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We studied temporal variation of the differential rotation and poleward meridional circulation during solar cycle 24
using the magnetic element feature tracking technique. We used line-of-sight magnetograms obtained using the
helioseismic and magnetic imager aboard the Solar Dynamics Observatory from May 01, 2010 to March 26, 2020 (for
almost the entire period of solar cycle 24, Carrington rotation from 2096 to 2229) and tracked the magnetic element
features every 1 h. We also estimated the differential rotation and poleward meridional flow velocity profiles. The
observed profiles are consistent with those of previous studies on different cycles. Typical properties resulting from
torsional oscillations can also be observed from solar cycle 24. The amplitude of the variation was approximately 10
m s~ Interestingly, we found that the average meridional flow observed in solar cycle 24 is faster than that observed
in solar cycle 23. In particular, during the declining phase of the cycle, the meridional flow of the middle latitude is

- which is almost half of the meridional flow itself. The faster meridional flow in solar
cycle 24 might be the result of the weakest cycle during the last 100 years.

Introduction

The 11-year variations in solar activity are important
sources of decadal variations in the solar—terrestrial
environment. It is well known that the maximum num-
ber of sunspots differs during each 11-year cycle. Some
cycles show a large number of sunspots, whereas other
cycles show few sunspots (Clette et al. 2014). The pre-
diction of the amplitude of the 11-year sunspot cycle is
an important task for the long-term prediction of space
weather (Pesnell 2016) because the maximum number
of sunspots is closely related to solar flares and coro-
nal mass ejections (e.g., Tsuneta et al. 1992; Imada et al.
2007, 2011, 2013). The solar cycle 24 was a peculiar
cycle with the fewest sunspots observed during the last
100 years (Svalgaard et al. 2005). However, we still do
not understand why solar cycle 24 has been weak and
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whether the next solar cycle 25 will also show a weak
activity such as the Maunder minimum or a relatively
high activity comparable to solar cycle 22. Thus far,
various researchers have tried to study solar cycle pre-
diction using various methods, although the results
remain controversial. In recent years, significant atten-
tion has been paid to a method of predicting the next
cycle activity by estimating the strength of a magnetic
field within a polar region, which is considered a seed
of the next solar cycle (Cameron and Schissler 2015).
The positive correlation between the intensity of the
magnetic field within the polar region at the solar min-
imum and the activity during the next solar cycle has
been confirmed in recent cycles. The surface flux trans-
port (SFT) model has often been used to calculate the
temporal evolution of the full magnetic field of the sun
(e.g., Upton and Hathaway 2014; Cameron et al. 2016;
Ilijima et al. 2017, 2019), and several studies have suc-
ceeded in estimating the polar magnetic fields (Jiang
et al. 2014). By contrast, the SFT model requires several
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parameters such as the meridional flow, differential
rotation speed, and turbulent diffusion. These param-
eters have also been discussed based on observations
(e.g., Hathaway and Rightmire 2011).

The solar surface rotates differentially in terms of lati-
tude (e.g., Schroeter 1985), which is called differential
rotation. The rotation is fastest near the equator and
slower at high latitudes. At the equator, the sun rotates
approximately once every 25 days, and it takes more than
30 days near the poles. The rotational speed of the sun
is estimated using various methods. The rate of rotation
has been studied using Doppler measurements at the
solar surface (e.g., Ulrich et al. 1988). The solar differen-
tial rotation can also be determined from the positions
of the observations of large numbers of magnetic fea-
tures (e.g., Komm et al. 1993). The EUV and X-ray bright
points, which are small-scale structures in the corona,
have also been studied to estimate the differential rota-
tion (e.g., Brajsa et al. 2001). The EUV bright points have
also been used in well-known studies of torsional oscilla-
tions and Rossby waves in the convection (e.g., McIntosh
et al. 2019).

It is thought that there is a poleward flow from the
equator to the pole on the surface, and there is an equa-
torward flow from the pole to the equator at the bottom
of the convective layer, which is called meridional circu-
lation (e.g., Hathaway and Upton 2014). Observational
estimations of the poleward meridional flow in the pho-
tosphere have been conducted for numerous years by the
tracking of the magnetic elements or surface Doppler
signals from supergranulations. It is difficult to establish
the basic characteristics of a meridional flow because the
flow speed is 2—3 orders of magnitude slower than the
flow related to the solar rotation. It has also been dis-
cussed whether the meridional flow varies with time. The
meridional flows may vary with the solar cycle because
the presence of the sunspot disturbs the flows on the
solar surface.

Thus far, numerous studies have been devoted to
understanding the characteristics of differential rotation
and meridional circulation. However, the solar cycle-
related variation of the solar surface flow remains unclear
(e.g., Javaraiah and Ulrich 2006). Imada and Fujiyama
(2018) recently claimed that the surface flow veloci-
ties estimated by the magnetic element feature tracking
technique clearly depend on the average magnetic field
strength of individual magnetic elements. The surface
flow velocities in the solar cycle 24 might differ from the
usual cycle because solar cycle 24 has been the weakest
cycle during the last 100 years. In this study, we consider
the temporal variation of solar differential rotation and
poleward meridional flow during solar cycle 24 using the
magnetic element feature tracking technique.
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Data and methods

A series of line-of-sight magnetograms obtained using
the helioseismic and magnetic imager (HMI) aboard the
Solar Dynamics Observatory (SDO) (Scherrer et al. 2012)
at a cadence of 1 h were used in this study. We analyzed
the data from May 01, 2010 to March, 26 2020 (from
2096 to 2229 Carrington rotation), which corresponds
approximately to the entire period of solar cycle 24. The
absolute values of the magnetograms were calibrated
in the same way as described by Liu et al. (2012). We
assumed that the line-of-sight magnetic field is largely
radial, and we divided the magnetic field strength at each
image pixel using the cosine of the heliographic angle
from the disk center to minimize the apparent variations
in field strength longitudinally from the central meridian.
Using the equidistant cylindrical projection, we mapped
each full-disk magnetogram onto heliographic coordi-
nates (e.g., Komm et al. 1993; Hathaway and Rightmire
2011). The resolution of the projected map is 0.1°, and
the range of the projection is & 90° for the central merid-
ional distance (CMD) and latitude. We only used the dis-
tance from the center to less than 75° to avoid noisy data.
We also corrected the solar rotation axis in the same way
as described by Hathaway and Rightmire (2011). How-
ard et al. (1984) and Beck and Giles (2005) found that
the position of the sun’s rotation axis to the heliographic
coordinates is in error by ~ 0°.08.

Numerous researchers have recently discussed solar
surface flows using the magnetic element feature tracking
technique (e.g., Berger et al. 1998; Hagenaar et al. 1999;
Cadavid et al. 1999; Iida et al. 2012; Lamb 2017; Imada
et al. 2020). We set a threshold of 40 G for the magnetic
field strength to pick up each magnetic element using
a clumping method (Imada and Fujiyama 2018). The
magnetic element features were selected when the total
magnetic flux inside the magnetic element was larger
than 10'° Mx. These threshold values were derived from
an evaluation of the noise level in Michelson Doppler
imager (MDI) on the Solar and Heliospheric Observa-
tory (SOHO) (Scherrer et al. 1995; Parnell et al. 2009).
We masked out the magnetic elements close to a sunspot
(<100 Mm) because it is well known that the magnetic
elements near a sunspot behave differently (Komm et al.
1993). We defined the magnetic elements that had a total
magnetic flux of larger than 10?! Mx as a sunspot. We
tracked the magnetic element motions after their detec-
tion. Because the rotation speed of the sun is 10-15 deg/
day, the moving distance of the magnetic element per
hour is approximately 0.4—0.7°. Therefore, we identified
the same magnetic elements between two images within
— 0.1° to + 1.0° in the longitudinal direction and — 0.3°
to 4+ 0.3° in the latitudinal direction. In general, detect-
ing the merging and splitting of the magnetic elements
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is difficult and results in uncertainties (Schrijver et al.
1997; lida et al. 2012). To avoid these uncertainties, we
tracked only the elements in which the total magnetic
flux changes slightly (0.1> logl0(®,/®1)|, where ®; and
®, are the magnetic flux of the magnetic elements before
and after). When there were several candidates, we
selected the element that had the lowest |log10(®y/®1)|
value. The method for detecting and tracking the mag-
netic elements is the same as that described by Imada
and Fujiyama (2018). An example of the detection is
shown in Fig. 1 of Imada and Fujiyama (2018), in which
309 magnetic element features were detected in one full-
disk magnetogram. In our study, we analyzed the data
from May 01, 2010 to March, 26 2020, and totally we have
detected more than 2.5 x 107 magnetic element features.

Results

Differential rotation

Figure 1 shows the solar cycle-related variations of the
differential rotation during solar cycle 24 obtained using
the magnetic element feature tracking technique. Fig-
ure la shows the temporal variation of the sunspot num-
bers as a reference (data are from the Royal Observatory
of Belgium). Solar cycle 24 has had the weakest cycle
during the last 100 years. During the rising phase of the
cycle, from May 2010 to December 2011, as represented
by the vertical dashed line in Fig. 1, the number of sun-
spots increased and reached the first peak, corresponding
to the peak number of sunspots in the northern hemi-
sphere. During the maximum phase of the cycle from
January 2012 to December 2015, the number of sunspots
reached the second peak in approximately the middle of
2014, which corresponds to the peak number of sunspots
in the southern hemisphere. During the declining phase
of the cycle from January 2015 to March 2020, the num-
bers of sunspots gradually and monotonically decreased
with time, reaching almost zero in 2020. Sunspots for
the new cycle, which have emerged at high latitudes, can
often be observed these days (not shown here).

The temporal variations of the solar differential rota-
tion speed profiles derived from the entire dataset from
May 01 2010 to March 26 2020 are shown in Fig. 1b. The
velocities are taken relative to the Carrington frame of
reference, which has a sidereal rotation rate of 14.184
deg/day. A faster rotation is indicated by yellow, and a
slower rotation is indicated by blue. The latitudinal cen-
troid of the sunspot area in each hemisphere for each
rotation is shown in red. We cannot observe any tempo-
ral variation in the profile shown in Fig. 1b.

Figure 1c shows the differences between the differential
rotation profiles from the average. The average differen-
tial rotation profile was estimated by averaging the pro-
files of the entire dataset. Faster (prograde relative to the
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Fig. 1 Solar cycle-related variation of the differential rotation speed
during solar cycle 24 obtained by the magnetic element feature
tracking technique: a temporal variation of the sunspot numbers
(data are from the Royal Observatory of Belgium), b temporal
variation of the differential rotation speed, and c differences in the
differential rotation profiles from the average are shown

average profile)/slower (retrograde) flows are indicated
by yellow/blue. During the rising phase of the cycle, we
can see the faster/slower flows on the equatorward/pole-
ward sides of the sunspot area. The torsional oscillations
(e.g., Howard and Labonte 1980) appear as a faster flow
on the equatorward sides of the sunspot area and as a
slower flow on the poleward sides. During the maximum
phase of the cycle, the slower flow areas move from high
latitudes to low latitudes associated with the movement
of the sunspot area. Although not clear, faster flow areas
that occur close to the pole can be seen during the maxi-
mum phase of the cycle. During the declining phase of
the cycle, the faster flow areas move toward the equator,
and the slower flow areas appear at high latitudes.
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Figure 2a shows the average differential rotation speed
profile in the northern and southern hemispheres dur-
ing the entire period of solar cycle 24. The red/blue lines
represent the northern/southern hemisphere results. For
comparison, we also added the fitted curve of the dif-
ferential rotation speed profile developed by Hathaway
and Rightmire (2011), as shown by the black line. The
uncertainties of the velocities can be evaluated from the
standard deviations. The standard deviations are a few m
s~1, which is negligibly small (not shown here, see Imada
and Fujiyama (2018)). The differential rotation velocity
range is + 30/— 180 m s~ ! over a latitude range of 0/60°
in the Carrington rotation frame, respectively. As shown
in Fig. 2a, the angular rotation rate is nearly identical to
that found by Hathaway and Rightmire (2011) for solar
cycle 23 using a different method (a cross-correlation
technique). We can see a weak north—south asymme-
try in solar cycle 24, which was previously reported by
Imada and Fujiyama (2018). At high latitudes (~ 60°), the
rotational speed was slightly faster in the southern hemi-
sphere than in the northern hemisphere.

Figure 2b-d shows the average differential rotation
speed profile during the rising, maximum, and declin-
ing phases of solar cycle 24, respectively. We cannot see
any north—south asymmetry in Fig. 2b. The flattening of
the profile at the equator, which has also been discussed
in previous studies (Snodgrass 1983), can be seen during
the rising phase of solar cycle 24. During the maximum
phase of the cycle, we can clearly see that the rotation
speeds in both hemispheres decelerate at mid-latitude
(~ 20°) and accelerate at high latitudes (~ 60°), as shown
in Fig. 2c. By contrast, we can see that the rotation speeds
in both hemispheres accelerate at mid-latitudes and
decelerate at high latitudes during the declining phase of
the cycle, as shown in Fig. 2d.

Meridional flow

Figure 3 shows the solar cycle-related variations in the
poleward meridional flow profile during solar cycle 24
obtained by the magnetic element feature tracking tech-
nique. Figure 3a is the same as Fig. la. Figure 3b shows
the temporal variations in the meridional flow profile
derived from the entire dataset from May 1, 2010 to
March 26, 2020. A poleward flow is indicated by yellow,
and an equatorward flow is indicated by blue. The latitu-
dinal centroid of the sunspot area in each hemisphere is
shown in red. For a meridional flow, we can find two typi-
cal types of temporal variation of the profile in Fig. 3b.
First, in the declining phase of the cycle, the meridi-
onal flow is accelerated in the middle latitude. Second,
although not clear, equatorward flows at high latitudes
(~ 60°) occurred during approximately 2016—2018 (for
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Fig. 2 Average differential rotation speed profile in the northern
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period, b rising, ¢ maximum, and d declining phases of solar cycle 24
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Fig. 3 Solar cycle-related variation of the poleward meridional flow
during solar cycle 24 obtained using magnetic element feature
tracking technique: a temporal variation of the sunspot numbers
(data are from the Royal Observatory of Belgium), b temporal
variation of the meridional flow, and ¢ differences in the meridional
flow from the average are shown

the southern hemisphere) and 2018-2020 (for the north-
ern hemisphere).

Figure 3¢ shows the differences of the meridional flow
profiles from the average. The average meridional flow
profile was estimated by averaging the profiles of the
entire dataset. Faster/slower poleward flows are indicated
by yellow/blue. Although not as clear as a differential
rotation, we can see the faster/slower flows on the equa-
torward/poleward sides of the sunspot area during the
rising phase of the cycle. The faster flow areas that occur
close to the pole can also be seen during the maximum
phase, although faintly. During the declining phase of
the cycle, the faster flow areas move toward the equator,
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and the slower flow areas appear at high latitudes. The
faster area in the low latitudes appears first in the north-
ern hemisphere at the beginning of the declining phase
(~2016), and later also appears in the southern hemi-
sphere (~2017). In the northern hemisphere, the slower
flow area near the pole was more pronounced than in the
southern hemisphere.

Figure 4a shows the bf average meridional flow profile
in the northern and southern hemispheres during the
entire period of solar cycle 24. The red/blue lines rep-
resent the northern/southern hemisphere results. For
comparison, we also added the fitted curve of the meridi-
onal flow profile developed by Hathaway and Rightmire
(2011), as shown in the black line. The uncertainties of
the velocities can be evaluated from the standard devia-
tions. The standard deviations are a few m s~!, which is
still enough small. The meridional flow velocity profile
peaked at + 15 m s~! at 45°. As shown in Fig. 4a, the
meridional flow in this study is faster/slower at low/high
latitudes than that fitted by Hathaway and Rightmire
(2011). We can see a weak north—south asymmetry in
solar cycle 24. At high latitude (~ 60°), the poleward flow
is slightly faster in the southern hemisphere than in the
northern hemisphere.

Figure 4b—d shows the average meridional flow speed
profile during the rising, maximum, and declining phases
of solar cycle 24, respectively. The meridional flow pro-
file during the rising phase is nearly identical to that esti-
mated by Hathaway and Rightmire (2011), although the
meridional flow in the southern hemisphere is slightly
faster than that in the northern hemisphere. During the
maximum phase of the cycle, the flow of the northern
hemisphere at high latitudes (~ 50°) seems to be acceler-
ated. The meridional flow of the middle latitude during
the declining phase of the cycle was accelerated at up to
17 m s~!in both hemispheres and decelerated at high lat-
itudes (> 60°).

Summary and discussion

We studied the solar cycle-related variation of the differ-
ential rotation using a magnetic element feature tracking
technique using magnetic field data from May 1, 2010 to
March 26, 2020 (~entire cycle of solar cycle 24). The aver-
age differential rotation velocity profile at a latitude of
0/60° on the Carrington rotation frame was found to be
approximately from 30 to -180 m s~1. The profiles of the
differential rotation velocity are mostly the same as those
found by Hathaway and Rightmire (2011) for solar cycle
23 using different methods. Typical properties result-
ing from torsional oscillations can also be observed in
solar cycle 24. The observed amplitude of the variation is
almost £10 m s, We also studied the solar cycle-related
variation of the meridional flow. The average meridional
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Fig. 4 Average poleward meridional flow profile in the northern (red)
and southern (blue) hemispheres a during the entire period, b rising,
c maximum, and d declining phases of solar cycle 24
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flow profile reached up to ~15 m s~! at 45°. During the
declining phase of the cycle, the meridional flow of the
middle latitude (30°) is accelerated from 10 to 17 ms~Lin
both hemispheres. One of our important findings is the
meridional flow changes by up to 50% during the declin-
ing phase of solar cycle 24. The temporal change of the
meridian flow is similar to that of the differential rota-
tion. The causal relationship between the torsional oscil-
lation and the temporal variation of the meridian flow is
not clear. Although the average meridional flow observed
in solar cycle 24 is faster at middle latitudes (from 30° to
60°) and slower at high latitude (from 60° to 75°) than
that observed in solar cycle 23, our derived velocities are
reasonable and consistent with past observations (e.g.,
Hathaway and Rightmire 2011).

Let us discuss the impact of our findings on the polar
magnetic field estimation using the SFT model. The
cross-equatorial transport of the net magnetic flux is
important for estimating the polar magnetic field at the
solar minimum (Cameron et al. 2013). The cross-equa-
torial transport of the net magnetic flux can be highly
affected by the ratio between the meridional flow and
turbulent diffusion. A pair of sunspots, on average, shows
the leading sunspot closer to the equator than the follow-
ing sunspot, which is known as Joy’s law. If the ratio of
meridional flow to the turbulent diffusion is larger, the
cross-equatorial transport should be smaller, and vice
versa. Therefore, the temporal variation of the meridional
flow velocity is an important parameter for determining
the polar magnetic field at the solar minimum. Although
several systematic parameter studies of the influence of
various parameters have been conducted on the polar
magnetic field using the SFT model, most studies gen-
erally use a constant meridional flow velocity. By con-
trast, our results show that the meridional flow changes
by almost 50% during the declining phase of the cycle.
This variation might cause a significant reduction in the
cross-equatorial transport of the net magnetic flux. It
is important to continue to observe the temporal varia-
tion of meridional flow whether this trend hold true for
solar cycle 25. lijima et al. (2017) found that the cross-
equatorial flux transport is nearly zero during the declin-
ing phase of the cycle. This causes the newly emerged
sunspots to not contribute to the variation in the axial
dipole moment/polar magnetic field at the solar mini-
mum, which is important for future solar cycle predic-
tion. A quantitative analysis of the relationship between
the poleward meridional flow and the cross-equatorial
transport of the net magnetic flux is important for future
studies.

Finally, we discuss the reason why the average pole-
ward meridional flow observed in solar cycle 24 is faster
at middle latitudes and slower at high latitude than that
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observed in solar cycle 23. Imada and Fujiyama (2018)
found that magnetic elements with a strong or weak
magnetic field show a slower/faster poleward meridi-
onal flow velocity. As previously mentioned, solar cycle
24 has been the weakest cycle during the last 100 years.
Therefore, there is less magnetic flux on the solar sur-
face, which might cause a faster meridional flow.

Abbreviations

SFT: Surface flux transport; HMI:: Helioseismic and magnetic imager; SDO::
Solar Dynamics Observatory; MDI:: Michelson Doppler imager; SOHO:: Solar
and Heliospheric Observatory.
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