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The re-occurrence pattern of major extremes in hydrology, such as the timing and intensity of river
floods, is related to a variety of natural and anthropogenic factors. In this study, the particular temporal
regional influence of �11 year solar radiation cyclicities on the maximum annual streamflow (MAS)
records from six stations from four eco-zones in Southern Canada were investigated. Wavelet analysis
decomposition and re-composition techniques were applied to extract the �11 year signals in the hydro-
logical records. An �11 year cyclicity is evident in all eco-zones but it is superimposed by non-periodic
variability in the 2 to 18 year wavebands that are due to El Nino/Southern Oscillation and North Atlantic
Oscillation related precipitation variability or random components in the records. The �11 year MAS
cyclicity is strong in the Mountain ecozone (Rocky Mountains) and less strong in the Boreal Shield. In
these eco-zones, it was found that years that experienced major floods were most likely to occur during
low sunspot number years, in the spring time approximately 6–7 years after the last solar maximum. The
results of the wavelet analysis demonstrate that major floods are more likely to occur during sunspot
cycles with relatively low sunspot numbers after the last maximum.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The influence of variability in the solar irradiance and galactic
cosmic ray flux on the surface temperature and precipitation vari-
ability of the Earth has often been considered negligible because
the sun’s output varies by only �0.1% on decadal time scales which
can account for a global average temperature change of �0.1 K
(Eddy, 1976). Recently, however, Svensmark and Friis-Christensen
(1997) found that the fluctuation in the cosmic ray flux can be di-
rectly related to increases of aerosols and ion-charged raindrops,
which in turn are responsible for an increase in cloud cover during
times of increased cosmic flux, and potentially higher precipita-
tion. Observational records of global cloud cover and cosmic ray
counts have been found to have a negative correlation with the so-
lar irradiance flux over 11 year sunspot cycles (Marsh and Svens-
mark, 2000).

A number of other studies have explored the influence of solar
activity on regional climate time series. Wang et al. (2003) found
that the length of the solar cycle may be a useful indicator for
droughts and floods in China, Alexander et al. (2007) found that
ll rights reserved.
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a statistically significant 21 year periodicity is present concurrently
in South African annual rainfall, river flow, and lake levels and the
Southern Oscillation Index, Juan and Yanben (2005) found that so-
lar activity influenced precipitation in Beijing, and Perry (2007)
found evidence of a physical linkage between galactic cosmic rays
and regional climate time series in the Midwestern United States.
The influence of long-term solar activity on streamflow has also
been demonstrated in several recent studies by Mauas et al.
(2005, 2008, 2011).

Several studies have disputed the influence and forecast poten-
tial of the 11 year solar cycle on decadal re-occurrences of stream-
flow extremes such as flood events (for example Reddy et al., 1989;
Timoney et al., 1997). These studies generally focus on the rela-
tionships in wavelength and phase. Furthermore, the regional
and temporal stationarity of 11 year solar and hydrological cycles
is questioned (e.g., Currie and O’Brien, 1988). These studies do
not discuss the relationships between the magnitudes of solar cy-
cles and flood events. Moreover, the �11 year sunspot cycles vary
over time (averaging �10.5 years), and exhibit large variations in
their magnitude throughout the second half of the 20th century
(Friis-Christensen and Lassen, 1991). In addition, solar activity var-
iability such as in the �11 year band is not translated linearly into
climate and streamflow change but likely through a series of non-
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Fig. 1. Map of Canada with streamflow sample locations covering all the Southern
Canadian eco-zones (see Table 1).

Table 1
Location and numbers of years of instant flow measurements.

Station
ID

Name of station Latitude
degree N

Longtitude
degree W

Drainage
area
(km2)

Ecozone

4 Belly river near
mountain view

49.1000 113.6967 319 Montane
Cordillera

6 Bow river at
BANFF

51.1750 115.5694 2210 Montane
Cordillera

29 Turtle river
near mine
centre

48.8500 92.7250 4870 Boreal
Shield

85 Saint john river
at fort kent

47.2569 68.5931 14,700 Atlantic
Maritime

127 Northeast
Margaree river
at Margaree
valley

46.3694 60.9767 368 Atlantic
Maritime

191 Chilliwack river
at outlet of
chilliwack L.

49.0839 121.4567 329 Pacific
Maritime
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linear oceanic-atmospheric responses, such as solar-intensity
influence pressure anomaly perturbations and changing wind re-
gimes (e.g., Hameed and Lee, 2005). There is also concern that
11-year streamflow cyclicity may spuriously arise from random
or non-linear processes as demonstrated by a study of the Nile
flood record in Egypt (for example Hurst, 1951; Koutsoyiannis,
2006).

One of the objectives of this study is to provide a better under-
standing of the potential link between 11 year sunspot cyclicity
and the re-occurrence of large instant floods in multi-year time
intervals. Most streamflow records are too short to determine the
statistical significance of the average amplitudes (or spectral
power) and stationarity (i.e. constant wavelength) of the detected
periodicities. In this study, continuous wavelet analysis (Morlet
et al., 1982) is used to extract wavelengths, magnitudes and phases
of potential �11 year (9–13 years) solar cyclicity. In contrast to
Fourier analysis, continuous wavelet analysis (CWT) allows one
to extract and reconstruct varying amplitudes, phases and wave-
lengths in streamflow records thus allowing one to link them pre-
cisely to the same parameter of variability of the �11 year solar
cycle. The testing of the extracted 11 year signal with varying
amplitudes and slightly varying wavelengths is based on correla-
tion with the 11 year cycle, and not on test versus randomness
as done with Fourier analysis.

Wavelet analysis has recently been used to detect interruptions
in climate trends and cycles, as well as to trace rainfall variability
(e.g., Nakken, 1999), solar irradiance, and inter-decadal climate
oscillations (e.g., Oh et al., 2003; Lucero and Rodriguez, 2000). A
study using an entropy spectral technique found evidence of an
11 year sunspot cycle and Indian rainfall correlation (Reddy et al.,
1989), but did not explain the temporal variability in the time
lag or the strength of this linkage. Continuous wavelet analysis is
a method that allows one to extract and reconstruct varying ampli-
tudes, phases and wavelengths in streamflow records and to link
them precisely to the variability of the �11 year solar cycle, in con-
trast to Fourier or trend analysis based methods.

This study aimed at defining the geographic frame at which so-
lar cyclicity can be used to forecast years with extreme flood
events. Another objective was to provide a methodology to assess
the risks of floods related to quasi-periodic, precipitation-related,
and natural variability such as solar intensity cyclicity.
2. Data

The hydrological data used in this study were extracted from
the Reference Hydrometric Basin Network (RHBN) data sets estab-
lished by Environment Canada (1999). This data provides a signif-
icant amount of scientific information including over a hundred
records of annual maximum flows from Canadian watersheds.
Most of these records are short (<20 years) or from watersheds that
are significantly altered or influenced by dams, canals or agricul-
tural activity. Canada has been divided into 18 eco-zones based
on vegetation, wildlife, latitude, altitude, proximity to oceans, ter-
rain, and other criteria (Environment Canada, 1999).

In this study, data from six ‘pristine’ (minor or no human influ-
ence) rivers across Southern Canada were analyzed, spanning four
eco-zones over a distance of about 5000 km from the Atlantic to
the Pacific (Fig. 1, Table 1). These six data sets have the advantage
that they contain data for a relatively long time period of a mini-
mum of 40 years, and represent watersheds that have experienced
no or only minor human influence (i.e. engineering, dams, agricul-
ture, etc.). Statistical tests based on the recommendations of Shiau
and Condie (1980) were carried out to verify the quality of the data
(Environment Canada, 1999). Most of the maximum annual flows
(MAS) have been measured for each year, but measurements are
missing for single or several years for some stations (Fig. 2). Re-
cords of sunspot data since 1750 were collected from the NOAA
web page (http://www.giss.nasa.gov/data/simodel/solar.irradi-
ance/). In this study, part of the sunspot number record was used
which corresponded to the same time interval as the streamflow
records (Fig. 3A).
3. Methods

3.1. Signal decomposition using the continuous wavelet transform

Wavelet analysis (WA) is a filtering and data compression
method that has been used since the 1980’s (e.g., Morlet et al.,
1982), and which can automatically detect and localize periodic
signals, gradual shifts and abrupt interruptions in time, such as
in streamflow records (e.g., Adamowski, 2008a, 2008b; Adamowski
et al., 2009). Wavelet transforms use narrow analysis windows at
high frequencies, and wide analysis windows at low frequencies,
while Fourier analysis, the maximum entropy spectral technique,
or Sliding-Window Fourier transform analysis use a single analysis
window or shifting analysis windows of constant width, respec-
tively (Rioul and Vetterli, 1991). The scaling properties of WA al-
lows for the detection and extraction of temporal variability in
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Fig. 2. Maximum annual streamflow (MAS) measurements (in m3/s) in Southern Canada from 1923 to 1997 ordered from East (top) to West (bottom). Note: Available
measurements are marked with a diamond symbol. Dotted vertical lines mark 10.5 year intervals.
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selected wavebands, which is an issue of particular interest in this
study. The wavelet coefficients W of a time series x(s) with s refer-
ring to distance of, as in this study, time, are calculated by the
convolution

Wwða; bÞ ¼
1ffiffiffi
a
p
� �Z 1

�1
xðsÞw s� b

a

� �
ds ð1Þ

where w is the mother wavelet; the variable a is the scale factor that
determines the characteristic frequency or wavelength; and b rep-
resents the shift of the wavelet over x(s) (Chao and Naito, 1995).
The wavelet coefficients W are normalized to represent the ampli-
tudes of Fourier frequencies by replacing

p
a with a. The matrix of

wavelet coefficients W(a,b) form the so called ‘scalogram’, which
is coded with shades of gray or colors for graphical expression.

In this study, the continuous wavelet transform with the Morlet
wavelet as the mother function was used, which is simply a sinu-
soid with the wavelength/period a modulated by a Gaussian func-
tion (Morlet et al., 1982). A parameter l is used to modify the
wavelet transform bandwidth resolution either in favor of time
or in favor of frequency, because the bandwidth resolution for
the wavelet transform varies with frequency resolution Da ¼

ffiffi
2
p

4pal
with Da referring to dilation in scale (or wavelength), and a loca-
tion resolution Db ¼ alffiffi

2
p with Db referring to dilation in time (or

time-steps). For all analyzes l = 6 was chosen, which gives suffi-
ciently precise results in the resolution of depth and frequency,
respectively (Ware and Thomson, 2000). The shifted and scaled
Morlet mother wavelet that was used is defined as
wl;a;bðsÞ ¼
ffiffiffiffi
p4
p ffiffiffiffi
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p
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The wavelet analysis technique used in this article is explained
in Prokoph and Barthelmes (1996).

The wavelet coefficients at the beginning and end of the data are
subject to ‘edge effects’ because parts of the analysis windows are
located outside of the data set. For the large analysis windows that
are used for long wavelengths most of the analysis window can be
located outside the range of the time series. Thus, the edge effects of
the wavelet coefficients have a curved shape in the time frequency
space, which is called the ‘cone of influence’ (Torrence and Compo,
1998). The edge effects have been compensated for by a normaliza-
tion approach that is described in Adamowski et al. (2009).

Wavelet coefficients (i.e. amplitudes) and phases were ex-
tracted for the 8–13 year waveband of the streamflow records to
evaluate the particular effect of this waveband on the overall
streamflow data variability and its potential relation to �11 year
solar insulation variability. This is shown in the example for wave-
let analysis of station S4 (Fig. 3B–D).

3.2. Reconstruction of the �11 year wavelength components

The original time series can be completely reconstructed using
the inverse wavelet transform (Grossman and Morlet, 1984; Hols-
chneider et al., 1989)

xðsÞ ¼
Z a max

0

Z b max

0
WaðbÞW

ðs� bÞ
a

� �
db

da
a2 ð3Þ



Fig. 3. Wavelet analysis of annual maximum streamflow of station 4 using Morlet wavelet. A: Monthly sunspot numbers from 1942 to 2000 (NOAA, 2008) for comparison. B:
Annual maximum streamflow data (in m3/s) from station 4 with double-ended arrows marking the average mid-20th century sunspot cycle interval of 10.5 years. C:
Scalogram of continuous wavelet analysis (CWT) of MAS record of station 4. Vertical axis: wavelength (or scale) in years. Strong signals are characterized by dark grey to black
shades, and weak or absent signals are marked by light-grey to white shades. The dotted curved line marks the cone of influence. D: Wavelength (in years) with the largest
amplitude, i.e. wavelet coefficient (in m3/s) and the phase (in radians) of this signal at any time in the 8–13 year waveband, as well as the reconstruction (in m3/s) of the �11-
year (8–13 years) component from the phase, amplitude and wavelength for any date (scale on far left). For details on decomposition and reconstruction see text.
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In this study only signals from the �11 (8–13) year waveband
were of interest for reconstruction. Thus, the reconstruction was
reduced to narrow wavebands da (8, 13 years) for a single compo-
nent centred at a = 11 years from the start of the time series set at
b = 0 to its end bmax. The reconstructed data interval db is set to
db = 1 year. Thus, the partial reconstruction in the (8, 13) year
waveband results in the component time series xa(s) as shown by

xaðsÞ ¼
Z b max

0
WaðbÞW

ðs� bÞ
a

� �
db ð4Þ

The reconstructions of signal x(s) of component a were further
simplified by the inclusion of phase u at each time s for waveband
centered at a in the reconstruction equation

xaðsÞ ¼WaðbÞðcos 2ps=aþ /aðsÞÞ ð5Þ

with u representing the phase at time s. The partition of variability
contributed by the 11-year cyclicity can be documented by recon-
structing the �11 year waveband and subtracting it from the com-
plete records.
4. Results

Visual inspection indicates that the maximum annual stream-
flow (MAS) records appear to only occasionally follow a sharp
10.5 year re-occurrence pattern, such as can be seen in station S4
from 1964 to 1975 (Fig. 2). Moreover, the MAS variability is in gen-
eral much higher in Atlantic Canada (for example station S85) than
in South-Central Canada (Station S29).

The variability results in a series of short and long term cyclic-
ities, from which the �11 year cyclicity emerges as the most per-
sistent, but not always the strongest cylicity in the MAS records
(Fig. 4). With the exception of the near Pacific coast station S191,
all other stations exhibit strong MAS fluctuations of �4–6 year
wavelength in the 1960s and 1970s (Fig. 4A–D). This cyclicity is
however non-persistent, and vanishes later or is replaced by a
weaker �8 year cyclicity.

The 11 year cyclicity is also relatively insignificant at station
S127 (Atlantic coast) which has much stronger cyclicities in the
sub-decadal band (<10 years) and in the >20 year waveband. Mul-
ti-decadal signals of >20 year wavelengths are strong in both re-
cords from the Atlantic Region but become gradually weaker
towards the West. These cycles are likely related to the changing
precipitation patterns that evolve from the influence of the North
Atlantic Oscillation (NAO). The percentage of variance related to
the 11-year cycle ranges from �4% to 25% for the 6 sections (Ta-
ble 2). The amplitudes of the 11 year MAS cycle vary by factors
of 1.5 (S6) to 2.5 (S127) from around 1920 to 2000. In comparison,
the 11 year cycle of the sunspot number varies by a factor of 2.5
(Fig. 5). Moreover, the amplitude variability of the solar cycle is
roughly negatively correlated to the amplitude variability of the
�11 year MAS cycles of stations S4 and S6 from the Montane Cor-
dillera eco-zone, and S127 from the Atlantic Maritime eco-zone.
The amplitude variability at the other stations shows no obvious
relationship to the solar cycle amplitude variability.



Fig. 4. Wavelet scalograms of MAS records from six Canadian Rivers. Note: Signal intensity increasing linearly from white to black; horizontal dotted lines mark 11 year
wavelength location; curved stripped lines mark cones of influence with strong signal intensity.
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The complete reconstruction of the �11 year signals in the MAS
records shows very similar patterns for the Montane Cordillera
ecozone (S4 and S6 in Fig. 6). The phase offsets of these 11 year
MAS records as well as the record of S29 to the previous sunspot
maxima is �5–7 years (Fig. 6, Table 2). Floods in the Montane
and Boreal watersheds always occur during the spring. This can re-
sult in several months of variability in the offset to the last sunspot
maxima. 60% Of the Montane Cordillera eco-zone MAS records and
25% of the Boreal Shield eco-zone long-term maxima in MAS (see
Fig. 2) were able to be reconstructed at annual accuracy (Table 2).
In contrast, none of the long-term maxima in MAS from the Atlan-
tic Maritime eco-zone (S85 and S127), and only one maxima from
the Pacific eco-zone (S191) could be lined up exactly with the solar
cycle using the calculated phase shifts (Table 2). Despite the occa-
sional good visual correspondence between flow peak and sunspot
Table 2
Comparison of 11-year cycle of maxima of annual flow and solar variability.

Station
ID

Years
measuredb

Variance raw
data

Variance 11-year cycle
removed

% Var
remov

4 49 7600 6812 10.37
6a 43a 2449 2160 11.80
29 32 2646 1983 25.06
85 61 635,591 575,449 9.46

127 55 21,307 20,403 4.24
191 61 468 421 10.04

a 1953–1997 only.
b LSM Last Sunspot Maximum.
c 99% Confidence at r > 0.41.
minima or maxima (Fig. 2), there is no significant linear correlation
between solar and flow records. The linear correlation becomes
>95% significant for the 11-year flow component and sunspot after
applying the offset determined via wavelet analysis (Table 2).
5. Discussion

The results of this study suggest that solar radiation variability
at �11 year periodicity contributes to changes in the multi-annual
MAS pattern in the Montane Cordillera eco-zone, and possibly in
the Boreal Shield (Central Canada). The �11 year MAS cyclicity is
much more subdued along the Atlantic and Pacific coasts, where
2–8 year and >20 year MAS cycles dominate. This observation con-
firms reports of �18–30 year cycles in precipitation and large river
iance
ed

Offset (yr) flood after
LSMb

% Correct peak
forecast

r Comp. at
offsetc

6.0 60 0.62
7.0 60 0.69
5.0 25 0.73
– 0
– 0
1.0 16 0.82



Fig. 5. Comparison of changes of amplitudes of �10.5 year sunspot cycle (top panel) derived from monthly sunspot number fluctuations (see Fig. 3A) and of amplitudes of
�10.5 year cycles of MAS records in Southern Canada from 1920 to 1997. For station ID’s see Table 1. Note that the missing record for station 6 from 1932 to 1950 corresponds
to a gap in its amplitude graph.

Fig. 6. Reconstruction of the �11-year component of the MAS records (in m3/s) from Southern Canada with comparison to the monthly sunspot number variation. Top panel:
11-year components from the stations from the Montane Cordillera (Rocky Mountain foothills) with good signal stationarity and significant negative correlation to sunspot
fluctuations. Bottom panels: 11-year components from other Canadian stations with poor signal stationarity and insignificant correlation to sunspot fluctuations (see
Table 2). Note: The amplitude of the record from station 85 is scaled to 1/5 for presentation purposes.
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discharges following the NAO/Southern Oscillation Index (SOI)
change pattern along the coastlines (Currie and O’Brien, 1988;
Pekárová et al., 2003; Labat et al., 2005). Wavelet analysis by Labat
et al. (2005) also confirmed our observation that the NAO pattern
influence varies temporally, being most strongly represented in
the river discharge pattern around 1970. Cycles of 2–8 years are
also commonly found in drought, precipitation and river discharge
in North America and are commonly related to the El Nino/South-
ern Oscillation (ENSO) pattern (Oladipo, 1989; Gingras and Ada-
mowski, 1995; Labat et al., 2005; Tardif et al., 1998). The weak
11 year precipitation cycle in Eastern Canada and the North East
United States (Currie et al., 1988; Tardif et al., 1998) likely caused
the weak �11 year MAS cycle in the Atlantic Maritime eco-zones.
The results demonstrate that the persistent and robust bandwidth
of the 11-year solar cycle over the previous couple of centuries al-
lows one to relate streamflow signals in the same bandwidth even
if the amplitudes vary. This method cannot be applied to relate
ENSO, NAO or other oceanic-atmospheric systems to streamflow
signals because their wavebands are not as narrow and persistent
as the 9–12 year solar cycles.

The well pronounced 11 year MAS cyclicity in the Montane Cor-
dillera eco-zone can be explained by the dominance of the solar
radiation variability over the NAO and ENSO influence away from
the oceanic coastlines. The low in sunspot and solar radiation every
11 years leads to higher amounts of cosmic rays hitting the Earth’s
atmosphere, which leads to more clouds and higher precipitation
(Carslaw et al., 2002). Observational data indicates that changes
in cloud cover during the peak of an 11-year sunspot cycle results
in temporal precipitation changes, although with regional differ-
ences (Meehl et al., 2009). Higher precipitation during 11 year sun-
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spot lows have also been detected in the Canadian Prairies (Garnett
et al., 2006), which likely results in correspondingly higher flow
levels in the two stations located on the Eastern Rocky Moun-
tain/Prairies transition (foothills) where the significant sunspot
influence had been detected.

The output of solar ultraviolet (UV) radiation varies by up to 4%
during a typical 11-year solar cycle (in the 240–320 nm region)
compared to the �1% average solar energy fluctuations in the same
cycle period (Lean, 2000; Gray et al., 2010). Thus, in particular,
Montane regions that already receive more UV radiation in general
than lowlands may receive significantly less solar energy as well as
more precipitation due to more clouds during solar low years. This
leads to more albedo, snow accumulation and a later but more
abrupt onset of snowmelt and stronger floods in the year. The
resulting precipitation cyclicity is likely enhanced by a positive
feedback with (longer) snow accumulation and abrupt spring melt
that leads to periodic 11 year floods in the Rocky Mountain region
(Timoney et al., 1997). The maximum floods appear most often
(�60%) during years with minimum sunspot numbers or one year
before, about 4 years before the next and 7 years after the last sun-
spot maximum (Figs. 2, 3 and 6). The results of wavelet analysis
also suggest that the maximum floods during an MAS cycle are
stronger when the 11 year sunspot cycle is weaker. The number
of records is too low to address significant risks for floods in the
Montane Cordillera at minimum sunspot number years, but policy
makers and water managers are advised to observe streamflows in
this eco-zone more carefully during these episodes. Similarly, the
observed high MAS during sunspot minima in Central Canada from
a single, incomplete streamflow record (Figs. 2 and 6) cannot be
considered significant enough to address the risk statistically. It
is recommended that policy makers and other researchers carry
out additional data analysis on the potential solar-flood link in this
region as the Boreal Shield and the Great Plain cover large parts of
North America. However, there is no long-term trend that is evi-
dent in the Montane eco-zone that could be related to long-term
climate change.
6. Conclusions

The MAS in watersheds in Southern Canada can be related to
11 year solar cyclicity in regionally varying degrees. An approxi-
mately 11 year cyclicity is evident in all eco-zones but it is super-
imposed by much stronger NAO and ENSO related precipitation
variability. The 11 year MAS cyclicity is strong in the Montane
eco-zone (Rocky Mountains) and less significant in the Boreal
Shield. In these eco-zones, high MAS (main floods) will most likely
occur during low sunspot number years. The MAS are generally
higher during weaker sunspot cycles.
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