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Spectral analysis using wavelet, Lomb–Scargle and maximum entropy techniques of the proxy rainfall 
record of northeastern South Africa based on annual carbon isotope (δ13C) data obtained from baobab 
trees for the period 1600 AD – 2000 AD show clear evidence of the presence of characteristic solar 
periodicities. Solar periodicities that were identified above the 95% confidence level include the ~11-year 
Schwabe cycle, the ~22-year Hale cycle as well as the 80–110-year Gleissberg cycle. A Morlet wavelet 
analysis of the δ13C data between 1600 AD and 1700 AD shows the effect of the Maunder sunspot 
minimum on both the Schwabe and Hale cycles during this time.

Significance:
A spectral analysis of δ13C baobab tree ring data for southern Africa between 1600 AD and 2000 AD is 
presented. The results show – for the first time – that the δ13C time series contains the 11-year Schwabe, 
22-year Hale as well as the 80–110-year Gleissberg solar periodicities. In addition, the influence of the 
Maunder sunspot minimum between ~1650 AD and 1715 AD could also be clearly identified in the δ13C 
data for the first time. These findings are of significant importance to investigations of solar influences on 
climate variability.

Introduction
Carbon isotope ratios have been used in the literature1 by several palaeoclimate researchers as a proxy for rainfall in 
a specific region where data were made available by tree ring investigations. During the process of photosynthetic 
absorption of atmospheric CO2 by trees and plants, active discrimination occurs against 13CO2 in favour of 12CO2.

2 
During periods of high rainfall, rapid exchange of CO2 with the atmosphere and trees takes place. During periods 
of low rainfall, on the other hand, the amount of CO2 available for photosynthesis is restricted to only that inside 
leaves. Therefore, in regions of low rainfall, like southern Africa, lower δ13C values are associated with wetter 
conditions, and higher δ13C values are associated with drier conditions during the growth of the wood.3 In order 
to link carbon isotope ratios to rainfall, one is restricted to trees that only rely on precipitation as a water source. 
Carbon ratios from the African baobab (Adansonia digitata L.) have shown strong correlation with summer rainfall 
patterns in southern Africa in a previous study.4 

The sun is a variable star that exhibits changes on multiple spatial and temporal scales, and is the most important 
source of energy for the earth’s climate system (see for example a review on this topic by Gray et al.5 and the 
references therein). Solar activity is characterised by periodicities and cycles that vary on a variety of timescales. 
The most important periodicities are the ~11-year sunspot cycle (also known as the Schwabe cycle), the ~22-year 
magnetic cycle (also known as the Hale cycle), the 80–110-year Gleissberg cycle as well as the ~205–year 
De Vries cycle. These periodicities of solar origin have been identified in several tree ring records and cosmogenic 
data such as 10Be and 14C (see for example the review by Usoskin6 and the references therein). Convincing evidence 
for solar influences on weather and climate has been found in the last ~150 years (Hoyt and Schatten7 and 
references therein). Souza Echer et al.8 found a clear correlation in the 22-year periodicity between global air 
surface temperature and sunspot number in the interval 1880–2000. Although solar signals have been detected in 
climate records (e.g. Beer et al.9), one should keep in mind that climate and rainfall is a non-linear system and that 
several forces are involved in the process. Apart from the direct and indirect effects of solar irradiance (total solar 
irradiance and ultraviolet), particle radiation effects (solar energetic particles and cosmic rays) also have an effect 
on the troposphere (see Figure 21 in Gray et al.5). Rigozo et al.10 investigated the solar activity signals in tree ring 
data in Chile over a period of ~400 years, employing spectral analysis techniques. They found clear evidence for 
the presence of solar activity: Schwabe (~11-year), Hale (~22-year), fourth-harmonic of the 208-year De Vries 
(~52-year) and Gleissberg (~80-year) cycles. Several investigations have indicated that solar variations had an 
effect on pre-industrial climate throughout the Holocene (the warm interval since the last ice age). These studies 
have been done in several parts across the globe and utilised a large variety of palaeoclimate proxies. The reader 
is referred to the recent review by Lockwood11. An interesting finding by McKinnell and Crawford12 is the long-term 
lunar-induced 9.3-year and 18.6-year cycles in the temperature records in some regions over a 400-year period. 
A wavelet analysis of centennial (1895–1994) rainfall data in southern Brazil by Souza Echer et al.13 confirmed 
the existence of strong 8.9-, 11.7- and 24.9-year periodicities. 14C time series studies on tree growth rings from 
Bashkiria (Russia) by Kocharov et al.14 revealed periods close to 21, 9.4 and 13.5 years using advanced spectral 
analysis methods. Damon et al.15, who also studied a time series of δ14C in tree rings, for the time interval between 
1065 AD and 1250 AD, confirmed these results. They also detected a period of ~52 years and attributed it to 
the fourth harmonic of the Suess or De Vries cycle. The climate of southern Africa is to a large extent semi-
arid.16 Except for the southern coastal area, the southern African region receives almost all its rainfall in summer. 
A characteristic feature of the southern African rainfall record is the pronounced ~80-year cycle that can be traced 
back 3500 years.16

In this investigation, δ13C measurements obtained from the Pafuri 1000-year-old baobab trees17 were analysed 
between the years 1600 AD and 2000 AD to identify the presence of possible solar periodicities. Spectral analysis 
methods such as wavelets18, Lomb–Scargle19,20 and maximum entropy21 were used to obtain statistically significant 
results above the 95% confidence level. In addition, a Morlet22 wavelet analysis of δ13C between 1600 AD and 
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1700 AD was performed to investigate the variation in the strengths of, 
particularly, the Schwabe and Hale cycles during the Maunder sunspot 
minimum period of 1645–1715 AD (Eddy).23 

Data and method of analysis
Woodborne et al.17 did a carbon isotope analysis of four South African 
baobab trees located in the Pafuri area (22°22.925’S, 31°13.145’E; 
22°26.647’S, 31°04.745’E; 23°15.765’S, 31°33.309’E; 22°24.352’S, 
31°16.676’E) in order to obtain a proxy for rainfall in this region. A map 
of southern Africa showing the location of the trees is given in Figure 1.

Figure 1:	 A map of southern Africa showing the location of the four 
baobab trees (inside the square area as indicated) whose δ13C 
data were used in this study. 

Samples obtained were large enough to separate individual ring 
structures at 1-year intervals. Woodborne et al.17 subsequently 
performed an accelerator mass spectrometry radiocarbon analysis of 
these samples and calibrated the dates using well-known standards and 
procedures. They used the extracted δ13C data to confirm abnormal dry 
conditions during the Little Ice Age, particularly during 1635 and 1695. 
The δ13C data were obtained from Woodborne et al.24 (http://www.ncdc.
noaa.gov/paleo/study/17995). Figure 2 shows the data between AD 
1600 and 2000 utilised in this investigation. 

Figure 2:	 A plot showing the δ13C tree ring data at annual intervals 
between 1600 AD and 2000 AD as obtained by Woodborne et 
al.17 from baobab trees in the Pafuri region of southern Africa. 

Three spectral analysis approaches were employed in this investigation to 
perform a spectral analysis of δ13C time series, namely the wavelet, the 
Lomb–Scargle periodogram method, and the maximum entropy method, 
in order to identify characteristic periodicities above the 95% confidence 
level. Wavelet analysis is used extensively to decompose a time series into 
time–frequency space and to establish the modes of variability, particularly 
when the time series under investigation contains non-stationary power 

at different periods. As the wavelet transform is a localised transform in 
both space (time) and frequency, this particular property can be usefully 
applied to extract information from the signal, which is not possible with 
Fourier techniques (Daubechies).25 All graphs and plots in this paper were 
produced using the SigmaPlot (www.systat.com) plotting package, while 
the contour plots were generated using the Interactive Data Language 
wavelet applet (http://www.exelisvis.com/ProductsServices/IDL.aspx). 

Results and discussion
Morlet wavelet power spectra of order 6 were obtained by analysing the 
δ13C time series at a cadence of 1 year between 1600 AD and 1700 AD. 
This was done particularly to investigate the behaviour of the Schwabe 
(~11-year sunspot) cycle as well as the Hale (~22-year magnetic) cycle 
with time during this interval. The results can be seen in Figure 3 below.

Figure 3:	 A Morlet wavelet power spectrum of the Pafuri δ13C data 
between 1600 AD and 1700 AD, showing the behaviour of the 
Schwabe (~11-year) and Hale (~22-year) solar periodicities 
during this interval. The white contour line represents the 95% 
confidence level. The top plot shows the annual δ13C data.

From Figure 3, the 11-year Schwabe sunspot cycle as well as the 22-year 
Hale solar magnetic cycle can be clearly identified. It is interesting to 
note that the 11-year sunspot cycle could only be observed between 
~1630 AD and 1650 AD above the 95% confidence level, while between 
~1650 AD and 1700 AD it disappeared completely. This particular 
interval coincides with the sunspot Maunder Minimum (1645–1715 AD) 
when no sunspots could be observed on the surface of the sun and 
was also known as the Little Ice Age. In the northern hemisphere, 
extreme cold spells were experienced during the Little Ice Age. It is quite 
extraordinary that a disappearance of the 11-year Schwabe cycle on the 
sun did indeed coincide with a similar pattern in the δ13C data obtained 
from the summer rainfall region of southern Africa. The purpose of this 
investigation is not to show that rainfall is influenced by the sun, but that 
during extreme sunspot minimum conditions like the Maunder Minimum, 
we observe that solar periodicities like the 11-year Schwabe period in 
rainfall proxy parameters such as δ13C can indeed disappear or become 
statistically insignificant. On the other hand, due to the sub-dominant 
role of the 11-year periodicity during the Maunder Minimum, we observe 
a dominant 22-year periodicity in this time, supporting observations by 
Mursula et al.26 Similar observations during the Maunder Minimum in 
solar proxies showing a dominant 22-year periodicity accompanied by 
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a less-dominant Schwabe cycle have been reported by Silverman27 in 
aurora data and by Miyahara et al.28 in 14C data. 

We proceeded with the analysis of δ13C by performing a Lomb–Scargle 
spectral analysis between 1600 AD and 2000 AD at each 100-year 
interval in order to identify other prominent periodicities in the data. 
Results obtained are displayed in Figure 4.

Figure 4:	 Lomb–Scargle spectral analysis of Pafuri baobab δ13C data 
between (a) 1600 and 1699, (b) 1700 and 1799, (c) 1800 and 
1899 and (d) 1900 and 2000. The black curves are spline fits 
of the periodicities revealed by the Lomb–Scargle method.

From Figure 4a (and Table 1) a Lomb–Scargle analysis revealed 
periodicities in the δ13C data at ~18 and 22 years above the 95% 
confidence level, while the 10.3-year period is marginally statistically 
significant, confirming our wavelet analysis regarding the 11-year 
periodicity. The ~18-year period fits in with the general conclusion 
by Tyson et al.16 that climate variability in the 16–20-year range is a 
characteristic feature of southern Africa. However, one cannot exclude 
the possibility that this ~18-year periodicity can be linked to the lunar-
induced 18.6-year cycle as reported by McKinnell and Crawford12. 
This ~18-year cycle has been identified as a characteristic oscillation 
in southern African rainfall and has been extensively documented in 
the meteorological records. It appears predominantly in the summer 
rainfall tree-ring data, but could not be identified during 1700–1799 AD. 
Figure 4b, representing periodicities observed between 1700 AD and 
1799 AD, shows a resurgence of both the 11-year as well as the 22-year 
cycles, while we also notice with interest the appearance of an 85-year 
period which represents the solar Gleissberg cycle. Variability at about 
80 years has been observed on a global scale. A review by Hoyt and 
Schatten7 summarises its presence in temperature and precipitation data 
sets as well as tree-ring investigations. During 1700–1799 AD, we also 
observed a 24.7-year as well as a 8.7-year periodicity (Table 1). These 

periods have also been observed in the rainfall records of southern 
Brazil13 during 1894–1995. The 8.7-year period can possibly be a 
result of long-term, lunar-induced, 9.3-year modulation of sea-surface 
temperatures as reported by McKinnell and Crawford12. Periodicities 
identified between 1800 AD and 1899 AD, exceeding the 95% confidence 
level, can be seen in Figure 4c and Table 1. Of particular interest is the 
11-year Schwabe cycle at 12.1 years as well as the 85-year Gleissberg 
cycle. In addition, we also see the appearance of a 50-year periodicity 
which is only observed during 1800–1899 AD. This particular periodicity 
has been identified by Cohen and Lintz29 as a ‘shoulder’ to the Gleissberg 
solar cycle. During 1900–2000 (Figure 4d), our Lomb–Scargle analysis 
not only revealed the presence of the Schwabe (at 10.9 years), Hale (at 
21.7 years) and Gleissberg (at 85.9 years) solar periodicities, but also 
the ~18-year and ~9-year periods to be statistically significant above 
the 95% level. Of particular interest is that the ~18-year period has the 
highest amplitude/strength during 1900–2000.

As a next step to verify results obtained by wavelet and Lomb–Scargle 
methods, we performed a maximum entropy spectral analysis of the 
Pafuri baobab δ13C data for the time interval 1600–2000 AD. Maximum 
entropy results are shown in Figure 5 and summarised in Table 1.

Figure 5:	 Maximum entropy spectral analysis of the Pafuri baobab δ13C 
data for the time period between 1600 and 2000. The blue 
curve is a spline fit of the identified periodicities.

From our maximum entropy analysis, we could clearly identify the 
11-year Schwabe (at 10.2 years), the 22-year Hale (at 22.8 years) 
as well as the Gleissberg solar period (at 92.5 years) above the 95% 
statistically significant level. In addition, the ~18-year period which is 
characteristic of southern African rainfall could also be verified. These 
results show, particularly, that the solar periodicities identified through 
our spectral analysis techniques are statistically significant. 

Table 1:	 All periodicities identified above the 95% confidence level during 
each interval between 1600 AD and 2000 AD using Lomb–
Scargle and maximum entropy spectral analysis techniques

Lomb–Scargle periodicities 
Maximum entropy 

periodicities

1600–
1699 AD

1700–
1799 AD

1800–
1899 AD

1900–
2000 AD

1600–2000 AD

– 85.2 85.2 85.9 92.5

– – 49.5 – –

22.2 21.2, 24.7 – 21.7 22.8

15.5, 18.8 – 18.1 18.1 18.4

10.3 10.6 12.1 10.9 10.2

– 8.7 – 8.4 –

A cross-spectral analysis was subsequently performed to determine 
whether a statistically significant correlation exists between sunspot 
periodicities and the Pafuri δ13C data between 1600 AD and 2000 AD. 
Cross-spectral analysis is a method to determine the common variability 
between two time series as a function of periodicity (frequency) and to 
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determine the coherency between them. The Fortran computer program 
REDFIT-X30 was used to determine the coherence between sunspot 
numbers and δ13C observations. Results obtained are shown in Figure 6.

Figure 6:	 A cross-spectral analysis between annual mean sunspot 
numbers (ssn) and δ13C data between 1600 AD and 2000 AD.

The cross-spectral results clearly show exceptionally strong coherence 
for the 11-year Schwabe cycle (>0.9) as well as the 85-year Gleissberg 
cycle (>0.8), while coherence for the 22-year Hale cycle was at 
a moderate level of 0.56. These results are all well above the 95% 
confidence level as displayed in Figure 6.

Conclusions
In this study, δ13C measurements from the Pafuri baobab trees 
between the years 1600 AD and 2000 AD have been analysed in order 
to identify the presence of possible well-known solar periodicities. 
Spectral analysis methods such as wavelets, Lomb–Scargle and 
maximum entropy were employed to obtain statistically significant 
results above the 95% confidence level. Results obtained show clear 
evidence of the presence of the 11-year Schwabe sunspot cycle, the 
22-year Hale magnetic cycle as well as the 80–100-year Gleissberg 
solar cycle. In addition, the ~18-year period which is characteristic of 
southern African rainfall, could also be identified in our spectral analysis, 
confirming previous investigations of the rainfall pattern across this 
region. Previous investigations linked this periodicity to lunar-induced 
effects12 on sea-surface temperatures. A Morlet wavelet analysis of δ13C 
data, particularly concentrating on the time interval between 1600 AD 
and 1700 AD, revealed, in particular, that the Schwabe cycle could 
only be observed between ~1630 AD and 1650 AD above the 95% 
confidence level, while between ~1650 AD and 1700 AD it disappeared 
completely. This particular period coincides with the sunspot Maunder 
Minimum period when hardly any sunspots could be identified on the 
surface of the sun. This period is also known as the Little Ice Age when 
exceptionally low temperatures were recorded in Europe. To the best 
of our knowledge, this is the first identification of the presence of the 
Maunder Minimum in δ13C tree-ring data in southern Africa. In order 
to verify our results, we further performed a cross-spectral analysis 
of sunspot data and δ13C measurements between 1600 AD and 
2000 AD. Evidence obtained from this analysis showed exceptionally 
strong coherence, particularly for the Schwabe and Gleissberg cycles, 
while a moderate coherence exists for the 22-year Hale cycle. Waple 
et al.31 investigated solar irradiance forcing on climate over a 200-year 
period between 1650 AD and 1850 AD preceding the industrial era 
with its anthropogenic influence. This era is characterised by a wide 
range of solar irradiance values and includes the Maunder Minimum. 
The authors conclude that on multi-decadal to century timescales, solar 
forcing is dominated by the ~90-year Gleissberg cycle, while at decadal 
timescales the 11-year and 22-year solar cycles dominate. 

Sundqvist et al.32 analysed a 350-year δ18O stalagmite record from 
the summer rainfall region in South Africa and reported a positive 
correlation with regional air surface temperatures at interannual 
timescales. They found that during parts of the Little Ice Age, the regional 
temperature could have been ~1.5 °C colder than today. Prominent 22- 
and 11-year cycles also indicated that both the solar magnetic as well 

as the El Nino–Southern Oscillation cycle could be important drivers 
of multi-decadal to interannual climate variability in southern Africa. 
A surface water temperature reconstruction from Antarctica33 shows 
similar features and a cooling of more than 2 °C between 1300 AD and 
1800 AD. These records show clear evidence that the Little Ice Age, 
originally identified in the northern hemisphere, also had a counterpart 
in the southern hemisphere. Peristykh and Damon34 did an interesting 
spectral analysis study of δ14C tree-ring data divided into intervals before, 
during and after the Maunder Minimum. They found that the ~22-year 
Hale cycle is most prominent during the Maunder Minimum, while the 
11-year cycle is totally suppressed. In addition, they also reported that 
before the Maunder Minimum the Hale cycle had a period of 22.9 years, 
whereas during the minimum the cycle had two periodicities at 24 and 
15.8 years, and after the minimum the Hale cycle had a period of 
26 years. Our investigation also confirmed the existence of a 15.5-year 
periodicity during 1600–1699 AD, but periodicities observed between 
~25 and 30 years were found to be below the 95% confidence level. 
They were therefore regarded as not statistically significant.

The results obtained in this investigation, in particular δ13C measurements 
from the Pafuri baobab trees in southern Africa between the years 
1600 AD and 2000 AD, provide strong evidence of the presence of 
solar cycles. These δ13C isotope measurements are regarded by 
palaeoclimatologists as a proxy for rainfall in a particular region. Results 
obtained in this investigation can be regarded as the first identification 
of prominent solar cycles in δ13C tree-ring data in southern Africa. 
Of particular interest is the behaviour of the Schwabe cycle during the 
Maunder Minimum period between ~1650 AD and 1700 AD. 
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