from sunspots. It is therefore |mportap€o al Greenwich Observatory. Sunspot area measurements are
to know whether the length of the facular cycle is identical tr%u)c/:h more susce tibletoinst)r/ﬁmentztion methodology and lo-
that of the sunspot cycle. P , ay

Secondly, we carry out a careful error analysis (based 8%' observing conditions than sunspot number counts and time-

the work of Starck & Bijaoui, 1994 and Torrence & Compose”es of different stations must be combined with great care. We

1998). This allows us to compare quantitatively the cycle len %hmploy the composite of sunspot area measurements proposed

variations resulting from the different indicators with each oth 4 Egg:rgﬁnsogzméigfng.followin their evolution proves to
and with the cycle length determined by FL91. As in the case 9 g P

of Fourier analysis a careful error estimate is essential for tR& much more difficult. In white light faculae show up only

identification and proper interpretation of significant features lrhear the_ S(_)Iar limb. Th_elr contrast e.Xh'b'ts a strong c_e_nter-to-
Imb variation and vanishes near disc-center. In addition, the
a wavelet power spectrum.

Thirdly, we include the long-term record BiBe (Beer et al. highly scattered faculae have a much more complex morphol-

1994a) which offers the possibility of tracking variations of thggzeﬁiocn\:\?rﬁtr:fjli tﬁﬁ;gifgi;gﬁ;ﬁv\ﬁ?gg;:g;ortg'ngt‘;grfvsiTr? to-
cycle length back to the beginning of the 15th century, i.e. ov 9 f 109

almost 600 years. Finally, we combine the suitably weighted® measurements, n 1874, again by the Royal Gree_nW|ch Ob
. ! A~ . . __servatory. Observations ceased in 1976. We use their record as

cycle lengths resulting from the various indicators into a single :

record a proxy of facular behavior.

In Sect[2 we give an overview of the investigated time- Plages, the chromospheric counterparts of faculae, are often

series of solar activity indicators and point out their advantag%%iﬂvaestg f#érogiaettesol;:ﬁ;l L?/ee?::]ztgglgf';g?n;:ngerigggjrrft
and shortcomings. We briefly introduce the continuous wavel& 9 -rag

transform and sketch some of the relevant properties of the Mmr?mS in the K-line of Ca Il have been performed by the Mt.

let wavelets used here in Sddt. 3. In SEct. 4 we describe the al al'_son observatory between 1915 and 1984. They have been

ysis of the five direct solar activity records, emphasize sorﬁ'eg't'zed and made available by Foukal (1996)._We use this
tecord of Ca plage area measuremenis, as the fifth direct

peculiarities and discuss the resulting wavelet power speclt icator of solar maanetic activit
and the corresponding solar cycle length variations. The fingS ar mag Ity .
If solar variability is to be investigated for pre-telescopic

ings for the'°Be record are presented separately in $&ct.5.In ~ % . " .
. times indirect indicators of solar activity and magnetism need
Sectl 6 we present a composite solar cycle length record CO\{SI’-

ing almost 600 years. Finally, we summarize our conclusions.mbe usgd. E)iammmg records O.f cosmog(()emc isotopes archived
Sect7. in tree rings {*C) or Greenland ice-cores’Be) proves to be
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1sof a: R Thus, during times of high solar activity, when the Earth is bet-
100 g ter shielded from cosmic rays by the enhanced inter-planetary
. . A magnetic field, less isotopes are produced.
o MJ\ w In the present study we use tHBe record from the Dye
1600 1700 1800 1900 2000 3 ice core obtained in Greenland (Beer et al. 1990). This time-

series is available back to the beginning of the 15th century.
Hence it is about two centuries longer than any direct proxy.

150 - b: Rz The mean residence time BfBe is about one year (Beer et al.
o 100E 1994b). The annual resolution maké8e particularly suitable
sof A for long-term studies of solar variability on time scale of the
ok solar cycle. However, due to the short residence tifBe is
1600 1700 1800 1900 2000 - e
more susceptible to changes of local weather conditions than,
e.g., '"*C measurements. This alters solar induced signatures
4000 . A within the '°Be record.
3000 s We plot all indicators in Fid.J1. Panels a—e show the five
<"20008 ’ direct indicators, i.e. a) group sunspot numbétg)( b) Zirich
1000E- |\J m. “‘ h N. | sunspot numbersy), ¢) sunspot areasi(,), d) facular areas
1600 . 500 oo 2000 (Af) and e) Ca plage aread). In panel f) we plot thé’Be

record. Note the reversed y-axis to account for the inverse rela-
tion between'®Be and solar activity. FoRy, R, and'’Be we

2222 = d Af plot yearly values whiled, Ay andA,, are given on a monthly
- ] basis.
<t 2000
1000

1600 1700 1800 1900 2000

3. The continuous wavelet transform

0.08 A Fourier analysis decomposes a signal into different sines and
0.06 p cosines and provides information about how much of each fre-

< 0.04

D

guency the signal contains. However, the uncertainty princi-
ple forbids the extraction of any temporal information from the
1700 1800 1900 2000 Fourier transform since sines and cosines are described by a
single, sharp frequency and, hence, cannot be localized in time
f: "Be at all.
o m Wavelet analysis overcomes this restriction using building
o blocks which are localized in both time and frequency. These
15 building blocks orwaveletsare characterized by two parame-
2.0 ters,a andb, describing scale (frequency) and position in time,
1400 1600 veor 1800 2000 regpectively. The wavelet transform, hence, also provides infor-
mation on the temporal distribution of the frequencies and is,
Fig. 1a~f. Indicators of solar magnetic activity. Frotap to bottom  ths naturally suited to localize frequency changes within the
a Group sunspot numbeR,, b Zurich relative sunspot numbeRz, signal.

¢ Sunspotareal,, in parts-per-million (ppm) of the solar hemisphere, The coefficients of the wavelet transform are obtained by
d Facular aread ¢, in ppm,e Ca plage areal,,, in fraction of the solar

disc, and '°Be concentration measurements. Note thatBe record prpjec_ting the Sjgﬂ{:\l onto the cprresponding wavelet. For a de-
is plotted upside down to account for the inverse relationship betwetéwed Introdyctlon into the subject see, e:g., Grossmann et al.
19Be concentration and solar activity. Also, the horizontal scale f6#+993), Chui (1992) and references therein.
the'°Be record is somewhat compressed relative to the rest. Together, In Sect[4 anfl]5 we investigate variations of the main period
these six proxies offer the possibility to study almost 600 years of thé a given solar activity proxy. We do this using the wavelet
Sun’s history. power spectrumis (a, b), which is, in full analogy to the power
spectrum used in Fourier analysis, given by the square of the
wavelet coefficients. Following Goupil et al. (1991) we also
fruitful. Cosmogenic isot opes are produced when cosmic ragaculate the global wavelet power spectrum by averaging the
hit the Earth’s upper atmosphere, thereby interacting with atavelet power spectrum over time.
mospheric nitrogen or oxygen. The charged cosmic rays also The subsequent analysis is based on Morlet wavelets plotted
interact with the solar wind and the solar magnetic field permeat-Fig.[2. Corresponding to damped harmonics these wavelets
ing interplanetary space, leading to an anti-correlation betwegne well suited to analyze oscillatory signals (Grossmann &
solar activity and the production rate of cosmogenic isotopégorlet 1984).

0.02
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[ U a. Again, we use the results of Torrence & Compo (1998) for
the error estimation of global wavelet power spectra.

0.5
4. Analysis of direct solar activity records

We now apply the continuous wavelet transform to the inves-
tigation of solar activity records. All the transforms discussed
here were carried out using 96 scales, i.e. 4 octaves with 24
voices each. They cover the periods between 2 and 32 years.

In Fig.[3 we present contours of wavelet power of the time-
series of yearly values dt; as a function of time (x-axis) and
period (y-axis). The wavelet power spectrum of monthly values
is practically identical.

‘ 6 In agreement with time series of all the investigated direct
_ . _ ~indicators (see below), the ridge around the 11 years activity
Flg. 2.The complex Morletwayelet. Plotted is its real (solid) and 'ma$eriod is very strong and highly significant as indicated by the
inary (dotted) part as well as its absolute value (dashed). The real gad, - htidence level. The wavelet power is strongest during the
Imaginary part of .the Mor_let wavelet_corresponds to & cosine or sig. 5 years as expected for the high mean level of activity of the
respectively, multiplied with a Gaussian. - .
present Sun. The curved lines stretching across both boundary
regions of the wavelet power spectrum mark the the appropriate

In fact, the Morlet wavelets have infinite support. HoweveROlI.
they can be considered to vanish outside a certain interval sinceA similar picture is found for the sunspot areds whose
they fall off rapidly enough. In practical applications one isvavelet power spectrum is plotted in Hig. 4 (based on monthly
dealing with signals of finite length. Consequently, the waveletlues). Since the time period for this record is significantly
transform is biased near the signal’'s boundaries. Since the ast@rter than foR; a larger part of the wavelet power spectrum
lyzing wavelet gets broader with increasing seateore wavelet is biased. To check the influence of the signal’s sampling rate
coefficients are biased when going to larger and larger scal@s.the wavelet power spectrum we also used yearly means of
This is described by the so-called domain-of-influence (DO#; and found no significant differences within the analyzed
Grossmann et al. 1993) which is defined by the width of thange of periods except that, due to the lower sampling rate, the
analyzing wavelet. Coefficients lying within the DOI are lessignificance of the ridge around the 11 years activity period is
reliable. decreased.

The transformation of the wavelet scaleinto the more As expected, examination of the global wavelet power spec-
familiar Fourier periodl is carried out following Meyers et al. trum reveals a very prominent peak around the 11-year period
(1993). for all five direct proxies. As an example we present the global
wavelet power spectrum dtz in Fig.[8. The peak corresponds
to a mean period of 10.7 years for the analyzed interval, i.e.
between 1700 and the present. Evaluation of the global wavelet
Assume a signal composed entirely of Gaussian distributgdwer spectrum for the other four proxies gives similar mean
noise with a variance of?. The wavelet power spectrumperiods with values between 10.5—10.7 years. The dashed line
P,.isc(a,b) of such a signal follows &? distribution (Starck represents the 95% confidence level based on the noise level
& Bijaoui 1994) in full analogy to the Fourier power spectrumestimation described in SeCi.B.1. Note the considerable width
In the case of the Morlet wavelets, which are complex, the distthe main power peak. This is partly due to the variation of the
tribution has two degrees of freedom, if&.(a, b) is distributed cycle period as a function of time, but is partly also a result of

0.0

-0.5

10 v o
-6 —4 -2 0] 2 4

3.1. Determination of the level of confidence

as (Torrence & Compo 1998) the fact that due to the achievement of a certain time resolution,
1 frequency resolution is reduced. Since the wavelet power peaks
Proise = §a2X§. (1) lie well above the noise and there is only a single peak around

11 years the period of its maximum can be determined with far

From this, levels of confidence can be calculated which indjreater accuracy than is suggested by its width.

cate the probability that a given coefficient of the wavelet power

s_pectrum isrealand notdueto noise. Usu_ally, weusea 95%_02_r1—_ Cycle length variations

fidence level to separate the signal from its background noise.
Neighboring wavelet coefficients are not uncorrelated, néifter the wavelet power spectrum has been calculated the cy-

ther in time nor in scale, but are linked to each other by tlute length variationg(¢) of the solar activity proxies must be

width of the analyzing wavelet. This decreases the degreeeatracted. This is done following the ridge around the 11-year

freedom of the global wavelet power spectrum with increasimgriod of the wavelet power spectrum indicated by the thick

scale. Therefore, also the level of confidence depends on sdiales in Figs[8 anfll4. To calculag(t) for a given timet = bg
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Fig. 3. Wavelet power spectrum of the
record of sunspot relative numbefgg,
from 1700 to the present. Wavelet power
is indicated by the contour lines. From
ol left to right wavelet power spectra at dif-
ferent times are plotted. Marked is the
contour line of the 95% confidence level.
The other contours indicate increasingly
larger significance of the wavelet power
spectrum coefficients. The domain-of-
influence is given by the hatched areas at
both sides of the image (see SE¢t. 3). The
solar activity ridge (thick line) is highly
prominent and lies well above the noise
. | | \ | level. The _shading was ch_o_sen_ in order
oo P 00 Teno T oo0 oo to emphasize the solar activity ridge and
Time the significance of the power.
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Fig. 4. Same as Fi]3 but for the record
of sunspot aread . A larger fraction of
the image lies within the DOI due to the
| 95% | smaller time base. Again, as for all di-
32 I I . . .. .
1880 1900 1920 om0 1960 1980 rect indicators, the solar activity period

Time is pronounced and highly significant.

we determine the local maximum &% (a, by) (as a function panel) which can be used as a reference to mutually compare
of a) ata ~ 11 year by partial derivation. Note that for thethe different results. The error bars are plotted at times of solar
five direct proxies this corresponds to finding the global maxactivity minimum.
mum since the 11 years solar activity period is by far the most The accuracy of”(¢) is limited by the following factors:
prominent one in those records. Ochadlick et al. (1993) useéiastly, by the spectral resolution of the analyzing wavelet. How-
somewhat different method based on the ridge analysis origiter, as already mentioned in the previous section the period of
nally proposed by Delpart (1992). However, Frick et al. (199he maximum of the wavelet power spectrum around the 11 years
found no significant difference between the two methods as &ativity ridge can be determined with much greater accuracy
as the extracted cycle length variations are concerned. than is suggested by the width of the analyzing wavelets. Sec-
Theresults are presented as the solid curves ifiFig. 6. Plotteily, by the significance of the coefficients®f(a, b) which
are, from top to bottom, ak,, b) Rz, c) A, d) Ay and e)A4,. decreases towards the boundaries of the signal. The influence
Each proxy is plotted over the whole time period over whichf these two factors has been estimated empirically using ar-
significant power has been found. In addition, we plot the recdificial signals of different length. Thirdly, by the background
of cycle length variations derived by FL91 (dotted line in eaamoise inherentin each proxy record which can be estimated from
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Fig. 5. Global wavelet power spectrum of the Zurich sunspot relative ;4
numbers,Rz. The solar activity exhibits a prominent peak at a mean

period of 10.7 years. The 95% confidence level is also plotted (dotted '° : : : : :
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line). Itincreases with increasing peridttue to the higher correlation Year
of neighboring wavelet coefficients for larger scalese. periodT. 61 ‘
sf c: AS

the mean value of the first (i.e. highest frequency) scale of the
corresponding wavelet power spectrum. Then, an “effective_? 10
uncertaintyo.g is calculated by summing up the errors of all? !
three factors. Finally, the width of the ridge in the direction of
a at onec.g below the maximum. However, the true error is 14
likely to be larger since we do include neither possible system- | ‘ ‘ ‘ ‘ ‘
atic measurements errors nor the variable quality of historical 1s 1900 1920 1940 1960 1980 2000
records. Teor
The five proxies yield a consistent picture of past solar cy- ° ‘ ‘ ‘
cle length variations. They are also compatible with the record s
given by FL91. From the five direct proxies considered, ddly —
extends throughout the Maunder Minimum. We were not able 10
to detect any significant and connected cyclic variation durin% 12
that time, in accordance with Frick et al. (1997) who reportegd
a hardly significant peak around 30 years during the Maunder '*
Minimum. We find some power before the Maunder Minimum 1s
which shows a slightly greater mean cycle length than the record '8
of FL91. However, it is well below the 95% confidence level.
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5. Analysis of the'°Be record °

—

The analysis of thé&’Be record is subject to much larger uncerg 1
tainties compared to the analysis of direct proxies presentedini2
the previous section. This is due to the fact that'{t@e con-
centration in ice not only reflects the production rate, which is
modulated by the solar activity, but also atmospheric transport 16 \ \ \
and deposition processes (Beer et al. 1994b). In spite of this '°2° 1940 (550 1980 2000
“noise”, i.e. the short-term fluctuations, the 11-y Schwabe cy-

cle is still visible in the Fourier power spectrum plotted in Eig. 719- 6a—e-Variations of the solar cycle length extracted from the five
(Beer et al. 1994a) records of directindicators of solar magnetic activity shown in Elgs. 1a—

e. The error bars are based on intrinsic noise estimates and do not

in Fia.[B. The ridae corresponding to the solar activity period include possible systematic errors. They increase towards the bound-
g.ld. 9 P g Y P Sies of the curves. All curves correlate well and are in good agreement

much less pronounced compared to Figs. ﬁnd_ 4. There are H¥Rin the error bars. Also plotted as the dotted curve in each frame is
epochs around 1500-1600 and 1950, respectively, when thgesolar cycle length determined by FLO1.

is no unique ridge around 11-years and at least two different

14

We present the wavelet power spectrum of tt@e record
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pepTrETTTmT T TR T T T the Fourier power spectrum plotted in Figy. 7. In order to test
whether the peaks are unduly affected by the interval prior to
1700, we have determined the global wavelet power spectrum
also between 1700 and the present only. It is plotted ir_Fig. 9b
and can be compared directly with Hig. 5. Now the peak lies at
11.1 years, in better agreement with the direct proxies, although
is is very broad.
We apply the same method as described in E€dt. 4.1 to extract
the solar cycle length variations from tHBe record. However,
if multiple solutions are possible (due to several ridges between
7 and 20 years) we evaluate them separately. The results are
presented in Fig.10. Compared to [Fig. 6 the error bars are much
B N larger due to the lower significance of the solar activity ridge
5 10 15 20 5 30 in the wavelet power spectrum. Most prominent is, again, the
Period strong dip prior to the Maunder Minimum where the solar cycle
Fig. 7. Fourier power spectrum of th€’Be record from Beer et al. length increases to 20-25 years. ‘Jus_’t before the Maund_er.mini-
(1994a). The mostly prominent peak corresponds to the solar actiii!M there are two branches of possible cycle length variations.
cycle. The short period branch is compatible with FL91 and is also
more significant. However, it would imply an almost instanta-
neous jump of the solar cycle length frea22 to~12 years at
solutions of solar cycle length variations are possible. Alsground 1560-1570. Around the middle of the 20th century there
around 1750 there is no significant power at all between 5 adi@® also two branches. Of these, the one with the longer period
30 years periods. would yield extraordinarily long cycles 17-19, which cannot be
Let us now discuss the behavior of tH&Be wavelet power found in any of the direct proxy records.
spectrum as a function of time. We distinguish between 4 inter- Comparison of the results from théBe record with FL91
vals: 1) the Sprer minimum lasting from approximately 1420between 1700 and the present shows less coincidence and a
to 1530, 2) the period between theiBer and the Maunder lower fidelity than what has been obtained from the direct prox-
minima, 3) the Maunder minimum from approximately 1645 tt¢s. Considerable qualitative agreement was nevertheless found.
1700 and 4) the period since the Maunder minimum. The two minima around the end of the 18th and 19th centuries
Of particular interest is the strong peak present during tR&d the intervening maximum, respectively, show up in both
Spdrer minimum near 1500. Itis the strongest peak exhibited B§cords and they also agree relatively well during the 20th cen-
the!°Be wavelet power and corresponds to a period of 20 yeai#y if we neglect the long period branch in thtBe record.
Itis highly significant with 99.95% confidence level. During th&levertheless, the two curves often differ by more than the sta-
time between the Sper and the Maunder minima two distinctistical errors, in contrast to the results obtained from the other
ridges are visible which are about equally strong and correspdiélicators. The presence of multiple branches at certain epochs
to averaged periods of about 11 and 20 years, respectively@lg0 makes interpretation of the power spectrum more difficult.
ridge in the 11 year range is clearly visible during the Maunder The results of the wavelet technique can be compared to an
minimum, suggesting that the solar magnetic field continu@drlier determination of the cycle length by Beer et al. (1994a).
its cyclic behavior throughout this period, although no sunspiét this approach the instantaneous frequency (“solar melody”)
cycle was visible. The wavelet power is significant at the 93uas calculated for each data point using the Hilbert transform.
98% confidence level during thattime. Hence, the wavelet powite low pass filtered data of Beer et al. (1994a) are plotted in
spectrum supports the conclusion reached by Beer at al. (195811 (dotted line) after applying a binomial filter to adjust the
on the basis of a Fourier analysis. resolution to the one of the wavelet power data. Both curves
After around 1750, significant power (above the the 80-90890w considerable agreement especially since the middle of the
confidence level) is always present. Between approximatédpt century. For earlier times, the correlation is less pronounced
1700 and 1750 the power is relatively weak and there is actuadyhough both curves still show qualitatively the same behavior.
a gap around 1750 when no significant power was present. Th@ example, both curves show the trend towards longer cycles
behavior is again similar to that observed by Beer et al. (199g}ring the 16th century and also a period of longer cycles around
Evaluation of the global wavelet power spectrum is préhe end of the 18th century.
sented in Fid:]9a. It confirms the presence of two significant
peaks_at 13.1 and 22.0 years, respectively. 'I_'h_e perioel&f 6. A composite cycle-length record
years is rather long in terms of the solar activity cycle. How-
ever, considering its relatively low significance (note that tHgy combining the results of SeEi%.1 ddd 5 we can now con-
dotted lines in Fid.19 are only the 68% confidence level) it itruct a composite record of solar cycle length variations over
still compatible with the results of Sect. #.1. These two peakbmost 600 years, which is plotted in Fig]12. Since 1700 only
seem to correspond to the second and third strongest peakthéndirect solar indicators have been used. The cycle lengths
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e

from each were weighted by the inverse of the square of the sta-
tistical uncertainty (indicated by the error bars in Elg. 6) before
combining them. Prior to 1700 only tHéBe record has enough
power to extract significant cycle length variations and both of
the possible branches are shown.

7. Summary and conclusions

In the present paper we used the continuous wavelet transform
to extract information on the length of the solar activity cycle
from six different records of solar activity. The curves obtained
from the five direct indicators of solar activity (sunspot relative
number, group sunspot number, sunspot area, facular area and
Ca plage area) are in good agreement with each other and with
the cycle length record originally proposed by FL91 (which
they obtained by carrying out a 1-2-2-2-1 smoothing; Lassen &
Friis-Christensen, 1995). The agreement with the unsmoothed
cycle-length record of Kelly & Wigley (1992) is smaller. Since
the FL91 curve correlates far better with northern hemisphere
air temperature records than the Kelly & Wigley cycle lengths
tg[ﬁ results lends further weight to the conclusion of FL91 that

equally strong. The latter is mainly caused by the period before i Sun effects the Earth's climate. Using concentrations of cos-
Maunder minimum. If only the time between 1700 and the prese'ﬁpgen|CIOBe we have extended the cycle length record further
is considered (framb) the solar activity period at 11.1 years is prointo the past. This part of the record, before 1700, is significantly
nounced although it is rather broad. The dotted lines mark the 68ess reliable, however. To further confirm the remarkable rela-

confidence level.

tion between the solar cycle length and indicators of terrestrial
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