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Abstract

The daily interplanetary magnetic field IMF) B,, B,, and B, components from 1967 January 1 to 2018 December
31 listed in the OMNI database are used to investigate their periodicity and study temporal variation of their
rotation cycle lengths through continuous wavelet transform, autocorrelation, and cross-correlation analyses. The
dominant rotation period in each of the daily B,, By, and B, components is 27.4 days, implying the existence of
rotational modulation in the three time series. The dependence of the rotation cycle lengths for both B, and B,
components on solar cycle phase almost shows the same result. The rotation cycle lengths for both B, and B,
components increase from the start to the first year of a new Schwabe cycle, then decrease gradually from the first
to the fourth year, and finally fluctuate around the 27.4-day period within a small amplitude from the fourth year to
the end of the Schwabe solar cycle. For the B, component, its rotation cycle length does not show such a solar cycle
variation. The significant periods in the variation of B, rotation are 2.9, 3.4, 4.3, 4.9, 10.5, and 11.9 yr, and there
exist significant periods of 3.4, 9.9, and 14.1 yr in the variation of B, rotation. The relationship of solar activity
with B, and B, components is complex. The possible mechanisms for the temporal variation of the rotation period
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of the three components are discussed.

Unified Astronomy Thesaurus concepts: Interplanetary magnetic fields (824)

1. Introduction

The interplanetary magnetic field (IMF) is the solar magnetic
field carried out by solar wind. Observations recorded by various
spacecraft near Earth show that the IMF intensity is generally
lower than 10 nT. Thus, compared with the magnetic field
strength on the solar surface, the intensity of the IMF near Earth is
very low. However, the IMF is one of the critical factors of space
weather, and major space disturbances such as magnetic storms
and substorms are due to IMF effects. When the IMF encounters
the geomagnetic field, with an opposite direction, magnetic
reconnection can help, and thus the enhanced interaction can
cause intense substorms/convection events and even produce
severe space weather conditions, which may affect the manned
and unmanned space missions, navigation, power lines, tele-
communications, etc. (Dungey 1961; Gonzalez & Mozer 1974;
Gonzalez et al. 1994; Gopalswamy et al. 2007; Pulkkinen 2007;
Badruddin & Kumar 2015).

The temporal variation and dynamical evolution of the IMF
and its components near Earth had been studied extensively
ever since it was observed by different spacecraft (Gonzalez &
Gonzalez 1987; Cane et al. 1998; Neugebauer et al. 2000;
Prabhakaran Nayar et al. 2002; Takalo & Mursula 2002;
Mursula & Vilppola 2004; Singh et al. 2012; Chowdhury et al.
2015; Souza et al. 2016). Especially, an enormous amount of
research focused on investigations of the rotation period of the
IMF or its B,, By, and B, components (e.g., Neugebauer et al.
2000; Takalo & Mursula 2002; Katsavrias et al. 2012;
Vats 2012; Singh et al. 2012; Chowdhury et al. 2015; Xiang
& Qu 2018; Choi & Lee 2019; Singh & Badruddin 2019;
Tsichla et al. 2019), because the (differential) rotation in the
solar interior is linked to the solar dynamo, and the rotation
signal, as one of the most prominent oscillations in various

solar activity indicators, can be found from the solar interior to
the interplanetary space. The IMF originates from the Sun, and
the solar magnetic field on the solar surface should be thought
to be critical in determining the nature of the rotation period of
the IMF and its components. Therefore, clearly understanding
the relation between IMF/its components and solar magnetic
field can help us to further comprehend the nature of the IMF
and its components and assess the influence of the solar
magnetic field on them.

The data of the daily IMF polarity during the time interval of
1926-1982 were utilized by Gonzalez & Gonzalez (1987) to
analyze its periodicity, and they found a significant rotation
period of about 27.5 days, which changes from about 28 days at
the beginning of a solar cycle to about 27 days at the end of the
cycle. A rotation period of about 27.03 days was detected in the
radial IMF component by Neugebauer et al. (2000), and the
authors specifically suggested that such a period is the most
dominant rotation period during the time interval of 1962—-1998
and should be due to the preferred-longitude effects. A similar
study that was given by Takalo & Mursula (2002) proposed the
existence of the most persistent synodic solar rotation of about
27.6 days in the IMF B, component in geocentric solar ecliptic
(GSE) coordinates during 1964-1995. Several authors also
reported that the significant rotation cycle of about 27.0 days
was detected in the IMF B, component (Katsavrias et al. 2012;
Choi & Lee 2019; Tsichla et al. 2019). At the same time, the
method of the auto-covariance function proposed by Takalo &
Mursula (2002) showed that the auto-covariance function of the
IMF B, component is very similar to that of the IMF B,
component, indicating that B, and B, have the same rotation
period. A similar result can also been found in Katsavrias et al.
(2012) and Choi & Lee (2019), but the rotation period of B,
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Figure 1. Daily IMF B, component (top panel), daily IMF B, component (middle panel), and daily IMF B_ component (bottom panel) from 1967 January 1 to 2018

December 31.

and B, given by different authors has a small difference, which
may be caused by the different analysis methods used. For
instance, the rotation period of B, and B, obtained by wavelet
analysis is 27.8 days, while it is 27 days as detected by the
Lomb-Scargle algorithm (Katsavrias et al. 2012). The rotation
period of the IMF B, component is different from that of the
IMF B, and B, components. Katsavrias et al. (2012) advised
that the rotation period of B, is 28 and 30 days, and Chowdhury
et al. (2015) found that the Lomb—Scargle periodogram of the
B, component in GSE coordinates displays significant rotation
periods of about 20, 26, 29, 30, 32, and 34 days, but the
rotation period of the B, component in geocentric solar
magnetospheric (GSM) coordinates is found to be 28.5 days
by Tsichla et al. (2019). The IMF B, component in GSM
exhibits the maximum southward possibility around spring
equinox when IMF is toward the Sun, and such a maximum is
found around fall equinox when IMF is away from the Sun.
This is the well-known Russell-McPherron effect (Russell &
McPherron 1973), which can influence the periodic behavior of
B, in GSM. Choi & Lee (2019) further studied the origin and
temporal evolution of the rotation period and harmonics in the
IMF B, component and found that a seasonal dependence of the
rotation period in the B, component in GSM is seen primarily
during the northern hemisphere spring and fall seasons. This
result is due to an exquisite harmony between the Russell-
McPherron effect and the IMF sector structure that displays
either two or four sectors for a long time interval. In terms of
the rotation period in IMF intensity, many studies found the
existence of a synodic solar rotation period of about 27 days in
IMF intensity and also found that the rotation period varies
from one solar cycle to the next (Prabhakaran Nayar et al.
2002; Singh et al. 2012; Vats 2012; Singh & Badruddin 2019).

In a word, the rotation period of the IMF and its components
is slightly different from different studies, since different
mathematical methods and time series during different time
intervals were adopted in these studies. However, it is widely
agreed that the rotation period in IMF intensity and its B,, B,
and B, components vary with solar activity, but there are few
studies on the temporal variation of their rotation periods. One
can see that previous studies mainly focused on detecting the
rotation period of the IMF intensity and its components during
a certain time interval, and thus the rotation period obtained in

these studies represented a mean result while omitting the
temporal variation of the rotation period. On the other hand,
Choi & Lee (2019) studied the origin and temporal evolution of
the rotation period in the IMF B, component during solar cycles
23-24, but the authors mainly focused on the cause of the
seasonal variation in this component. Xiang & Qu (2018)
showed that the rotation period of the IMF intensity appears
intermittently around the solar maximum times, and Singh &
Badruddin (2019) further investigated the temporal evolution
of the rotation period in IMF intensity during epochs of the
polarity reversal of solar cycles 20-24. Furthermore, the
temporal variation of solar rotation determined from different
solar activity indicators that are located at different heights in
the solar atmosphere from the photosphere to corona has been
studied extensively in early studies (Javaraiah & Gokhale 1995;
BrajSa et al. 2006; Li et al. 2012; Xie et al. 2017b). Following
these studies, we will further investigate the temporal evolution
of the rotation periods in IMF B,, B,, and B, components,
which will show a clear variation of rotation period with solar
activity on different timescales and further enable us to better
understand the relation between IMF and the solar magn-
etic field.

2. Data and Methods

The IMF and its components have been recorded at the
OMNI (Operating Missions as a Node on the Internet) database
of NASA since 1963, which are based on the systematical
observation by various spacecraft in near-Earth orbits. How-
ever, there are too many data gaps during 1963—-1966, in which
data gaps are sometimes longer than 27 days, which are adverse
to analyzing the rotation period. Thus, only the daily IMF B,,
By, and B, components in GSM from 1967 January 1 to 2018
December 31 are used in this study, which can be downloaded
from the website of the OMNI database of NASA (https://
omniweb.gsfc.nasa.gov/form/dx1.html). The daily IMF B,,
By, and B, components are shown in Figure 1, from which the
pronounced solar activity cycle can be hardly seen.

The wavelet analysis can reveal the periodic variations and
the localized oscillatory feature of a time series in two-
dimensional time—frequency space, and thus it is widely used to
detect dominant periods of a time series at different timescales
and exhibit a localized oscillatory feature in time—frequency
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space (Torrence & Compo 1998; Grinsted et al. 2004;
Chowdhury & Dwivedi 2011; Deng et al. 2013; Xie et al.
2017a). Accordingly, this method is suitable for studying the
temporal evolution of the rotation period in IMF B,, B,, and B,
components. We use the wavelet for feature extraction
purposes, and a reasonable localization in both time and
frequency is needed. Thus, it is a logical and pragmatic choice
to use the Morlet wavelet (dimensionless frequency wy = 6) in
this study (Torrence & Compo 1998; Deng et al. 2016). The
continuous wavelet transform (CWT) is used to analyze the
periods of IMF B,, By, and B, components. This method is
described in detail in Grinsted et al. (2004) and Li et al. (2009).
However, the observation data are finite-length time series; the
result of CWT may be artifacts at the beginning and end of
the wavelet power spectrum. One solution to this problem is to
introduce a cone of influence (COI) in which edge effects
become important. For a discontinuity at the edge, the wavelet
power decreases by a factor ¢ > (Torrence & Compo 1998;
Grinsted et al. 2004; Xie et al. 2012).

The autocorrelation analysis is widely used to investigate the
temporal variation of the rotation cycle lengths of the solar
activity indicators in early studies (Chandra & Vats 2011; Xiang
et al. 2014; Xie et al. 2017a), and thus we also use this method to
analyze the temporal variation of the rotation cycle lengths for
IMF B,, By, and B, components. The autocorrelation analysis is
simply described as follows. The daily observation of a solar
activity indicator can be represented in the form of a time series
{x1, x5, ..., x,}, where index 1, 2, ..., n represents the first,
second, ..., last element, respectively. If this time series x shifted
by d days with respect to itself, we can obtain (n — d) pairs of
values from this series, (X, Xg11), (X2, Xg42)seees(Xn—as Xp)-
Then, the first value and the second value in each pair can be
considered as the first variable {x;, x,, ..., X,, _ 4}, the second
variable {x;.1, X442,..-, X}, respectively. The autocorrelation
coefficient P(d) as a function can be defined as (Chandra &
Vats 2011)

S — F) (Kira — X)

T1-d _
S TN — X)?

P(d) = , ey

where X is the mean of this time series (daily observations) and
x; indicates the ith element of time series {xj ,...,x,}.

The cross-correlation analysis, which is widely used to
investigate the mutual correlation and phase relationship
between two time series (Edelson & Krolik 1988; Chandra &
Vats 2011; Xu & Gao 2016), is utilized to further analyze the
relation of the rotation cycle lengths of the IMF components
with solar activity in this study. We assume the daily
observations of two solar activity indicators with an equal
length, {x, x5 ,...,x,} and {y,, y, ,...,3,}. The cross-correlation
coefficient ccc(k) between two time series is defined as
(Chandra & Vats 2011; Xu & Gao 2016)

Y — D)= )
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k<0
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k>0

ccc(k) =

where x; and y; indicate the ith element of data sets {x; ,...,x,}
and {y ,...,),}, respectively, and ¥ and y are the mean of the
daily observations of the two solar activity indicators. The k
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indicates the shift of x versus y along the calendar-time axis,
with negative values representing backward shifts.

3. Temporal Evolution of the Rotation Period in IMF B,,
B,, and B, Components

3.1. Periods of IMF By, By, and B, Components

The data gaps in IMF B,, B, and B, components during the
time interval we considered are interpolated through the linear
interpolation method. Especially in the 1980s, the relatively
long and systematic gaps that may be referred to the effect of
the magnetospheric parts of the spacecraft orbit can be found in
the OMNI database. However, the continuous data gaps in
three time series are generally shorter than 6 days, which is
much shorter than the rotation period of about 27 days. Thus,
the data gaps have little effect on the analysis of the rotation
period after data gap interpolation. Then, we use the CWT to
analyze the periodicities of IMF B,, By, and B, components,
and the results are shown in Figure 2. In this figure, the left
column shows the continuous wavelet power spectra of the
daily B,, By, and B, components from 1967 January 1 to 2018
December 31, where their corresponding 95% confidence level
is indicated by the thick black contours. At the same time, we
calculate the time-averaged wavelet spectrum based on the
local “components” of continuous wavelet power spectra over
all time intervals considered, which is the global power spectra
and can help to identify the dominant periods. The global
power spectra of the three time series and their corresponding
95% confidence level are shown in the right column of this
figure.

The left column of this figure shows that the rotation period
of about 27 days in both IMF B, and B, components is of
statistical significance almost throughout the entire time
interval considered, but the periodic variation in IMF B, on
timescales of a solar rotation cycle is intermittent; such a case is
more obvious during solar cycles 23 and 24. The period of
about 13 days in the three time series, which may be the 1/2
multiple harmonic of the rotation period, is intermittently
detected around the sunspot maximum times. The global power
spectra indicate that the possible periods for the IMF B,
component are 13.7, 27.4, and 184.3 days and 1.01, 3.45, 7.40,
and 11.25 yr, but only the periods of 13.7 and 27.4 days and
1.01 yr are above the 95% confidence level. For the IMF B,
component, the periods of 13.7 and 27.4 days and 1.02 and
7.0 yr are of statistical significance; some possible periods for
this time series are 187.0 days and 2.37 and 10.94 yr, but the
peak powers corresponding to these periods are below the 95%
confidence level. The statistical significant periods for the IMF
B, component that are above the 95% confidence level are 13.9
and 27.4 days and 0.9 and 7.74 yr, and the possible periods for
this time series but whose peak powers are below the 95%
confidence level are 101.9 and 184.3 days and 1.58 and 2.77 yr.

The rotation period for all three time series of IMF B,, B,,
and B, components is about 27.4 days, and the periods of
13.7 days in B, and B, and 13.9 days in B, should be the first
solar rotation harmonics. The results obtained from wavelet
analysis are consistent with early studies (Takalo & Mursula
2002; Katsavrias et al. 2012; Choi & Lee 2019; Tsichla et al.
2019). The periods indicated by the global power spectrum
peaks should represent a mean result over a specific time
interval, and they indicate the most dominant periods
at specific timescales in the entire time interval considered.
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Figure 2. Left column: continuous wavelet power spectra of the daily B, (top panel), B, (middle panel), and B, (bottom panel) components from 1967 January 1 to
2018 December 31. The thick black contours and the black dashed line in each panel indicate the 95% confidence level and the COI, respectively. Right column:
global wavelet power spectra (solid line) and the 95% confidence level (dashed line) of the daily B, (top panel), By (middle panel), and B, (bottom panel) components.

Consequently, the most dominant rotation period for all three are 1.01 yr in B,, 1.02 yr in By, and 0.9 yr in B,. Early studies
time series of B,, By, and B, in 1967-2018 is 27.4 days. On the proved that the periods on timescales of 0.6 to 4 yr found
timescales of several months to years, the significant periods in various solar activity indicators are often considered as
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Figure 3. Top panel: daily sunspot number from 1967 January 1 to 2018 December 31. Bottom panel: rotation cycle lengths of the daily IMF B, component (blue
dashed line with circles), the daily IMF B, component (green dashed line with asterisks), and the daily IMF B, (yellow dashed line with diamonds) in each year of the
entire time interval we considered. The maximum and minimum times of sunspot cycles are indicated by the vertical solid and dashed lines in each panel, respectively.

quasi-biennial oscillations (QBOs), which should be derived
from the base of the solar convection zone and are visible from
the base of the solar convection zone in the solar interior to the
interplanetary space (Bazilevskaya et al. 2000, 2014; Bumba
2003; Kane 2005; Vecchio et al. 2012; Xiang 2019). Hence,
these periods on timescales of about 1 yr found in IMF B,, B,,
and B, components are also considered as QBOs, which should
be related to the solar QBOs. The significant periods are 7.0 yr
for B, and 7.74yr for B, two of which should be the 1/3
multiple harmonics of the quasi-22 yr magnetic activity cycle.
Additionally, the Schwabe solar cycle of about 11 yr for three
time series is statistically insignificant; this result is consistent
with Figure 1, from which the pronounced solar activity cycle
can be hardly seen.

3.2. Dependence of the Rotation Cycle Lengths of the IMF By,
By, and B, Components on the Solar Cycle Phase

In order to further study the temporal variation of the rotation
cycle lengths of the IMF B,, By, and B, components in the
entire time interval considered, we detect the rotation cycle
lengths of the three time series in each year, respectively. First,
we cut the daily B, component (B, and B, components) during
the entire time interval we considered into yearly time series,
each of which is from the first day of that calendar year to the
last day of that calendar year. Then, the CWT is again utilized
to determine the rotation period for each of the yearly time
series, and only those periods that are above the 95%
confidence level are taken into account. The rotation cycle
lengths of the daily B,, By, and B, components in each year are
obtained, and the results are shown in Figure 3. In order to
better visualize possible solar cycle effects, the daily sunspot
number during the same time interval is also given in Figure 3.

As this figure shows, both daily B, and B, span 52 yr from 1967
to 2018, and 48 values of the rotation period that are above the
95% confidence level are detected for each yearly time series of
the IMF B, and B, components. In 1995, 1997, 1998, and 2012,
which are in the minimum time or ascending phase of sunspot
cycles, the rotation period for both daily B, and B, is
statistically insignificant. However, only 30 values of rotation
period are found above the 95% confidence level for yearly
time series of the IMF B, components in the total 52 yr. The
rotation cycle lengths of the IMF B, and B, components show
almost the same temporal variation during the time interval
considered, and in each solar cycle they seem longer near the
solar minimum than near the solar maximum. But the rotation
cycle lengths of the IMF B, component display different
temporal variation, and the rotation period is missing in too
many years to visualize the possible solar cycle effect.
Moreover, the rotation cycle lengths for daily By, B,, and B,
components are determined to be 27.4 £ 0.66 days, 27.4 £+
0.71 days, and 27.6 + 1.37 days, respectively. The rotation
cycle length for both B, and B, components is found to
fluctuate around the most dominant rotation period of 27.4 days
with a very small amplitude, but the temporal variation of the
rotation cycle length of the B, component shows a rather larger
amplitude.

Based on the rotation cycle length of the IMF B, (By)
component in each year of the entire time interval we
considered, we can further study the dependence of the rotation
cycle lengths of the two time series on the solar cycle phase.
We calculate the average of the rotation cycle length of the IMF
B, (By) component in each year within the same sunspot cycle
phase relative to the nearest preceding sunspot cycle minimum,
and the obtained result is shown in Figure 4. In the figure, error
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bars are utilized to indicate the corresponding standard errors
(o). As this figure displays, the profile of the rotation cycle
length of the B, component is almost the same as that of the B,
component. The rotation cycle lengths for both B, and B,
increase from the start to the first year of a new Schwabe cycle,
then decrease gradually from the first to the fourth year of the
Schwabe cycle, and finally fluctuate around the 27.4-day period
within a small amplitude from the fourth year to the end of the
Schwabe solar cycle. According to the difference of the rotation
cycle lengths of the IMF B, (B,) component and the
corresponding standard errors o, a simple method of the 3o
rule is used to assess the statistical significance of variations of
the rotation cycle lengths for B, and B, components. Generally,
one can see that the variations of the rotation cycle lengths
between two adjacent years for the B, (By) component are
consistent with the corresponding o, even smaller than the
corresponding o. This indicates that the variations of two
adjacent rotation cycle lengths should be statistically insignif-
icant. However, it can be found that the variations between the
maximum and minimum values of the rotation cycle lengths for
the IMF B, (B,) component are larger than the corresponding
20, which indicates that such variations are above the 95%
confidence level. Hence, the decrease of the rotation cycle
lengths for B, (B,) is statistically significant, and the profile of
rotation cycle lengths shown in Figure 4 can to some extent
truly reflect the dependence of the rotation cycle lengths for the
B, (By) component on the solar cycle phase.

For the IMF B, component, the rotation period is missing in
too many years during the time interval considered, and thus
we cannot use this method to study the dependence of the
rotation cycle length for B, on the solar cycle phase. However,
the local wavelet power spectra of the B, component (Figure 2)
have the highest spectral power peaks at a certain day on the
rotation timescales of 22-32 days, and thus we can select these
highest spectral power peaks that are above the 95% confidence
level, which can be used to determine the significant rotation
period of the B, component at each day during the entire
interval we considered. The result is shown in the bottom panel
of Figure 5. Meanwhile, the daily sunspot number during the
same time interval is given in the top panel of the figure, which
can help to better visualize possible solar cycle effects. As this
figure shows, the significant rotation cycle lengths for B,
display random and complex variations, and they appear
intermittently during the entire time interval we considered.
Both the longest and shortest rotation cycle lengths for the B,

component seem to appear in an arbitrary phase of solar cycles,
and thus we cannot determine whether the rotation cycle
lengths around the solar maximum time should be longer or
shorter than those around the minimum time. This may indicate
that the dependence of the rotation cycle length for the B,
component on the solar cycle phase does not have the cycle-
related variation.

3.3. Periodicity in the Temporal Variation of the Rotation
Cycle Lengths of the IMF B, and B, Components

The continuous wavelet power spectra of the daily IMF
B,, By, and B, components shown in Figure 2 can indicate the
localized oscillatory feature. As this figure shows, the local
wavelet power spectra of the B, (B,) component have the
highest spectral power peaks at a certain day on the rotation
timescales of 22-30 days, and thus these highest spectral power
peaks can be used to determine the rotation period of the B,
(B,) component at each day during the entire time interval
considered. Early study in Katsavrias et al. (2012) also pointed
out that the rotation period of 22-30 days (peaks at 27.8 days)
appears in both IMF B, and B, during 1966-2010. But for the
IMF B, component, Figure 3 shows that the rotation period for
the B, component is missing in 22 yr of the total 52 yr, and
Figure 5 also shows that the significant rotation period for B,
appears intermittently during the entire time interval we
considered; such case is more obvious during solar cycles 23
and 24. Thus, we cannot further investigate the periodicity in
the temporal variation of the B, rotation. The obtained rotation
periods of the B, (B,) component during the time interval
considered are smoothed by the sliding average of 1 yr, and
then we can obtain two new time series as shown in Figure 6,
which are named RCL, and RCL, and should show the
variations of the rotation cycle lengths in B, and B, components
with solar activity, respectively. As this figure shows, the
rotation cycle lengths for both B, and B, vary on the timescales
of more than 1 yr to a Schwabe solar cycle. In each solar cycle,
the longest rotation cycle length for both B, and B, seems to
occur near 1 yr after the start of a Schwabe solar cycle except
for solar cycle 22, while the shortest rotation cycle of two time
series seems to always appear near the solar maximum times.
Additionally, these extrema near the start and end of the time
interval considered may have suffered from edge artifacts,
which should not indicate the true rotation cycle lengths.
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Figure 5. Top panel: daily sunspot number from 1967 January 1 to 2018 December 31. Bottom panel: temporal variation of the significant rotation period of the B,

component in the same time interval.
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Figure 7. Left panel: autocorrelation coefficients of relative phase shifts of RCL, with respect to itself for 200-5500 days. Right panel: same as the left panel, but for
autocorrelation analysis of RCL,. The 99.9% confidence level is indicated by the dashed horizontal line in each panel.

We use the autocorrelation analysis to further study the
periods of the temporal variation of the rotation cycle lengths of
the IMF B, and B, components. The autocorrelation coeffi-
cients (P(d)) of RCL,/RCL, with respect to itself are
calculated, varying with relative shifts in 1-5500 days. In
order to clearly show peaks, Figure 7 just shows the P(d) for
200-5500 days. At the same time, the 99.9% confidence level
is also indicated by the dashed horizontal line. As this figure
shows, the periods for the rotation cycle lengths of the B,
component are 2.9, 3.4, 4.3, 4.9, 10.5, and 11.9 yr, and they
are statistically significant at the 99.9% confidence level.
The periods at the 99.9% confidence level for the rotation
cycle lengths of the B, component are 3.4, 9.9, and 14.1yr.
Those midterm periods of 2.9,3.4, 4.3, and 4.9 yr may be related
to the multiscale magnetic activity in the solar atmosphere. The
periods of about 9.9, 10.5, and 11.9 yr detected in RCL, or RCL,
indicate that the variation of the rotation cycle lengths of the IMF
B, and B, components may be related to the 11 yr solar activity
cycle. Additionally, the period of 14.1yr found in RCL, is
longer than the solar cycle length, which hints that the variation
of the rotation cycle lengths of this time series may have some
relation to the extended activity cycle.

3.4. Relation of the Rotation Cycle Lengths of the IMF B, and
By with Solar Activity

The sunspot number is the most common indicator that
describes the solar activity level, and it was widely used in
early studies (Chernosky & Hagan 1958; Cole 1973; Hathaway
et al. 1994; Hathaway 2015; Gao 2016). The daily sunspot
numbers from 1967 to 2018, which are downloaded from the
website of the Solar Influences Data Analysis Center (http://
sidc.oma.be/silso/), are used to study the relation of the
rotation cycle lengths of the IMF B, and B, components with
solar activity.

The sunspot numbers from 1967 January 1 to 2018
December 31 are also smoothed by the sliding average of 1
yr, and the time series of the 1 yr smoothed daily sunspot
numbers is obtained, which is named SSN. Then, we perform a
cross-correlation analysis of RCL,/RCL, versus SSN, and the
results are shown in Figure 8. In this figure, the abscissa
represents shifts of RCL,/RCL, with respect to SSN along the
calendar-time axis, and the negative values indicate that
RCL,/RCL, lags behind SSN. As the left panel of this figure
shows, the cross-correlation coefficient (ccc) is 0.08 at no shift,

while it reaches a maximum of 0.18 when RCL, is shifted
forward by about 2.7 yr. The maximum is located outside the
dashed horizontal lines; it is thus statistically significant at the
99% confidence level. At the same time, the ccc shows a local
minimum of —0.30 when RCL, is shifted backward by about
1.2 yr, and the local minimum is also statistically significant at
the 99% confidence level. We do not analyze the difference
between the maximum positive correlation (0.18) and the local
minimum negative correlation (—0.30). However, both the
forward shift and backward shift indicate that there is a phase
difference between the rotation cycle lengths of the B,
component (RCL,) and solar activity (SSN). Another local
peak appears to be —0.04 when RCL, is shifted backward by
about 7.9 yr, which is also statistically significant at the 99%
confidence level. The phase shift between two adjacent peaks is
about 10.6 yr, which is consistent with the period in the rotation
cycle lengths of the B, component (10.5 yr). Thus, the cross-
correlation analysis demonstrates that the rotation cycle lengths
of the B, component have a period of about 10.5 yr. The cross-
correlation analysis of RCL, versus SSN shows similar results.
As the right panel of Figure 8 displays, the ccc peaks at 0.26
when RCL, is shifted forward by about 5.0 yr and shows a
local minimum of —0.34 at the shift of about —0.5 yr. Thus,
both the peak and local minimum suggest the existence of a
phase difference between the rotation cycle lengths of the B,
component (RCL,) and solar activity (SSN). Additionally, a
local maximum of ccc can be found at the shift of about
—4.9 yr. The phase shift between the two peaks is about 9.9 yr,
which is the same as the period in the rotation cycle lengths
of the B, component. Consequently, this result validates that
there exists a 9.9 yr period in rotation cycle lengths of the B,
component.

4. Discussions and Conclusion

The daily IMF B,, B, and B, components from 1967 January
1 to 2018 December 31 listed in the OMNI database are used to
investigate their periodicity using the continuous wavelet
transform, and then we further study the temporal variation
of the rotation cycle lengths of the three time series during the
time interval we considered.

The continuous wavelet power analysis of the daily IMF B,,
By, and B, components suggests that the significant periods are
13.7 and 27.4 days and 1.01 yr for B,, 13.7 and 27.4 days and
1.02 and 7.0 yr for By, and 13.9 and 27.4 days and 0.9 and 7.74
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yr for B;, and thus the temporal variation of daily IMF B,, B,
and B, components is modulated by multiscale variability of
solar activity. Additionally, the Schwabe solar cycle of the
three time series is statistical insignificant, which implies that
the temporal variation for the daily IMF B,, B,, and B,
components should not be related to the 11 yr solar cycle.

The continuous wavelet power spectra displayed in Figure 2
show that the oscillation periods in both the B, and B,
components on the timescales of a solar rotation period are of
statistical significance almost throughout the entire time
interval we considered. But for the B, component, such
oscillation periods are found to intermittently appear. The
global power spectra shown in this figure indicate that the
rotation period in the three time series is 27.4 days. The value
of the rotation period is very consistent with the result in
Takalo & Mursula (2002), in which the authors proposed the
existence of the most persistent synodic solar rotation of about
27.6days in the IMF B, component during 1964-1995.
Katsavrias et al. (2012) also investigated the rotation periods
by applying the continuous wavelet transform to the daily IMF
B,, By, and B, components during 1966-2010 and found a
rotation period of 27.8 days in the three time series. Though the
period of 27.8 days is somewhat longer than the period of
27.4 days found in this study, the difference between the two
period values may be caused by different time series adopted.
Moreover, the global power spectra are the time-averaged
wavelet spectrum of the local “components” of continuous
wavelet power spectra over all time intervals considered, and
thus the method can be used to identify dominant periods.
Consequently, we infer that the accurate value of the most
dominant rotation period in B,, By, and B, components is
27.4 days.

Various solar tracers that are located at different heights in
the solar atmosphere, as well as various solar activity indicators
that are also derived from the different layers of the solar
atmosphere, were used to study the solar (differential) rotation,
and the results indicated that the rotation periods of the
different layers in the solar atmosphere are different from one
another (Gilman & Howard 1984; Sheeley et al. 1992;
Rybak 1994; Brajsa et al. 2001, 2002; Altrock 2003; Song &
Wang 2005; Javaraiah et al. 2005; Wohl et al. 2010; Li et al.
2013; Shi & Xie 2014; Javaraiah & Bertello 2016; Xie et al.
2017b), though the rotation periods shown in these studies are
very close to 27 days. The daily solar spectral irradiances in the

spectral ranges of 1-39 nm and 116-2416 nm that are derived
from different heights in the solar atmosphere were used by Li
et al. (2019) to investigate the solar rotation characteristics
from the photosphere to the corona. The authors found that the
rotation periods in coronal plasma and in the solar atmosphere
at the bottom of the photosphere that is modulated by magnetic
structures are 26.3 and 27.5 days, respectively. The 27.5-day
rotation period in the photosphere is very consistent with the
rotation period of 27.4 days in both the B, and B, components.
Moreover, it is well known that the interplanetary magnetic
flux consists of two components. One is the constant open-flux
component that mainly originates from coronal holes, although
some fraction of the open flux may be derived from an
unknown source of quiet-Sun slow wind, and the other is a
time-varying contribution that is closely related to the ejected
associated flux carried by coronal mass ejections (e.g.,
McComas et al. 1992; Owens & Crooker 2006, 2007,
Schwadron et al. 2010; Linker et al. 2017). Xiang & Qu
(2018) further pointed out that the constant open-flux
component in interplanetary magnetic flux probably originates
mainly from the activity of the weak magnetic field activity on
the solar disk, and the time-varying component in IMF is
closely related to active regions (strong magnetic field activity)
on the solar surface. The authors also suggested that the short-
term periodicities of IMF intensity on the timescales of a
few days to weeks are driven by magnetic activity on the solar
surface. Consequently, it seems that the rotation period for both
the B, and B, components is mainly due to the modulation of
the joint effect of weak and strong magnetic activity in the solar
photosphere. On the other hand, Echer & Svalgaard (2004)
found that the rotation period of about 27 days in IMF polarity
is modulated by the disturbance of the heliospheric current
sheet. They implied that a more stable and flat heliospheric
current sheet only appears in the ascending phase of solar
cycles, which is strongly disturbed in the declining solar cycle
phase by corotating interaction regions arising from the coronal
hole high-speed streams overtaking the slow solar wind, and
such disturbance of the heliospheric current sheet lasts during
solar minimum. Moreover, the signals of rotation period for
IMF B, and B, components in this study are almost the same as
that for IMF polarity shown in Echer & Svalgaard (2004).
Especially, both studies show that the 27-day signal is absent
around the 1990s minimum. Thus, the disturbance of the
heliospheric current sheet should also be a major factor to
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modulate the rotation period for both B, and B, components
around the declining phase and minimum time of solar cycles.
For the B, component, the rotation period of 27.4 days indicates
that its rotation is also modulated by the solar magnetic activity
in the solar photosphere. At the same time, the periodic
behavior of the B, component in GSM is influenced by the
Russell-McPherron effect (Russell & McPherron 1973), and
the rotation period for B, shows a seasonal dependence, which
is due to an exquisite harmony between the Russell-McPherron
effect and the IMF sector structure that displays either two or
four sectors for a long time interval (Choi & Lee 2019). Thus,
the local wavelet power spectra of the B, component are found
to intermittently appear, which are different from those of the
B, and B, components.

Based on the results of the wavelet analysis, we study the
dependence of the rotation cycle lengths of the daily B,, By, and
B, on the phase of the solar cycle relative to the nearest
preceding sunspot minimum. Figures 3 and 4 show that the
profile of rotation cycle lengths of the B, component is almost
the same as that of the B, component. The rotation cycle
lengths for the daily B, and B, vary with solar cycle phase. The
statistical significance test shows that the variations between
the maximum and minimum values of the rotation cycle
lengths for the IMF B, (B,) component shown in Figure 4 are
significant at the 95% confidence level. The profile of rotation
cycle lengths can to some extent truly reflect the dependence of
the rotation cycle lengths for the B, (B,) component on the
solar cycle phase. As Figure 4 shows, the rotation cycle lengths
in both the B, and B, components increase from the start to the
first year of a new Schwabe cycle and then decrease gradually
from the first to the fourth year of the Schwabe cycle. With the
end of the former old solar cycle, and with a new Schwabe
solar cycle beginning, more and more active regions that
belong to the new Schwabe cycle can be found at high
latitudes, indicating that these new emerging active regions
have relatively low rotation rates. This is why the rotation cycle
lengths of two time series increase from the start to the first
year of a new Schwabe cycle. With the advance of solar cycle,
the active regions gradually form at relatively low latitudes, and
the rotation rate of these active regions should slightly increase.
This can explain the gradual decrease of rotation cycle lengths
in both the B, and B, components from the first to the fourth
year of the Schwabe cycle. The profiles of temporal evolution
of the rotation cycle lengths for both the IMF B, and B,
components from the start to the fourth year of the Schwabe
cycle are very similar to that for sunspot groups (Brajsa et al.
2006) and the Mount Wilson Sunspot Index (Xiang et al. 2014)
located in the corresponding time of the solar cycle. Thus, it is
inferred that the variation of rotation cycle lengths for both the
B, and B, components from the start to the fourth year of the
Schwabe cycle is mainly due to the latitudinal migration and
differential rotation feature of the activity regions, namely, it is
mainly related to the strong magnetic activity in the photo-
sphere. Figure 4 also shows that the rotation cycle lengths for
both the B, and B, components fluctuate around the 27.4-day
period within a small amplitude from the fourth year to the end
of the Schwabe solar cycle. When solar activity occurs in this
phase, solar activity regions mainly appear at relatively low
latitudes with low migration velocity (Li et al. 2001a).
Moreover, the rotation period for both the B, and B,
components is also detected during the activity minima
(Figures 2 and 3), showing that the variation of the rotation
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cycle lengths is also modulated by the weak magnetic activity
on the solar surface. Many studies reported that a higher
average rotation velocity of sunspots can be clearly found in
activity minima (Gilman & Howard 1984; Gupta et al. 1999;
Khutsishvili et al. 2002; BrajSa et al. 2006), and the rotation
rate of small-scale magnetic structures is higher than that of
large sunspots (Howard 1984; Xu & Gao 2016; Li et al. 2019).
At the same time, the heliospheric current sheet is flat and calm
in the ascending phase but is strongly disturbed in the declining
phase because of the effect of corotating interaction regions
arising from the coronal hole high-speed streams overtaking the
slow solar wind, and such disturbance lasts during solar
minimum (Echer & Svalgaard 2004). This should also be a
major factor to modulate the rotation period for both the B, and
B, components in this phase. Due to the joint effect of these
activity regions located at relatively low latitudes (strong
magnetic activity), weak magnetic activity (small-scale magn-
etic structures) on the solar surface, and the strong disturbance
of the heliospheric current sheet, the rotation cycle lengths for
both the B, and B, components show relatively low period
values with small variation from the fourth year to the end of
the Schwabe solar cycle. We also consider the dependence of
the rotation cycle lengths for the corona on the solar cycle
phase; however, the profile of temporal evolution of the
rotation cycle lengths for the corona (Li et al. 2012; Xie et al.
2017b) is almost different from that for the B, and B,
components. Such dependence of the rotation cycle lengths for
both the B, and B, components on the solar cycle phase in turn
indicates that the variation of the rotation period of the two time
series is mainly modulated by the different physical origins
around different solar cycle phases. For the B, component, the
dependence of the rotation cycle length for the B, component
on the solar cycle phase may not have the cycle-related
variation.

Figure 6 shows the temporal variation of the rotation cycle
lengths for both the B, and B, components, which is based on
the local wavelet power spectra of the two time series. The
results shown in this figure validate the aforementioned results:
the longest rotation cycle length in each solar cycle always
appears near 1 yr after the start of a new Schwabe solar cycle,
and the shortest one seems to always occur near the solar
maximum times. However, the longest and shortest rotation
cycle lengths for the B, component seem to appear in an
arbitrary phase of solar cycles (Figure 5), and thus we cannot
determine whether the rotation cycle lengths around the solar
maximum time should be longer or shorter than those around
the minimum time. We also use the method of autocorrelation
analysis to study the periodicity in the temporal variation of the
rotation cycle lengths for both the B, and B, components, and
the results are shown in Figure 7. It is found that the significant
periods for the 1 yr smoothed rotation periods of the B,
component are about 2.9, 3.4, 4.3, 4.9, 10.5, and 11.9 yr, and
there exist significant periods of about 3.4, 9.9, and 14.1 yr in
the 1 yr smoothed rotation periods of the B, component. We do
not study the periodicity in the temporal variation of B,
rotation, since the significant rotation cycle lengths for B,
appear intermittently during the entire time interval we
considered, and there is no suitable mathematical method to
make further analysis.

The periods in the range of 0.6—4 yr found in various solar
activity indicators are often considered as QBOs, which should
be derived from the base of the solar convection zone, and are
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usually found from the base of the solar convection zone in
the solar interior to the heliosphere (Bazilevskaya et al.
2000, 2014; Bumba 2003; Kane 2005; Vecchio et al. 2012;
Xiang 2019). The periods of 2.9 and 3.4yr found in the
temporal variation of the B, rotation and the period of 3.4 yr
detected in the temporal variation of the B, rotation are thus so-
called QBOs. Early studies related to the temporal variation of
solar rotation determined from different solar activity indicators
showed similar periods (Javaraiah & Komm 1999; Javaraiah
et al. 2009; Li et al. 2011; Xie et al. 2017b; Deng et al. 2020).
For instance, several research groups found that the variation of
the solar (differential) rotation based on analyzing sunspot data
shows periods of about 2.1, 2.6, 3.1, and 3.9 yr (Javaraiah &
Gokhale 1995; Javaraiah 1999; Li et al. 2011). The temporal
variation of coronal rotation shows periods of about 2.1 and
3.0 yr determined from the daily 10.7 cm radio flux (Xie et al.
2017b), and that of about 3.25 yr obtained through analyzing
the modified coronal index (Deng et al. 2020). Our analysis
results further demonstrate the existence of QBOs in the
temporal variation of the rotation cycle lengths for both the
IMF B, and B, components. One should keep in mind that the
interplanetary magnetic flux is rooted in the solar photosphere,
and it consists of two components: the time-varying contrib-
ution that is closely related to the ejected associated flux carried
by coronal mass ejections is related to active regions (strong
magnetic field activity) on the solar surface, and the constant
open-flux component that is mainly derived from coronal holes
originates from the activity of the weak magnetic fields (e.g.,
Webb & Howard 1994; Owens et al. 2008; Smith et al. 2013;
Xiang & Qu 2018). Moreover, Lockwood (2001) and
Bazilevskaya et al. (2014) pointed out that the solar QBOs
can be transmitted into interplanetary space by the open
magnetic flux. Based on these results, we consider that the
QBOs in the periodic variation of the rotation cycle lengths for
both the IMF B, and B, components are related to the
solar QBOs.

The periods of 4.3 and 4.9 yr exist in the temporal variation
of B, rotation, but they disappear in the temporal variation of
the rotation cycle lengths of the B, component. A similar 4.8 yr
period was found by Javaraiah & Gokhale (1995) and Javaraiah
(1999), respectively, in the periodic variation of solar
differential rotation obtained through analyzing the time series
of sunspot group and in the variation of solar rotation
determined from Mount Wilson velocity data. Moreover, the
temporal variation of the equatorial rotation rate of sunspot
groups has a similar period of about 4.9yr (Javaraiah &
Bertello 2016); the rotation rate of large-scale magnetic field
near the equator in the photosphere varies in time with a period
in the range of 4.2-4.5 yr (Gavryuseva & Godoli 2006). Xie
et al. (2018) also reported that the periods of 4.4 and 4.8 yr
were found in the variation of the equatorial rotation rate
determined from the solar magnetic fields. Our study further
confirms the existence of about four to five periods in the
temporal variation of rotation periods of the B, component,
which may be derived from the magnetic activity on the solar
surface. On the other hand, one can see that several periods
exist in the temporal variation of B, rotation on timescales of
2-5yr, but only the period of 3.4yr on those timescales is
found in the periodic variation of the rotation cycle lengths of
the B, component. The magnetic activity on the solar surface
has more pronounced influence on the temporal variation of B,
rotation than that of B, rotation on timescales of 2-5 yr.
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The period of about 11 yr in the temporal variation of solar
rotation determined from different solar activity indicators has
been found by many researchers (Javaraiah 1999; Javaraiah &
Komm 1999; Obridko & Shelting 2001; Li et al. 2013; Xie
et al. 2017a, 2017b). However, the quasi-11 yr period in the
variation of both B, and B, rotation has not been discussed so
far. Our analysis shows a significant period of about 10.5 yr in
the 1 yr smoothed rotation periods of the B, component and a
significant period of about 9.9 yr in the 1 yr smoothed rotation
periods of the B, component. Similarly, Javaraiah (1999)
reported a period of about 9.6 yr in the variation of the solar
rotation determined from Mount Wilson velocity data. Brajsa
et al. (2006) found a period of about 10.6 yr in the temporal
variation of the solar rotation derived from sunspot groups. Li
et al. (2013) and Xie et al. (2018) also suggested the existence
of a 10.5 yr period in the variation of equatorial rotation rate of
solar magnetic fields. In the corona, Xie et al. (2017b) and
Deng et al. (2020) reported the existence of the quasi-11 yr
period in the temporal variation of coronal rotation, which
should be related to the 11 yr Schwabe solar cycle. The solar
mean magnetic field reflects an integrated characteristic of the
Sun, and the variation of the rotation periods of the solar mean
magnetic field also has a significant period of about 10.1yr
(Xie et al. 2017a). From these early studies, one can know that
the quasi-11 yr period can be found in the temporal variation of
solar rotation determined from different indicators located in
the solar atmosphere from the photosphere to the corona. The
IMF originates from the solar magnetic field that is carried out
by solar wind to the heliosphere. Thus, the periods of 10.5 and
9.9 yr found in this study prove that the quasi-11 yr period also
exists in the temporal variation of both B, and B, rotation,
which should be related to the 11 yr Schwabe solar cycle.

The phase relation between the rotation cycle lengths of the
IMF B, (B,) and solar activity is analyzed by the method of
cross-correlation analysis, and the result is shown in Figure 8. It
shows that there exists a phase difference between the rotation
cycle lengths of B, (B,) and solar activity, indicating that the
relationship between rotation lengths of two time series and the
solar activity is complex. Such a complex phase relation may
be caused by the complex solar cycle phase dependence of the
rotation cycle lengths of the IMF B, (B,) component, which is
discussed in detail in the aforementioned results. Furthermore,
our analysis also finds that the phase difference between the
rotation cycle lengths of the B, component and solar activity is
different from that between rotation cycle lengths of the B,
component and solar activity. We do not further analyze the
exact phase relationship among the three time series in this
study, and it will be interesting to further study this topic in the
future.

The autocorrelation analysis also indicates the existence of
the period of 11.9 yr in the 1 yr smoothed rotation periods of
the B, component and the period of 14.1yr in the 1 yr
smoothed rotation periods of the B, component, two of which
seem to be longer than the 11 yr Schwabe solar cycle. It is well
known that the solar activity cycle is not a strict 11 yr cycle,
and the length of the solar cycle for a certain activity cycle is
generally longer or shorter than 11 yr (Mendoza 1999; BrajSa
et al. 2006; Hathaway 2015). The period of 11.9yr in the
variation of B, rotation may be related to the relatively longer
solar activity cycle. However, the period of 14.1yr in the
variation of B, rotation should link to other physical
mechanisms. Generally, the solar cycle length is the time
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interval of two successive sunspot minima. Actually, the
former old solar activity cycle overlaps the subsequent new one
by 2-3 yr, which is often referred to as the extended cycle of
solar activity (Harvey 1992; Li et al. 2001b; Cliver 2014;
Hathaway 2015). Sunspot activity regions that belong to the
new Schwabe cycle emerge at high latitudes around its
minimum time, but solar activity regions of the former old
solar cycle still appear near the equator. Since there exist
overlapping emergences of solar activity regions, the length of
the extended cycle of solar activity is about 14-16yr
(Harvey 1992; Cliver 2014). We consider that the period of
14.1 yr in the variation of B, rotation may be related to the
extended cycle of solar activity.

Generally, the temporal variation of the rotation period for
the B, component is almost consistent with that for the B,
component, since the rotation period for the two time series is
mainly derived from the modulation of the magnetic activity on
the solar surface in the ascending phase, and should be due to
the joint effect of the strong disturbance of the heliospheric
current sheet and magnetic activity on the solar surface in the
declining phase and minimum time of solar cycles. But for the
B, component, not only is the rotation period modulated by the
solar magnetic activity, but also its periodic behavior is largely
related to the structure of the coronal field polarity (Choi &
Lee 2019). Thus, the temporal variation of the rotation period
for the B, component is totally different from that for the B, and
By, components.

For the temporal evolution of intermittent periods other than
the rotation period of about 27 days in the IMF B,, B,, and B,
components, the result of wavelet analysis shown in Figure 2
indicates that the significant periods of 9-16 days appear in the
B,, By, and B, components, which peak at 13.7 days in B, and
By and 13.9 days in B,, which should be the first solar rotation
harmonics. However, the wavelet power spectra show that the
significant variations of the three time series on this timescale
appear intermittently during the entire time interval we
considered except for that in the declining phases of solar
cycles 21 and 22. Such intermittent appearance of the
significant periods for the B,, By, and B, components makes
it impossible to further analyze the temporal variation of the
first solar rotation harmonics.

The periods of about 150-200 days detected in various solar
activity indicators are referred to as “Rieger-type” periods
(Rieger et al. 1984; Lou 2000; Knaack et al. 2005; Zaqarashvili
et al. 2010; Gurgenashvili et al. 2016; Xiang 2019, and
references therein). On this timescale, the possible period of
184.3 days is detected in the B, and B, components, and the
possible period of about 187.0days is found in the B,
component. The global power spectra show that these periods
are below the 95% confidence level, since the global power
spectra are the time-averaged values of the local “components”
of continuous wavelet power spectra over all time intervals
considered (span of 52 yr), but the Rieger-type period is not
always present in all solar cycles and usually appears in
episodes of 1-3 yr (Lean 1990; Oliver et al. 1998; Krivova &
Solanki 2002; Zaqarashvili et al. 2010). As the left panel of
Figure 2 shows, the significant regions above the 95%
confidence level for B, on the timescales of Rieger-type
periods only appear in the time interval of 1982-1984, which
for B, are intermittently found near 1971, 1983, 1989, and
2003, and that for B, only appear in solar cycle 22. Hence,
these periods found in B,, By, and B, should be Rieger-type
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periods, which should be related to the Rieger-type periods of
solar magnetic activity.

The QBOs are also found in the local wavelet power spectra of
the B,, By, and B, that are displayed in the left panel of Figure 2.
As this figure shows, the significant regions of above 95%
confidence level in the range of 256-512 days (peak at 1.01 yr) for
B, intermittently appear during 1975-2000, and those in the range
of 256-600 days (peak at 1.02yr) for B, are also intermittently
found during 1975-2000. The QBOs for B, only appear in solar
cycle 22, which corresponds to the significant period of 0.90 yr,
and also peak at 1.58 and 2.77 yr. The possible period of 3.45 yr
for B, does not show the corresponding significant region in the
local wavelet power spectrum. The significant region that
corresponds to the possible period of 2.37 yr for B, appears near
1992. Early study proved that the solar QBOs can be transmitted
into interplanetary space by the open magnetic flux (Lockwood
2001; Bazilevskaya et al. 2014); thus, the QBOs found in the B,,
B,, and B, components should be related to the solar QBOs. On
the other hand, the annual variation in the IMF polarity in the
band of 256-512days, which is referred to the Rosenberg—
Coleman effect (Rosenberg & Coleman 1969), only appears in the
ascending phase of solar cycles by studying the IMF polarity date
for the years 1927-2002 through the wavelet analysis method
(Echer & Svalgaard 2004). The authors indicated that such a result
should be attributed to a more stable and flat heliospheric current
sheet that only appears in the ascending phase of solar cycles and
strong disturbance of the heliospheric current sheet that is present
in the declining phase and minimum time of solar cycles, and the
Rosenberg—Coleman effect had been confirmed by the IMF B,
component during 1964-2002. The wavelet power spectra of the
IMF B, and B, components in Figure 2 show that the annual
variation in two time series can also be found in some, but not all,
ascending phases of solar cycles, which is partly similar to the
wavelet map of the IMF polarity in Echer & Svalgaard (2004).
Thus, the annual variation in the IMF B, and B, components is
also modulated by the stability or strong disturbance of the
heliospheric current sheet. However, the wavelet power spectra of
the IMF B, show a different result, which indicates that the annual
variation in this time series should not be related to the
heliospheric current sheet.
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