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Abstract Solar quasi-biennial oscillations (QBOs) with the time scale of 0.6–4 yrs appear
to be a basic feature of the Sun’s activity. Observational aspects of QBOs are reviewed on
the basis of recent publications. Solar QBOs are shown to be ubiquitous and very variable.
We demonstrate that many features of QBOs are common to different observations. These
features include variable periodicity and intermittence with signs of stochastisity, a presence
at all levels of the solar atmosphere and even in the convective zone, independent develop-
ment in the northern and southern solar hemispheres, most pronounced amplitudes during
the maximum phase of the 11-yr cycle and the transition of QBOs into interplanetary space.
Temporal weakening of solar activity around the maximum of the 11-yr cycle (Gnevyshev
Gap) can be considered an integral part of QBOs. The exact mechanism by which the solar
QBO is produced is poorly understood. We describe some of the most plausible theoreti-
cal mechanisms and discuss observational features that support/contradict the theory. QBOs
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have an important meaning as a benchmark of solar activity, not only for investigation of the
solar dynamo but also in terms of space weather.

Keywords Sun: activity · Sun: magnetic fields

1 Introduction

The mechanisms governing the solar cycle are still far from fully understood. Enormous
information concerning this problem can be retrieved from the variability of solar phenom-
ena, including the diversity of quasi-periodic processes. In addition, the influence of the Sun
on the heliosphere and, in particular, on solar-terrestrial coupling is impacted by similar
temporal variations and is, therefore, worthy of careful investigation. Of particular interest
are oscillations with periods of the order of 2 yrs which appear to be connected with the
internal fine structure of the solar magnetic field. The main feature of the quasi-periodic so-
lar variations is their intermittency. The variations exist from time to time, and their period
varies in the range of 0.6–4 yrs. In the literature, periodicities of 0.6–4 yrs are often referred
to as quasi-biennial oscillations (QBOs). However, we note that periodicities in the range
considered here have also been referred to as intermediate- or mid-term quasi-periodicities
(for example Lou et al. 2003; Valdés-Galicia et al. 2005; Valdés-Galicia and Velasco 2008;
Chowdhury et al. 2009b; Kudela et al. 2010).

The quasi-periodic processes in the Sun are considered to be a separate phenomenon
from the well-established terrestrial quasi-biennial oscillation (e.g. Kane 2005a), which are
far more uniform than the solar QBO. However, the exact relationship between the Sun’s
magnetic field and Earth’s climate is poorly understood and so some form of resonance
cannot be completely excluded.

An example of the QBO extraction is illustrated in Fig. 1. The upper panel gives the
monthly values of the sunspot area for the whole disk from 1875 to 2012.1 In the lower
panel the 25-month smoothed series presents the long-term variability (red curve) while the
residuals obtained by subtraction of the long term set from the monthly data present the
short-term variability (blue curve). The oscillations, whose amplitudes are modulated by the
11-yr cycle, are clearly seen.

When considering a power spectral density (PSD) of common indices of solar activity,
such as sunspot number or sunspot area, the interval of 0.6–4 yrs does not seem special
compared to the power intrinsic to 11-yr cycle (Fig. 2a). However, removing the long-term
variability reveals a PSD, as shown in Fig. 2b, with a highly disturbed multi-peaked struc-
ture. Figure 3, where the PSD is shown as a function of the period, demonstrates a local
attenuation in the PSD just below T = 1 yr, then a general increase in the 1–1.5 yr range,
and a rather uniform PSD distribution in the T = 1.5–2.5 yr region, that is an apparent sepa-
ration of the two groups of variations. Historically, research on these two domains also often
developed separately. However, as it will be shown below, many features of the two groups
are similar.

Since the QBOs cannot be analyzed without preparatory filtration a variety of processing
methods are used by different authors. They include discrete and fast Fourier transforms,
spherical harmonic decomposition, wavelet transform analysis, periodogram analysis, pass-
band filters (e.g., time-smoothing), maximum entropy method, and, recently, the Huang-
Hilbert transform, which builds on empirical mode decomposition (EMD) analysis, to men-
tion only a few. In general the results of the various procedures are consistent within the

1http://solarscience.msfc.nasa.gov/greenwch.shtml.
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Fig. 1 Upper panel: monthly values of the sunspot area (http://solarscience.msfc.nasa.gov/greenwch.shtml)
in millionths of a solar hemisphere. Lower panel: 25-month smoothed values of the sunspot area (red curve)
and the short-term oscillations (blue curve) isolated by subtracting the smoothed data from the data shown in
the upper panel

Fig. 2 (a): Power spectrum density of the monthly meanings of the sunspot area for the whole solar disk
from 1875 to 2012. (b): The same as (a) but with an ∼11 yr variation withdrawn by subtraction of 25-month
running averages from the monthly values of sunspot area. PSD is given in the units of 90 % confidence level
for the highest peak, meaning that values greater than unity imply that there is less than a 10 % chance of
such power in noise. Vertical bars denote approximately the frequency range of QBOs indicated by this data,
however, we note that many authors consider periodicities outside these limits (see Table 1)

accuracy of the processing. Many authors exploring the variability of different solar, inter-
planetary and terrestrial indices, found common features in the QBO behavior. In this paper,
these features are illustrated by original figures where QBOs are isolated by subtracting the
25-month smoothed monthly values from the 7-month smoothed values unless otherwise in-

http://solarscience.msfc.nasa.gov/greenwch.shtml
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Fig. 3 Higher frequency range
of the PSD spectrum from the
Fig. 2b, but with PSD depicted
vs. period value and linear scale
on the abscissa axis. Vertical bars
denote approximately the period
range of QBOs indicated by this
data

dicated. This procedure passes 1.5–1.7 yr signal without distortion (i.e. it has around a 100 %
frequency response at 1.5–1.7 yr) and above a 50 % response between 1 and 3.3 yrs. The
output results are, in general, consistent with results of other filtration. The results shown
in this paper were found to be stable to different smoothing intervals: the amplitude of the
QBO was observed to change by an insignificant amount.

An interest in quasi-biennial variations in solar activity was probably stimulated by the
discovery in the 1960s of the so-called 26-month oscillations in the Earth’s atmosphere (see
Maeda 1967, and references therein). The atmospheric QBOs mainly have a terrestrial origin
and although they are influenced by the 11-yr solar cycle (Baldwin et al. 2001; Petrick et al.
2012), seemingly not by the solar QBOs. Sakurai (1979) found a QBO in the solar neutrino
flux as measured in the Homestake neutrino experiment (Bahcall and Davis 1976). Silver-
man and Shapiro (1983) discovered the “unexpected” 1.4 yr variations in the 1721–1943
data set of visual auroras. Akioka et al. (1987) reported on a 17-month periodicity in the
number and area of sunspot groups. A rapid increase of investigations has followed.

The domain below 1 yr oscillations refers to the so called Rieger-type variations, which
were discovered in the solar X-ray burst and flare occurrence that was observed by the SMM
spacecraft in the early 1980s (Rieger et al. 1984). Specifically Rieger et al. observed a 154 d
periodicity in the temporal distribution of flares. Usually, the <1 yr and >1 yr types of
variations are considered in different works. Around 30 % of QBO papers published after
2000 were devoted to the Rieger-type oscillations, and 70 % to >1 yr variations. However,
some researchers noticed their intrinsic resemblance (e.g. Boberg et al. 2002; Kudela et al.
2002, 2010; Singh and Gautam Badruddin 2012). Actually many features are similar, so here
they are described without separation despite the fact that there is currently no agreement as
to whether a physical connection between the Rieger-type variations and those with periods
>1 yr exists (this is discussed further in Sects. 2.2 and 5).

2 The Ubiquity of the QBO

The QBO is visible in almost all measures of the Sun’s magnetic field, from deep in
the solar interior right out to the heliosphere, and there are numerous papers that consider
the behavior of solar activity indices. Here we include merely a sample of these papers, the
majority of which include substantial reference lists themselves. Table 1 presents a list of se-
lected papers published since 2000 where the studied indices and periods of oscillations are
given. From the Table the diversity of solar activity proxies and oscillation periods are ap-
parent. The majority of works consider QBOs in the sunspot number and area as a common
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Table 1 Selected papers related to QBO observations, published since 2000. SOL stand for various solar
indices, IPL for solar wind and interplanetary magnetic field, GEO for geomagnetic indices, CR for galactic
cosmic rays, and SEP for solar energetic particles

Author Publication yr Indices Periods Epoch of
observation

Bazilevskaya et al. 2000 SOL ∼2 yr cycles 21–22

Howe et al. 2000 SOL 1.3 yr 1995–1999

Mursula and Zieger 2000 GEO, IPL 1.3–1.7 yr 1932–1998,
1964–1998

Bazilevskaya et al. 2001 SEP ∼2 yr 1950–2000

Hill et al. 2001 CR 146–154 d 1998–1999

Lockwood 2001 SOL, GEO 1.3 yr ∼1980–1995

Obridko and Shelting 2001 SOL ∼2 yr 1915–1999

Rybák et al. 2001 SOL, CR 1.7–2.4 yr 1969–1998

Ivanov et al. 2002 SOL ∼2 yr 1920–1980

Boberg et al. 2002 SOL <1 yr, >1 yr cycles 21–24

Krainev et al. 2002 SOL, CR ∼2 yr cycles 21–22

Krivova and Solanki 2002 SOL 154–158 d, 1.28 yr 1749–2001

Kudela et al. 2002 IPL, CR 150 d, 1.3 yr, 1.7 yr cycles 20–22

Bai 2003 SOL <1 yr cycles 19–23

Benevolenskaya 2003 SOL 1–1.5 yr cycles 21–23

Kato et al. 2003 CR 1.3–1.7 yr cycles 21–22

Lou et al. 2003 SOL, CME <1 yr 1999–2003

Mavromichalaki et al. 2003 SOL, CR <1 yr 1981–1983

Mursula et al. 2003 IPL, GEO, CR 1.2–1.7 yr cycles 9–22

Özgüç et al. 2003 SOL 150 d, 1.3 yr 1966–2001

Wang and Sheeley 2003 SOL 1–3 yr 1978–2002

Badalyan and Obridko 2004 SOL 1.5–3 yr 1943–2001

Ballester et al. 2004 SOL 160 d cycles 21–23

Mursula and Vilppola 2004 IPL 1.3–1.7 yr cycles 21–22

Shirai 2004 SOL 2.5 yr 1996–2001

Ataç et al. 2005 SOL 64 d, 125 d cycle 23

Benevolenskaya 2005 SOL 1–1.5 yr cycles 21–23

Cadavid et al. 2005 SOL, IPL, GEO 1–2.5 yr 1978–2003

Joshi and Joshi 2005 SOL <1 yr cycles 21–23

Kane 2005 SOL, CR <1 yr, >1 yr cycles 20–23

Knaack and Stenflo 2005 SOL <1 yr, >1 yr 1966–2004

Moussas et al. 2005 SOL, GEO <1 yr, >1 yr

Richardson and Cane 2005 SOL, IPL, GEO, SEP ∼150 d cycle 23

Bazilevskaya et al. 2006 SEP ∼2 yr cycles 19–23

Chowdhury and Ray 2006 IPL, SEP <1 yr, >1 yr cycles 21–23

Forgács-Dajka and Borkovits 2007 SOL, IPL 1–4 yr 1975–2005

Obridko and Shelting 2007 SOL 1.3 yr 1915–1996

Badalyan et al. 2008 SOL ∼2 yr 1939–2001

Lara et al. 2008 SOL, CME <1 yr cycle 23

Ruzmaikin et al. 2008 SOL, IPL 1.3 yr 1976–2008
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Table 1 (Continued)

Author Publication yr Indices Periods Epoch of
observation

Valdés-Galicia and
Velasco

2008 SOL, IPL, CR 1–2 yr 1940–2004

Vecchio and Carbone 2008 SOL ∼2 yr 1939–2006

Chowdhury et al. 2009 SEP <1 yr, >1 yr 1986–2001

Chowdhury et al. 2009 SOL <1 yr, >1 yr cycles 22–23

Laurenza et al. 2009 SOL <1 yr, >1 yr 1974–2001

Vecchio and Carbone 2009 SOL 1.5–4 yr 1939–2005

Fletcher et al. 2010 SOL ∼2 yr cycles 22–23

Kudela et al. 2010 SOL, IPL, GEO, CR 26–32 d, 150 d, 1.7 yr 1958–2008

Vecchio et al. 2010 SOL, SEP, CR ∼2 yr 1974–2001

Zaqarashvili et al. 2010 SOL 155–160 d cycle 21

Badalyan and Obridko 2011 SOL ∼2 yr 1874–2009

Okhlopkov 2011 SOL, IPL, CR ∼1-2 yr 1965–2007

Katsavrias et al. 2012 IPL, GEO 20 d,-4 yr 1966–2010

Laurenza et al. 2012 IPL, CR ∼2 yr 1964–2004

Simoniello et al. 2012 SOL ∼2 yr cycle 23

Singh and
Gautam Badruddin

2012 IPL, CR 9–260 d, 1.3 yr cycle 23

Vecchio et al. 2012 CR ∼2 yr, ∼6 yr 1953–2004

Vecchio et al. 2012 SOL <1 yr, >1 yr 1976–2003

Chowdhury et al. 2013 SOL <1 yr, 1.4 yr, 2.1 yr cycles 23–24

Choudhary et al. 2014 SOL <1 yr, >1 yr 2004–2008

Cho et al. 2014 SOL, IPL, GEO 1.3 yr 1970–2007

Choudhary et al. 2014 SOL 155 d 1996–2011

Gyenge et al. 2014 SOL 1.3 yr cycles 21–23

index alongside other solar proxies. The multi-peaked highly-variable structure of sunspot
area values, which are especially pronounced around the maximum phases of the 11-yr cy-
cle, is clearly seen in Fig. 1. This behaviour appears to be a common feature of activity at
different levels of the Sun (see Sect. 3).

2.1 Different Solar Activity Proxies in Which the QBO is Observed

2.1.1 Measures of the Solar Interior

Shirai (2004), Vecchio et al. (2010), D’Alessi et al. (2013) resumed an interest in possible
QBOs in the solar neutrino flux. Vecchio et al. (2010) used empirical mode decomposition
techniques to show that the QBO observed in the solar neutrino flux is strongly correlated
with the QBO present in galactic cosmic ray data, believed to be caused by the Sun’s mag-
netic field. This implies that the solar magnetic field plays a crucial role in the modulation of
the neutrino flux. This raises certain questions over the origin of the interaction between the
Sun’s magnetic field and solar neutrinos. For example, Vecchio et al. (2010) speculate that
such a modulation in the neutrino flux could occur through coupling between the neutrinos
magnetic moment and the Sun’s magnetic field or because of a modulation in the neutrino
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Fig. 4 Left: average frequency shifts of “Sun-as-a-star” modes with frequencies between 1.90 and 2.70 mHz
(low-frequency range, black) and 2.70 and 3.55 mHz (high-frequency range, red). The frequency shifts were
obtained from 182.5 d non-overlapping Birmingham Solar Oscillations Network (BiSON) data. This length
of time series was used as it represents a compromise between having enough resolution to detect the QBO
but still obtaining a good enough signal-to-noise ratio in the power spectra to obtain the p-mode frequencies.
For comparison a scaled version of sunspot area has been plotted (blue dashed line). The daily sunspot area
data were rebinned to 182.5 d to match the helioseismic observations and then linearly scaled and offset to
match the high-frequency range shifts. Right: residuals left after dominant 11-yr signal has been removed by
subtracting the frequency shifts once they have been smoothed over 2.5 yr. The colours are the same as in
the right-hand panel. The high-frequency-range residuals have been artificially offset by 0.4 µHz for clarity
(the zero lines for the residuals are indicated by the green dot-dashed line). The grey shading indicates times
of high surface activity, by which we mean the sunspot area is above halfway between the minimum and
maximum values. This was determined separately for each cycle

production rate. If the latter is true not only may this provide evidence for the presence of a
magnetic field in the radiative zone but this may also be a hint that the magnetic field deep
in the solar radiative region may exhibit quasi-biennial oscillations. D’Alessi et al. (2013)
postulate that the neutrino flux QBO may be due to variations in the production rate caused
by the magnetic modulation of gravity (g) waves, which are, in theory, trapped in the radia-
tive zone. Such a modulation would change the density profile of the radiative zone, thereby
altering the neutrino production rate. To date no definitive detection of individual g modes
has been made (see Appourchaux et al. 2010, for a review) and so to date this theory cannot
be tested. Gravity waves may also provide a link between the production rate of the solar
magnetic field and neutrinos simultaneously (see Sect. 5 for further discussion).

Further evidence for the presence of QBOs in the solar interior can be found through
helioseismology, which uses the Sun’s natural acoustic oscillations (p modes) to study the
solar interior (Christensen-Dalsgaard 2002). It is well known that the properties of p modes
vary throughout the 11-yr solar activity cycle, with, for example, the frequencies of the os-
cillations being at their largest at solar maximum (e.g. Woodard and Noyes 1985; Pallé et al.
1989; Elsworth et al. 1990; Libbrecht and Woodard 1990; Chaplin et al. 2007; Jiménez-
Reyes et al. 2007). The left-hand panel of Fig. 4 shows the frequency shifts of global
p modes. The 11-yr cycle is seen clearly in the p-mode frequencies and shorter-term vari-
ations, with a period of approximately 2 yrs, are visible on top of the general 11-yr trend
(Broomhall et al. 2009, 2011, 2012; Fletcher et al. 2010; Simoniello et al. 2012a,b, 2013).

In order to extract signals in the vicinity of the QBO we subtracted a smooth trend from
the average total shifts by applying a boxcar filter of width 2.5 yrs. This removed the dom-
inant 11-yr signal of the solar cycle. Note that, although the width of this boxcar is only
slightly larger than the periodicity we are examining here, wider filters produce similar re-
sults. The resulting residuals, which can be seen in the right-hand panel of Fig. 4, show a
periodicity on a timescale of about 2 yrs. The QBO has been observed in a number of dif-
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ferent helioseismic data sets (Fletcher et al. 2010; Broomhall et al. 2011; Simoniello et al.
2012a). Furthermore the quasi-biennial signals present in the different helioseismic data are
well correlated (Broomhall et al. 2011), implying they are not instrument artifacts. The cor-
relation between the helioseismic residuals and those obtained from the sunspot area data is
R = 0.93, which is significant at less than a 1 % level (we note that the Spearman correlation
coefficient is also significant at less than a 1 % level).

For the 11-yr cycle a strong frequency dependence in the magnitude of the change in
mode frequency is observed. This indicates that the variation in mode frequency must be the
result of changes in the acoustic properties of the region just beneath the visible surface of
the Sun (e.g. Libbrecht and Woodard 1990). There are some indications that the QBO shows
a weaker frequency dependence than the 11-yr signal, implying that the changes responsible
for the QBO are positioned deeper within the solar interior than those responsible for the
11-yr signal (Broomhall et al. 2012; Simoniello et al. 2012a). However, it is very difficult to
disentangle the frequency dependence of the QBO from the dominant presence of the 11-yr
cycle making any such inferences somewhat tenuous.

Howe et al. (2000) observed variations in the rotation profile of the Sun at a radius of
0.72R�, most predominately at low latitudes, with a period of 1.3 yr. However, other authors
did not observe the same signal (e.g. Antia and Basu 2000). A more recent analysis (Howe
et al. 2011) demonstrated that the signal was intermittent and has not been observed since
2001. However, Howe et al. found that when present the 1.3 yr signal was highly correlated
in data recorded by two independent observation programs, implying that it is solar in origin.
Jiménez-Reyes et al. (2003) observed a 1.3 yr modulation in the p-mode energy supply rate.
Broomhall et al. (2011) observed an excess of power at ∼1.3 yr in periodograms of the
low-l p-mode frequency shifts. This excess of power was found to be significant at more
than a 2 per cent level and was observed in data from independent observational programs,
implying that is it solar in origin.

2.1.2 Measures of the Photosphere, Chromosphere and Corona

Perhaps the most obvious manifestation of photospheric solar activity is sunspots. It is
widely accepted that the QBO can be observed in sunspot number and sunspot area (see
Figs. 1, 2, and 3). Wang and Sheeley (2003) also found periodicities in sunspot area in the
range 0.2 to 2.6 yrs, with no single periodicity dominating. Furthermore, Wang and Shee-
ley reported periodicities in the range 1 to 3 yrs in photospheric measures of the equatorial
dipole component.

1–2 yr patterns were discovered in the behavior of the solar magnetic field (Hoeksema
1991; Benevolenskaya 1995), while, in the last decade, periodicities of around 1.3, 1.7 and
2–4 yrs were observed in the temporal evolution of the large-scale solar photospheric mag-
netic field (e.g. Boberg et al. 2002; Cadavid et al. 2005; Kane 2005b; Knaack and Stenflo
2005; Knaack et al. 2005; Laurenza et al. 2009; Vecchio et al. 2012a, etc). Furthermore,
consistent results were obtained by analyzing the magnetic fields inferred from the H-alpha
filament observations since 1915 (Obridko and Shelting 2001, 2007; Ivanov et al. 2002).
Danilovic et al. (2005) observed quasi-biennial periodicities in the equivalent width and
central depth data of the Mn 539.4 nm solar spectral line, which is photospheric in origin.
Kane (2005b) found evidence for numerous QBO and Reiger-type periodicities in a number
proxies of the solar magnetic field (see Sect. 2.1.3), including the sunspot number and the
CaII plage area and CaII K index, which originate in the chromosphere. Özgüç et al. (2003)
studied the flare index observed between 1966 and 2001 and found periodicitites of 150 d
and 1.3 yr and Ataç et al. (2005) found periodicites of 64 d and 125 d in the flare index
observed during cycle 23.
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Badalyan and Obridko (2004) found the 1.3 yr periodicity in the correlation of the green-
line intensity and magnetic field in the lower corona, while Vecchio and Carbone (2009)
revealed QBOs in the green coronal line emission whose period varied with time in the
range of 1.5–4 yrs.

2.1.3 Comparisons Between Proxies

Many authors considered several solar indices jointly to detect QBOs in their behavior: for
example Kane (2005b, sunspot number, CaII area and K index, Lyman α, 10.7 cm flux, coro-
nal green line, open fluxes, interplanetary magnetic field, and cosmic rays), Valdés-Galicia
and Velasco (2008, coronal hole area, radio emission in the 10.7 cm band, and sunspots),
Choudhary et al. (2014, sunspot area, solar flares, and coronal mass ejections). Moreover,
it has been shown (Mursula and Vilppola 2004; Knaack and Stenflo 2005; Knaack et al.
2005) that oscillations with period of around 1.3 yr are a single process which manifests
itself at all levels from the tachocline and photosphere (e.g., areas and numbers of sunspots,
large-scale magnetic fields) up to the Earth’s magnetosphere (geomagnetic activity) and the
far heliosphere (cosmic rays).

The QBOs in various solar indices (sunspot number and area, 10.7 cm radio emission,
mean solar magnetic field, coronal green line, H-alpha flare number) isolated with a pass-
band filter behave rather similarly. The QBOs in the sunspot area alongside the 10.7 cm radio
emission2 are plotted in the upper panel of Fig. 5 where excellent agreement is apparent: the
correlation coefficient R = 0.884. The lower panel manifests the QBOs in the sunspot area
alongside the 530.3 nm coronal line emission.3 Here, correlation is worse (R = 0.495), but
still the QBOs are reasonably coherent. It is worth noting that the data depicted in Fig. 5
resembles that of the QBOs in the radial solar magnetic field at the heliolatitude of 25◦ from
Vecchio et al. (2012a) as shown in the upper panel of their Fig. 7.

2.1.4 The QBO Transition into the Interplanetary Space

Papers devoted to QBOs in interplanetary parameters are mostly directed towards find-
ing a cause-and-effect relationship between solar and interplanetary/terrestrial phenomena.
Therefore they usually consider interplanetary parameters such as heliospheric magnetic
field strength, solar wind speed, geomagnetic indices and galactic cosmic ray modulation
in correspondence to solar parameters such as sunspot number or area, solar magnetic field,
flare index, and coronal activity (e.g. Bazilevskaya et al. 2000; Rybák et al. 2001; Krainev
et al. 2002; Mursula et al. 2003; Wang and Sheeley 2003; Moussas et al. 2005; Richardson
and Cane 2005; Forgács-Dajka and Borkovits 2007; Katsavrias et al. 2012; Singh and Gau-
tam Badruddin 2012; Laurenza et al. 2012). Vecchio et al. (2012b) used the EMD analysis
to uncover a wide range oscillations in the galactic cosmic ray intensity. They showed that
the QBOs are actually responsible for the Gnevyshev Gap phenomenon (see Sect. 4) and the
step-like decreases typical for the galactic cosmic ray modulation.

Bazilevskaya et al. (2001, 2006) explored the occurrence of solar-energetic-particle
(SEP) events observed between 1955–2004, using ground-based and spacecraft observa-
tions. SEPs are high energy particles (ranging from a few 10s of keV to GeV) that are accel-
erated away from the Sun by solar flares or coronal mass ejections (CMEs). Bazilevskaya

2http://www.ngdc.noaa.gov/stp/solar/flux.html.
3ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_CORONA/INDEX/Lomnicky/.

http://www.ngdc.noaa.gov/stp/solar/flux.html
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_CORONA/INDEX/Lomnicky/
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Fig. 5 The QBOs as isolated from the sunspot area (red curve) compared with the 2800 MHz (10.7 cm)
radio emission (upper panel, blue curve) and with the 530.3 nm coronal line (lower panel, green curve)

et al. (2001, 2006) concluded that the QBOs in the total number of SEP events are fairly sim-
ilar to the QBOs in other solar indices, especially in the strong X-ray bursts. Bazilevskaya
et al. (2001, 2006) also considered the occurrence of the powerful ground level enhance-
ments (GLEs): a GLE is recorded when SEPs are accelerated to high enough energies to
enhance the count rate of ground-based neutron monitors, which requires energies above
several GeV to avoid being absorbed by Earth’s atmosphere. Bazilevskaya et al. (2001,
2006) found that GLEs sometimes occurred during zero and even negative phases of the so-
lar QBOs. Evidence of QBOs in the occurrence rates of coronal mass ejections, SEP events
and geomagnetic storms with sudden commencements during solar cycle 23 were found by
Richardson and Cane (2005). Laurenza et al. (2009) studied the QBOs in the interplane-
tary proton fluxes registered onboard the IMP 8 spacecraft between 1974–2001 and found
periodicities of 3.8 and 1.7–2 yrs.

It is interesting that QBOs can be observed rather far from the Sun but still within the
heliosphere. Kato et al. (2003) found 1.7- and 1.3-yr oscillations in the galactic cosmic ray
intensity variation in the outer heliosphere during the 1980s (solar cycle 21) and the 1990s
(solar cycle 22) in agreement with similar variations observed at neutron monitors.

The observational features of the QBOs seen in interplanetary space are similar to solar
QBOs: They are characterized by intermittence in periodicity and an amplitude that varies
with time and is largest around times of solar activity maxima. Furthermore, there are often
epochs where no QBOs at all are detected (they are temporally intermittent). However, there
is rather poor correspondence between the time series of the solar and interplanetary QBOs
(Rybák et al. 2001; Cho et al. 2014). Transition from the solar to interplanetary QBOs refers
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Fig. 6 Upper panel: QBOs in the sunspot area (red curve) and galactic cosmic ray intensity (blue curve,
Moscow neutron monitor). Lower panel: QBOs in the interplanetary magnetic field strength (orange curve)
and galactic cosmic ray intensity (blue curve). Note the reverse scaling on the right vertical (cosmic ray) axis

to the fundamental problem of interactions of stars with convective outer layers and their
respective stellar spheres (see review by Zurbuchen 2007). Although much of the magnetic
energy is stored in closed magnetic structures on the Sun part of the solar magnetic field
is pulled into the heliosphere owing to the high coronal temperature. This portion of the
solar magnetic field is commonly referred to as open magnetic flux. The solar QBOs can
be transmitted into interplanetary space through the open magnetic flux (Lockwood 2001).
As it is shown by Wang et al. (2002) the strength of the radial heliospheric field (HMF) is
proportional to the total open flux. The QBOs in the galactic cosmic ray intensity are not
coherent with the QBOs in the sunspot area and other solar indices, while they correspond
well with the QBOs in the heliospheric magnetic field strength4 as is shown in Fig. 6. The
correlation coefficient between the curves depicted in the upper panel of Fig. 6 is R = −0.16,
and in the lower panel of Fig. 6 is R = −0.68 with galactic cosmic rays delayed relative
to heliospheric magnetic field by 1 month. A correlation coefficient of R = −0.65 and a
delay of 2 months is observed if the radial component of HMF is considered. The Moscow
neutron monitor data5 are presented in Fig. 6, but the result is similar for other stations of
galactic cosmic ray monitoring. The QBOs in geomagnetic activity do not correlate with

4ftp://spdf.gsfc.nasa.gov/pub/data/.
5helios.izmiran.rssi.ru/cosray/.

ftp://spdf.gsfc.nasa.gov/pub/data/
http://www.mmnt.net/db/0/0/helios.izmiran.rssi.ru
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the solar QBOs but are coherent with the QBOs in the product of solar wind velocity, V ,
and the heliospheric magnetic field strength, B . The geomagnetic Dst index characterizes
geomagnetic storms. The correlation coefficient between the QBOs in the geomagnetic Dst
index6 and in sunspot area during 1967–2009 is R = −0.2, while a correlation coefficient
of R = −0.82 is observed between QBOs in Dst and V B . The apparent lack of correlation
between solar and heliospheric QBOs is an obvious challenge for theorists.

2.2 Reiger-Type Oscillations

The Rieger-type (T < 1 yr) oscillations are also observable in many solar indices, such as
sunspot number and area, photospheric magnetic field, optic and X-ray flares (e.g. Boberg
et al. 2002; Krivova and Solanki 2002; Ballester et al. 2004; Chowdhury and Ray 2006;
Chowdhury et al. 2009a). In the galactic cosmic ray intensity the oscillations with T ∼ 150 d
have been reported by Mavromichalaki et al. (2003), Kudela et al. (2010), Laurenza et al.
(2012). Rieger-type QBOs in the CME rate were found by Lou et al. (2003), Lara et al.
(2008). While Chowdhury and Ray (2006), Chowdhury et al. (2009a) found a variety of
QBOs including the Rieger-type periodicities in the solar electron fluxes observed by IMP 8.
Hill et al. (2001), using Voyager 1 data at 73AU, have shown that the quasi-periodic vari-
ations in anomalous cosmic rays are in phase, with the QBOs in O and He observations
having periods of approximately 151 d, while protons exhibit a period of approximately
146 d. However, we note that these periodicities are within 1σ of each other (σ = 12 d for
O and 15 d for He and protons).

Reiger-type oscillations are often revealed as a well-defined periodicity, e.g., 154 d
(Rieger et al. 1984), 34, 51, 85, 129, 135 d (Bai 2003). However, sometimes they are re-
ported as a range of days, such as 64–125 d, 150–160 d (Zaqarashvili et al. 2010a) or even
as a signal with multiple periodicities (Lou 2000; Joshi and Joshi 2005; Chowdhury et al.
2009b). Some authors consider <1 yr and >1 yr jointly, however, suggest a different origin:
Boberg et al. (2002) propose that the 1–2 yr periodicity observed in solar mean magnetic
field measurements are related to the internal rotation rate of the Sun, while the 80–200 d
periodicities are connected to the evolution of large active regions. Vecchio et al. (2012a)
explain the QBO as an integral part of the Sun’s dynamo but associate the shorter Reiger-
type periodicities with the outbreak of bipolar regions on the solar surface. Often a more
generic link is proposed, for example, Krivova and Solanki (2002) propose that the 154–
158 d Reiger periodicity is a harmonic of the 1.3 yr QBO. More details on the possible
causes of both QBOs and Reiger-type periodicities are discussed in Sect. 5 and a compre-
hensive overview of the Rieger-type periodicities is given by Bai (2003).

3 Main Features of the QBO

3.1 Multipeaked and Variable Periodicity

Many studies have shown that when proxies of the Sun’s magnetic field are plotted as a
function of time multiple peaks are observed around solar maximum (as can be seen in
Figs. 1 and 4 of this paper). This is somewhat analogous to the features in the spectra of
3-min sunspot oscillations, where multiple peaks are also observed (e.g. Reznikova et al.

6http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html.

http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html
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Fig. 7 Relative QBO of sunspot area (red) and 530.3 nm green coronal emission line (green). The relative
QBOs were obtained by determining the ratio of the QBO time series, which are plotted together in the bottom
panel of Figure 5 to the 25-month smoothed value of solar activity indices (which are plotted for sunspot area
in Figure 1)

2012). Furthermore, studies of the QBO frequently uncover multiple periods in the data,
many of which appear to vary with time. For example, a multi-peaked structure in the so-
lar, interplanetary and galactic cosmic ray time sets was observed by Kudela et al. (2002),
Mavromichalaki et al. (2003), Wang and Sheeley (2003), Kudela et al. (2010). Some papers
isolate and study definite period values (most often attention is attracted by the T = 1.3 yr
period), however inspection of a bulk of works instead reveals sets of distinct pulses while
time series with a definite period occupy only limited epochs. Mursula et al. (2003) uncov-
ered an alternation in the dominant periods of the QBO observed in geomagnetic activity
during the last 15 solar cycles. These results were corroborated by Katsavrias et al. (2012),
who analysed solar wind and interplanetary magnetic field parameters. Several authors have
stressed that the QBO appeared as “a stochastic superposition of different oscillators” (Vec-
chio and Carbone 2009), “highly intermittent in time” (Ataç et al. 2005), having “elusive
and enigmatic character” (Zaqarashvili et al. 2010a). The signature of stochasticity can be
seen in Figs. 2b and 3 where no distinct period is observed.

3.2 Temporal Modulation of the Amplitude of the QBO with 11 yr Cycle

Most of the above mentioned researchers (e.g. Bazilevskaya et al. 2000; Benevolenskaya
2003; Ballester et al. 2004; Kane 2005b; Fletcher et al. 2010; Zaqarashvili et al. 2010b;
Singh and Gautam Badruddin 2012; Vecchio et al. 2012a, and many others) noticed that
QBOs are modulated by the 11-yr cycle, being strongest around maxima of solar activity.
This pattern can also be clearly seen in Figs. 1, 4, 5, and 6. It is therefore interesting to
consider the existence of QBOs during solar minima. There is evidence that the QBO is still
present in the helioseismic p-mode frequency shifts away from solar maxima (see Fig. 4
and Broomhall et al. 2009, 2011, 2012; Fletcher et al. 2010; Jain et al. 2011), implying that
the QBO is still present in the solar interior even at times where activity is at a minimum.
Figure 7 demonstrates the relative QBO, which is determined in the following manner. First
we must define the QBO time series for a given proxy, which is obtained by subtracting
a smoothed component, that primarily shows the 11 yr cycle, from data averaged over a
shorter length of time. For example, here we have subtracted the 25-month smoothed values
from the 7-month smoothed values (see Figs. 1, 5, and 6). The relative QBO is then the
ratio of the QBO timeseries to the 25-month smoothed time series (which is plotted for
sunspot area in Fig. 1) i.e. a ratio of the QBO to the smoothed component of the 11-yr cycle
(Bazilevskaya et al. 2000). It can be seen that the QBOs are present during epochs of low
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solar activity. Furthermore the relative QBOs have the highest amplitudes just in the minima
of solar activity. A correlation between the relative QBOs of the 530.3 nm line and the
sunspot area is even higher (R = 0.59) than between absolute QBOs, which were produced
by subtracting the 25-month smoothed values from the 7-month smoothed values and are
presented in Fig. 6 (R = 0.49).

Of special interest are possible changes in the QBOs over relatively long periods of time
and the dependence of QBO features on the characteristics of the 11-yr cycle. The long-
term changes in the geomagnetic aa-index QBO power were stated by Mursula et al. (2003)
and Mursula and Vilppola (2004): periods where the QBOs were strong were found in the
mid-19th century and since 1930, while QBOs were weak during low solar activity from
the 1860s to the 1920s; the geomagnetic 1.3–1.4 yr pulsations were found to be more pro-
nounced in the even cycles (18, 20 and 22) while the 1.5 and 1.7 yr QBOs, in the odd cy-
cles. Similar conclusions about dependence on alternate cycles were drawn by Kudela et al.
(2002) in an analysis of galactic cosmic ray intensity and by Knaack and Stenflo (2005) in
an analysis of the magnetic QBOs.

3.3 Temporal Variation in the Periodicity of the QBOs and a Possible Connection with the
11-yr Cycle

In the previous section we discussed the temporal variation of the amplitude of the QBO
and its relation to the 11-yr solar cycle. We now move on to consider the frequency/period
modulation of the QBO. For example, Bai (2003) explored the solar flare occurrence rate
and found a periodicity of 51 d for cycles 19, 85 and 129 d for cycle 20, 153 d for cycle
21, and 34 and 129 d for cycle 23. No statistically significant periodicities were found for
cycle 22.

Khramova et al. (2002), argued that the QBO characteristics depend on the power and
length of a particular 11-yr cycle. Okhlopkov (2011) studied QBOs (20–24 months) in galac-
tic cosmic rays, solar mean magnetic field, interplanetary parameters and geomagnetic Ap
index during solar activity cycles 20–23. He showed that the average QBO period was
20.2–20.8 months in the odd cycles and 22–23.5 months in the even cycles. This was in
agreement with the results of Kudela et al. (2002). However, Obridko and Shelting (2007)
did not find a distinct correlation between the QBOs (1.3 yrs) in solar magnetic field and
the parity of the cycle number. Nor did they find any correlation with the height of the solar
maxima.

3.4 Spatial Distribution of QBO

While the QBOs in different layers of the solar atmosphere are rather synchronous the QBOs
in the northern and southern hemispheres do not correlate with each other. The correlation
coefficient between the QBOs observed in sunspot area of the north and south hemispheres
calculated on the base of 1875–2012 is R = 0.001, while R = 0.53 for the monthly meaned
data and R = 0.87 for the 25-month smoothed means.

The north-south (NS) asymmetry in QBOs has been extensively studied (Badalyan and
Obridko 2004, 2011; Knaack et al. 2004; Ataç et al. 2005; Forgács-Dajka and Borkovits
2007; Badalyan et al. 2008; Zharkov et al. 2008). It appeared that QBOs in the asymmetry of
various solar activity indices are even more pronounced and better synchronized than QBOs
in the indices themselves. In addition, the QBO power and absolute value of asymmetry
are negatively correlated (Badalyan et al. 2008; Badalyan and Obridko 2011). Badalyan and
Obridko (2011) studyed the NS asymmetry and suggested that to a great extent solar activity
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may be generated independently in the two hemispheres. Furthermore these findings argue
that the NS asymmetry is a fundamental characteristic of solar activity.

Cadavid et al. (2005), using longitudinally averaged fields from NSO/KPNO synoptic
Carrington rotation maps, noticed that the spatial distribution of QBO periods throughout
the solar surface was not uniform: oscillation periods of the order of 1.0–1.5 yrs were more
typical of the polar and high-latitude fields and periods of 1.3 and 1.7 yrs characterized the
mid- and low-latitudes. Though the further analysis of Ruzmaikin et al. (2008) supported
the latitudinal distribution of the pattern, the authors stressed its variable frequency and
intermittent appearance. This is consistent with the results of Howe et al. (2000) who not
only observed a 1.3yr periodicity in helioseismic data at low latitudes but also observed the
1.3 yr periodicity to disappear in 2001.

A comprehensive analysis of the spatial-temporal dynamics of the solar magnetic field
in the period of August 1976–September 2003 was made by Vecchio et al. (2012a), using
an EMD technique. The QBOs were found to be uniformly distributed over all latitudes
with high amplitudes during the maximum and descending phase of each solar cycle. An-
tisymmetric behavior of the radial, meridional and east-west components of the solar mag-
netic field with respect to the equator was pointed out. The QBOs revealed in the radial
and meridional components of the photospheric magnetic field were shown to be funda-
mental timescales and were associated with the poleward magnetic flux migration from low
latitudes around the maximum and descending phase of the solar cycle (see also Benevolen-
skaya 2003, 2005). The signs of an equatorward drift, at an ∼2 yr rate were found in the
radial and east-west components, suggesting a link to a dynamo operation. The Rieger-type
oscillations demonstrated the butterfly diagram, reflecting the emergence of active regions
on the solar surface at these timescales.

3.5 Summary of the QBO Observable Features

The QBOs appear to be the most prevalent quasi periodicity shorter than the 11-yr cycle in
solar activity phenomena. Their amplitudes are higher during periods of high solar activity,
however they do not disappear in the solar minima. The QBOs are highly irregular resem-
bling a set of intermittent pulses/waves with signatures of stochasticity. The oscillations in
the northern and southern solar hemispheres develop independently. The oscillations in var-
ious indices of solar activity related to different levels of the solar atmosphere are rather
coherent. However, the solar QBOs are translated into the heliosphere through the open
magnetic flux and therefore the QBOs in the solar and interplanetary parameters are not
synchronous.

4 Gnevyshev Gap

4.1 Gnevyshev Gap as an Appearance of the QBO

During the last decade, many authors (e.g. Bazilevskaya et al. 2000, 2006; Astafyeva and
Bazilevskaya 2000; Benevolenskaya 2003, 2005; Storini et al. 2003; Storini and Laurenza
2003; Sello 2003; Wang 2004; Knaack and Stenflo 2005; Knaack et al. 2005; Ataç et al.
2005; Kane 2006; Hathaway 2010; Vecchio et al. 2010, 2012a,b; Laurenza et al. 2012),
have argued that one of the main features of the QBO is a temporal weakening of solar
activity observed in the maximum phase of an 11-yr solar cycle (the so-called Gnevyshev
Gap). However, since the Gnevyshev gap was first examined in the 1960s, this phenomenon
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has been studied separately from the QBOs and even now it is not absolutely clear if it can
be totally reduced to the QBOs.

It was M.N. Gnevyshev, a Pulkovo astronomer, who first drew attention to this phe-
nomenon by demonstrating the effect using observational data on the coronal green line
during the 19th solar activity cycle (Gnevyshev 1967, 1977). Gnevyshev considered coronal
activity at various heliolatitudes and concluded that there were actually two activity waves:
a first one with a maximum at the end of the rising phase and a second one at the start of
the declining phase of a solar cycle. Gnevyshev found similar behavior in many parame-
ters of solar activity (sunspots, flares, UV, radio, corpuscular emissions, and geophysical
data). Summarized over heliolatitudes the maximum of the 11-yr solar cycle looked like a
double-peak structure.

The name “Gnevyshev Gap” was used for the first time by Schove (1979), who traced
the double-peak structures in the aurorae occurrence. However, it was only after a compre-
hensive work by Feminella and Storini (1997), that the reinvented term was accepted by the
scientific community and became conventional. Feminella and Storini (1997) have exam-
ined the Gnevyshev Gap (GG) extensively using the recent data on spots, flares, radio, and
X-ray fluxes. They confirmed Gnevyshev’s findings that the structured activity maxima were
detected in all solar atmospheric levels and were more distinct in strong and/or long-lasting
events. However, they stressed that the temporal structures are different in the north and
south hemispheres and more than two peaks of activity occurred rather often. In addition
they found that GGs were even more clearly seen when the variability of solar indices, such
as the standard deviation, was examined.

Heliospheric GG effects deserve to be given special importance because of their clear
appearance just around the maximum phase of solar activity that could be fruitfully used for
the space weather investigation and even forecast. A coherent picture of the GG appearance
in the space weather was given by Storini et al. (2003) with a great number of references.

A characteristic time scale of the GG is about 2 yrs, and it can be, at least formally,
considered as the appearance of QBOs. Figure 8 demonstrates, as an example, the relation
between the GG and QBOs in the sunspot area index taken separately from the northern
and southern solar hemispheres. The upper panels show the monthly averaged values of the
sunspot area. There are several local minima around the maximum phase of the solar cycle
which are emphasized by the 7-month smoothing. The most prominent ones are marked
by vertical bars in the middle panel and are actually the GGs. The 25-month smoothed
data are also plotted in this panel, which accentuate the 11-yr component. The procedure
of subtraction of the 25-month averages from the 7-month reveals the QBOs (similarly to
Fig. 5), where in the bottom panel of Fig. 8 the GGs are again pointed out by the vertical bars.
It is seen that the GGs are actually a consequence of the QBOs modulated by the 11-yr cycle.

4.2 Common Features of the QBO and GG

Main features of the GG are actually similar to those of the QBOs. Wide spreading of GG
in the solar and interplanetary phenomena has been shown already by Gnevyshev (1967,
1977), Feminella and Storini (1997) and references therein. The latter authors demonstrated
the independent appearance of GGs in the two solar hemispheres, which was corroborated
by Bazilevskaya et al. (2000), Kane (2002), Sello (2003), Norton and Gallagher (2010).

The solar wind and interplanetary magnetic field data demonstrated GGs which were
reflected by geomagnetic disturbances and the related modulation of galactic cosmic ray
fluxes (Ahluwalia 2000; Krainev et al. 2002; Richardson et al. 2002; Storini and Laurenza
2003; Ahluwalia and Kamide 2005; Amenomori et al. 2006; Kane 2006; Belov 2009). Like
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Fig. 8 Upper panel: monthly values of the sunspot area in the northern and southern solar hemispheres (light
brown) and the 7-month smoothed values (dark green). Middle panel: 7-month and 25-month smoothed
values; vertical bars indicate the GG occurrence; squares are times of solar polar magnetic field reversals
(http://wso.stanford.edu). Bottom panel: QBOs resulted by subtraction of the 25-month smoothed data from
the 7-month smoothed ones; vertical bars indicate the GG occurrence. Adopted with minor changes from
Bazilevskaya et al. (2000)

the QBOs, the GGs in the solar indices do not always match with the interplanetary GGs
(Kane 2005c, 2006).

Solar energetic particle (SEP) events are extremely difficult to analyze because their ob-
servable features accumulate numerous signatures of solar and interplanetary factors. The
GG effects can shed additional light on the reason for SEP occurrence such as the relative
role of solar flares and CMEs. The topic was discussed by many authors (e.g. Nagashima
et al. 1991; Storini et al. 2005; Bazilevskaya et al. 2006; Miroshnichenko 2008). Rodríguez-
Pacheco et al. (2012) observed the GG effect in fluxes of the energetic particles aboard
Ulysses at high heliolatitudes.

Similar to the QBOs, GGs are rather intermittent. A double-peaked, three-peaked and
sometimes single-peaked shape of the solar maxima may occur (Feminella and Storini 1997;
Kane 2005c). Considering the sunspot area during 12 solar cycles Norton and Gallagher
(2010) found GGs in 10 solar cycles in the northern solar hemisphere and in 8 cycles in
the southern hemisphere. Wang (2004) assumed a connection between GGs and stochastic
fluctuations.

4.3 Peculiar Features of the GG Phenomenon

A number of GG characteristics are either not inherent to QBOs or alternatively are not
investigated by QBO researchers. Following Gnevyshev (1967, 1977) and Feminella and

http://wso.stanford.edu
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Storini (1997) some authors found more distinct GGs in stronger or longer-lasting solar
phenomena. Recently Kilcik et al. (2011) corroborated this result for solar cycles 22 and 23.
Kilcik and Ozguc (2014) examined cycles 1–23 and suggested that a possible reason for a
double maximum in solar cycles is the different behavior of large and small sunspot groups
connected with two different dynamo mechanisms. Different properties of the first and sec-
ond Gnevyshev peaks were reported also by Kane (2002) and Ahluwalia and Kamide (2005).
The latter work emphasizes the difference in the interplanetary conditions during the first
and the second Gnevyshev peaks. Lukianova and Mursula (2011) used the GG peaks as
benchmarks of solar activity and showed that the reduction of sunspot magnetic fields started
quite abruptly in 2001/2002, just during the secondary peak after the GG.

Since the GGs occur in the maximum phase of the 11-yr cycle they could be related
to the solar polar magnetic field reversal, as was suggested by Nagashima et al. (1991).
Although the majority of researchers support this idea careful consideration does not confirm
a direct causal link (Kane 2006; Murakozy and Ludmany 2008). The middle panel of Fig. 8
demonstrates that no strict time coincidence is observed between the GGs and the magnetic
polarity inversion periods. To date this issue has been insufficiently studied.

There are approaches to the GG understanding not involving the QBOs. Sykora (1980)
and Antalova and Gnevyshev (1983) proposed that the GG effect can be explained in terms
of solar activity pulses. This was further developed by Zolotova and Ponyavin (2012) who
constructed simple models to reproduce the well-known butterfly diagrams, and various
empirical laws to describe the distribution of sunspots, and demonstrated that activity pulses
can satisfactorily reproduce the multi-peak structure of the solar cycle. Georgieva and Kirov
(2007, 2011), Georgieva (2011) explain the two peaks of the GG by the development of
two parts of the poloidal field, one being advected by the meridional circulation all the way
to the poles and another one being diffused directly to the tachocline at midlatitudes. Both
parts of the poloidal field generate the toroidal fields at the base of the convective zone. This
suggestion needs further accumulation of observational data and model development.

Presently, the GG phenomenon is not fully understood. Further investigation should ex-
plain the GG peculiarities and its relation to the QBOs.

5 Physical Mechanisms that May be Responsible for the Observed QBOs

The QBO nature is not yet fully understood and a complete discussion of possible scenarios
is beyond the scope of this paper. We now give details of a few of the most likely mechanisms
that have been discussed in the literature. The majority of authors believe that QBOs are
intrinsic to the solar dynamo mechanism (e.g. Benevolenskaya 1998; Howe et al. 2000;
Krivova and Solanki 2002; Mursula et al. 2003; Mursula and Vilppola 2004; Cadavid et al.
2005; Knaack and Stenflo 2005; Forgács-Dajka and Borkovits 2007; Obridko and Shelting
2007; Ruzmaikin et al. 2008; Valdés-Galicia and Velasco 2008; Vecchio and Carbone 2009;
Vecchio et al. 2010, 2012b; Zaqarashvili et al. 2010b; Katsavrias et al. 2012; Laurenza et al.
2012; Singh and Gautam Badruddin 2012; D’Alessi et al. 2013; Popova and Yukhina 2013;
Cho et al. 2014, and others). An extended discussion on the QBO nature is given by Knaack
and Stenflo (2005) and references therein.

In any discussion on the drivers of the QBO it should be remembered that the Sun is
not the only star to exhibit more than one activity cycle. It is well known that many stars
exhibit two distinct activity cycles, where the shorter cycle has a smaller amplitude and is
regarded as secondary (e.g. Baliunas et al. 1995; Saar and Brandenburg 1999; Böhm-Vitense
2007; Oláh et al. 2009; Metcalfe et al. 2013). Böhm-Vitense (2007) suggest an explanation
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in terms of two dynamo actions, one fed by the near-surface differential rotation and another
seated at the interface at the base of the convection zone.

A similar explanation has been proposed to explain the QBO in the Sun: two dynamos,
one at the base of the convection zone and another seated near the bottom of the layer ex-
tending 5 % below the solar surface (∼35000 km). This region shows strong rotational shear,
like the shear observed across the deeper-seated tachocline where the omega effect of the
main dynamo is believed to operate (Corbard and Thompson 2002; Antia et al. 2008). The
presence of two different types of dynamo operating at different depths was proposed by
Benevolenskaya (1998) to explain the QBO observed in the surface magnetic field. How-
ever, this structure is also able to explain features observed in the helioseismic data, which
are sensitive to the Sun’s internal magnetic field: when the 11-yr cycle is in a strong phase,
buoyant magnetic flux sent upward from the base of the envelope by the main dynamo could
help to nudge flux processed by this second dynamo into layers that are shallow enough to
imprint a detectible acoustic signature on the modes and be visible in surface measures
of solar activity. When the main cycle is in a weak phase, the flux from the second dynamo
would not receive an extra nudge, and would not be buoyant enough to be detected in surface
proxies. However, the QBO magnetic field would still be able to influence the acoustic oscil-
lations, although to a lesser extent. This would explain why the amplitude of the QBO signal
is largest around times of solar maximum. Furthermore, there is a suggestion that the QBO
is present in the p-mode frequencies away from solar maximum (Fig. 4 and Broomhall et al.
2009, 2011, 2012; Fletcher et al. 2010; Jain et al. 2011). This is understandable since p-mode
frequencies respond to conditions beneath the surface where the short-term dynamo would
be positioned away from solar maximum. If one could detect the QBO in both p modes and
surface activity proxies away from solar maximum, one might, therefore, expect a phase
shift between the helioseismic QBO and the surface QBO.

Wang and Sheeley (2003) simulated the Sun’s equatorial dipole field strength and total
open flux using a flux transport model and assuming that active regions emerge at randomly
distributed longitudes. The size of the peaks in the time series simulated by Wang and Shee-
ley (2003) were primarily dependent on the longitudes of the emergence of active regions,
while the periodicity was determined by the decay timescale of the equatorial dipole, which
here they took to be about 1 yr based on measures of the meridional flow speed (Wang et al.
2002). Their simulations produce peaks similar to those associated with the QBO and sug-
gest that the highest peak associated with the QBO is as likely to occur during the declining
phase of the 11yr cycle as at the maximum in solar activity, which is in agreement with the
helioseismic observations (see, for example, Fig. 4). The simulated data also show many
other features observed in the real observations such as multipeaked maxima, and period-
icities in the range 1–3 yrs, with no dominant periodicity in that range. Wang and Sheeley
also note that if the meridional flow rate varies from cycle to cycle in the manner observed
by Wang et al. (2002) the periodicities will also vary, again replicating a QBO feature of
the real data. However, Knaack and Stenflo (2005) argued that they found certain regulari-
ties in the QBO features during odd and even solar cycles which would be unlikely if these
periodicities were a random occurrence.

An alternative explanation is in terms of the instability of magnetic Rossby waves in the
solar tachocline (e.g. Lou 2000; Knaack and Stenflo 2005; Chowdhury et al. 2009b; Za-
qarashvili et al. 2010b, 2011). The period of the instability is dependent on the parameters
used to describe the differential rotation and the strength of the magnetic field, which both
vary through the solar cycle. Therefore the instability of magnetic Rossby waves can explain
many of the observable features of the QBO, including intermittency and variable periodic-
ity. Zaqarashvili et al. (2010b) claim that magnetic Rossby waves can also explain the N-S
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asymmetry. The same process can be used to explain Reiger-type periodicities: When the
magnetic field is relatively weak (<104 G) the instabilities produce Reiger-type periodicites
(Zaqarashvili et al. 2010a), while QBO periodicities are produced when the magnetic field
is strong (105 G). We note that helioseismic estimates of the strength of the magnetic field
at the base of the convection zone are of the order of 105 G (Chou and Serebryanskiy 2005;
Serebryanskiy and Chou 2005; Baldner et al. 2009).

Another explanation with the potential to explain some of the observed results is spa-
tiotemporal fragmentation. Covas et al. (2000a) produce a two-dimensional axisymmetric
mean field dynamo model to show that for certain values of the magnetic Reynolds num-
ber spatiotemporal fragmentation occurs near the base of the convection zone that produces
oscillations in the differential rotation. The mean field dynamo model used by Covas et al.
extends the work of Covas et al. (2000b), who showed that this sort of dynamo model is
able to produce torsional oscillation flows similar to those observed in helioseismology. Co-
vas et al. believe that such processes may explain the results of Howe et al. (2000), who
observed a 1.3 yr periodicity in the solar rotation profile at the base of the convection zone.
Covas et al. also find that for high enough magnetic Reynolds numbers the temporal vari-
ations become non-periodic which may explain the intermittent behaviour of the observed
1.3 yr periodicity in the rotation profile (Howe et al. 2011). Spatiotemporal fragmentation
would be able to produce the 1.3 yr periodicity because three 11 yr period halvings produces
approximately 1.3 yr. We therefore note here that the observed 1.3 yr periodicity may simply
be the 8th harmonic of the sunspot cycle (Krivova and Solanki 2002). Furthermore, Kane
(2005b), who examined a wide range of solar activity indices, found that “every observed
value fits some harmonic or other, and no harmonic is left out”.

Ichimoto et al. (1985) suggested that the 155 d periodicity may be related to the timescale
for storage and/or escape of magnetic fields in the convection zone. Ballester et al. (2002)
suggest the link between Reiger-type periodicities observed in the number of high-energy
flares and the photospheric magnetic flux may occur because when new sunspots emerge
within already established sunspot groups the conditions for the production of high-energy
flares are achieved. Since active regions may persist for up to 30 rotations Chowdhury et al.
(2013) suggest that quasi-biennial periodicities may be related to the lifetime of complex ac-
tive regions. However, the exact cause of the periodicities within the emergence of sunspots
remains uncertain.

Simoniello et al. (2013) find that helioseismic results are consistent with the QBO be-
ing generated by the beating between dipole and quadropole magnetic configurations of a
dynamo (Moss 1999, 2004; Fluri and Berdyugina 2004). It is possible that a nonaxisym-
metric (quadropole-like) dynamo could exist alongside the dipole-like dynamo (Moss et al.
1995; Moss and Brooke 2000). It has been proposed that such a quadropole-like dynamo
may explain the behaviour whereby active longitudes can suddenly shift by 180◦ (Tuomi-
nen et al. 2002; Berdyugina and Usoskin 2003; Moss 2004). The periodicity at which the
active longitudes switch is expected to be the same as the axisymmetric dynamo (Berdyug-
ina et al. 2002). Simoniello et al. (2013) find that major spot activity switches between active
longitudes every 1.8–1.9 yr. Furthermore this formalism predicts that the amplitude of the
secondary (quadropole) cycle is expected to be smaller than the primary (dipole) cycle, as
is observed.

Finally we consider the analogies between the solar and terrestrial QBO. It is widely
believed that the QBO observed in Earth’s atmosphere is driven by the transport of angular
momentum via the interaction between gravity waves, convection and shear (e.g. Baldwin
et al. 2001, and references therein). Kumar et al. (1999) demonstrated that a similar trans-
port of angular momentum by gravity-Alfvén waves beneath the base of the convection zone
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could produce a strong shear layer capable of generating a toroidal magnetic field. Thomp-
son (2001) postulates that this behaviour could explain the helioseismic results observed by
Howe et al. (2000). We recall that D’Alessi et al. (2013) suggested that gravity waves might
be crucial to the QBO observed in the neutrino flux rate (see Sect. 2.1.1). Furthermore, this
is not the first time gravity modes have been suggested to explain short-term variability in
the Sun’s magnetic field: Wolff (1983) suggested that the influence of gravity modes on the
rotation profile of the solar interior may be responsible for Reiger-type periodicities.

The conclusions of different authors are contradictory (see Sect. 3.3). Some light may be
shed by detailed study of the GG structures during each solar maximum. However, to date
no single candidate stands out as the favoured explanation.

6 Conclusion

The quasi-biennial oscillations of solar origin have already been investigated over several
decades. They are ubiquitous, but have some stochastic features, such as intermittency, and
variable time-scales. Recent studies reveal a fundamental nature of the QBOs, their intrinsic
connection to the dynamo mechanism. The solar QBOs are transferred into the interplane-
tary space and reflected in the solar wind, galactic cosmic ray modulation and geophysical
disturbances. The QBOs are most prominent around the maxima of the 11-yr cycles, this
being a reason for temporal lulls in solar activity, or the so called Gnevyshev gaps. Thus,
the QBOs are important not only for fundamental physics, but also for the space weather
problems. We have tried to demonstrate that our understanding of the nature of the QBO is
now rapidly growing and promises new insights into the entity of solar activity.
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