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Abstract The latitudinal migration of sunspots toward the equator, which implies there is propagation

of the toroidal magnetic flux wave at the base of the solar convection zone, is one of the crucial obser-

vational bases for the solar dynamo to generate a magnetic field by shearing of the pre-existing poloidal

magnetic field through differential rotation. The Extended time series of Solar Activity Indices (ESAI)

elongated the Greenwich observation record of sunspots by several decades in the past. In this study,

ESAI’s yearly mean latitude of sunspots in the northern and southern hemispheres during the years

1854 to 1985 is utilized to statistically test whether hemispherical latitudinal migration of sunspots in a

solar cycle is linear or nonlinear. It is found that a quadratic function is statistically significantly better

at describing hemispherical latitudinal migration of sunspots in a solar cycle than a linear function. In

addition, the latitude migration velocity of sunspots in a solar cycle decreases as the cycle progresses,

providing a particular constraint for solar dynamo models. Indeed, the butterfly wing pattern with a

faster latitudinal migration rate should present stronger solar activity with a shorter cycle period, and

it is located at higher latitudinal position, giving evidence to support the Babcock-Leighton dynamo

mechanism.
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1 INTRODUCTION

Long term evolution of sunspot activity displays two

main discernible features: the number of sunspots tempo-

rally waxes and wanes to form Schwabe cycles with av-

erage cycle length being about 11 years (Schwabe 1844;

Hathaway 2010; Gao et al. 2007; Hathaway 2015; Xiang

et al. 2014) and location of sunspots appearing on the so-

lar disk cyclically migrates from middle to low latitudes

to form “Butterfly Diagrams,” a phenomenon which is

sometimes called “Spörer’s Law of Zones” (Carrington

1858; Maunder 1903, 1904). A plausible solar dynamo

model should be able to reproduce these two key fea-

tures. Current dynamo models can all preferably repro-

duce the latitude-migration pattern, but such a feature is

only qualitatively modeled and has not yet been quantita-

tively characterized. In dynamo models, one butterfly di-

agram that appears as latitudinal migration is constructed

by the equatorward subsurface flow located at the base

of the convection zone, delivering the solar toroidal mag-

netic field toward the equator and emerging at the surface

as sunspots (Hathaway et al. 2003; Cameron & Schüssler

2015). If we look into solar dynamo models for details, it

will be found that many models usually fail to reproduce

“extended cycles” at the minimum phase of the Schwabe

cycles: sunspots in a solar cycle latitudinally migrate to-

wards the equator till about one or two years after the

start of its following cycle, and sunspots in a cycle ac-

tually already appear at high latitudes before about one

or two years into the start of the cycle (Harvey 1992; Li



7–2 J. Zhang, F.-Y. Li, & W. Feng: Latitudinal Migration of Sunspots

et al. 2008). In order to improve theoretical solar dynamo

models that can match the actual latitudinal migration

features, further study is needed on quantitative latitude

migration of sunspots.

Sunspots that are part of a solar cycle first appear

at middle latitudes of about 30◦, then the sunspot band

rapidly migrates toward the equator; some 4 years later

it reaches latitudes of about 18◦ at the cycle’s max-

imum and then slows to a halt at about 6◦ approxi-

mately 1–2 years after the end of the cycle (Li et al.

2001). Such slowing of the migration rate at low lati-

tudes was noted during the first appearance of butterfly

diagrams (Maunder 1904; Hathaway et al. 2003), and it

was quantified by Li et al. (2001). They used a second-

order polynomial to fit latitude migration of sunspots in

both the northern and southern hemispheres. Hathaway

et al. (2003) investigated the migration of the centroid of

the sunspot area toward the solar equator and found that

the migration rate at the maximum of a sunspot cycle

is statistically correlated with the period and amplitude

of the cycle, and even with the amplitude of the follow-

ing cycle, giving strong evidence that a deep meridional

flow toward the equator controls the sunspot cycle pe-

riod. Their results showed that on average, drift veloc-

ity is 1.2 m s−1 (∼ 3◦ yr−1) at the beginning of a so-

lar cycle, and 2.0◦ ± 0.2◦ yr−1 or 0.8 ± 0.08 m s−1 at

the maximum time, translating to about 0.9 m s−1 for

the average counterflow toward the equator at the base

of the convection zone. The counterflow velocity is an

important parameter for solar dynamo models, which

has remained observationally unconstrained (Hathaway

et al. 2003). Cameron & Schüssler (2007) fitted emer-

gence latitudes of sunspot groups for cycles 12–23 by

a parabolic function, with the latitudes of the individual

sunspot groups averaged within 1 month and weighted by

group area, and they found that the fitted parabolic pro-

files deviate strongly from linear profiles. Zhang et al.

(2010) investigated the equatorward drifting motion of

active region bands within solar cycle 23, which can be

described by a linear function superposed with intermit-

tent reverse driftings. Latitude migration of filaments is

found to clearly differ from that of sunspots: for fila-

ments, migration velocity decreases in the first 7.5 yr of

a solar cycle, then increases in the last 3.5 yr of the cy-

cle, but for sunspot migration, velocity always decreases

over the entire cycle (Li 2010). Latitudinal drifting of

both filaments and sunspot groups was found to asyn-

chronously take place in the northern and southern hemi-

spheres, and there was a relative phase shift between

the paired wings of a butterfly diagram, causing asym-

metry in the spatial distribution of the paired wings on

the equator (Li et al. 2010). Shimojo (2013) examined a

butterfly diagram of prominence activities that occurred

during the years 1993 to 2013, which were observed by

the Nobeyama Radioheliograph, and the latitude migra-

tion in the southern hemisphere during a solar cycle was

found to significantly differ from that in the northern

hemisphere. Pandey et al. (2015) investigated disparity

in butterfly diagrams of soft X-ray flares, and they found

that latitudinal migration of flare activity varies from cy-

cle to cycle, and further from the northern to the south-

ern hemispheres. Xu et al. (2015) showed the statisti-

cal properties associated with anisotropy of the magnetic

field around solar active regions at latitudes and in so-

lar cycles, and various contributions of the electric cur-

rent helicity density to the α of dynamo models became

visible (Sokoloff 2017). In order to provide constraints

for solar dynamo models, Simoniello et al. (2016) in-

vestigated the intermediate-degree global p-mode fre-

quency shifts at subsurface layers and different latitudes

in solar cycle 23, based on observations by the Global

Oscillation Network Group. They found that the activ-

ity level is characterized by a single peak structure at

low latitudes of 0 − 15◦, but by a double peak at high

latitudes of 15◦ − 30◦. The double peak structure is a

typical signature of solar maximum seen in many so-

lar activity indexes/proxies known as the quasi-biennial

cycle (Benevolenskaya 1998; Vecchio & Carbone 2008;

Fletcher et al. 2010). The main features that appear in

butterfly diagrams of sunspots are summarized as fol-

lows:

(a) Sunspots of a “butterfly” first appear at middle lat-

itudes 1 ∼ 2 years earlier than the start of a solar

cycle. Actually, they already appear at higher lati-

tudes before that, identified as pores (Harvey 1992,

Li et al. 2008). Sunspots of stronger cycles tend to

start at higher latitudes.

(b) As the cycle is progressing, sunspots appear at lower

and lower latitudes, slowing to a halt 1 ∼ 2 years

after the end of a solar cycle.

(c) Because a butterfly pattern appears earlier than a so-

lar cycle and disappears later than the solar cycle,

two successive butterfly patterns form around the

minimum time of a solar cycle, and when the cy-

cle is stronger, such an overlap is more prominent,

because the butterfly pattern expands to higher lati-

tudes (Li et al. 2001; Simoniello et al. 2016).
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In summary, both linear and nonlinear functions

have been utilized to describe latitudinal migration of so-

lar activity. When sunspots migrate from both sides of

the solar northern and southern hemispheres to the equa-

tor, this is a manifestation of the equatorward flow in

the solar interior. This process carries the solar toroidal

magnetic field, which should slow down and turn to-

ward the solar surface. Therefore, latitudinal migration

of sunspots can be expected to be a nonlinear process

within a solar cycle. Do observations really statistically

indicate nonlinear latitude migration? The Extended time

series of Solar Activity Indices (ESAI) has elongated the

Greenwich observations of sunspots by several decades

in the past, providing a longer record of sunspot loca-

tions. ESAI’s data could be used to examine latitude mi-

gration in earlier observations and enlarge statistical sam-

ples to study latitude migration. In this study, we will use

these data to test if a quadratic polynomial is better than

a linear equation at statistically describing latitudinal mi-

gration of sunspots, and investigate the relation between

latitude migration and solar activity.

2 LATITUDINAL MIGRATION OF SUNSPOTS

2.1 Data

ESAI is a database that was assembled to study

solar magnetic field variations and their influ-

ence on the Earth by the Pulkovo Observatory,

which is administered by the Russian Academy of

Sciences. The database is available at the web site

http://www.gao.spb.ru/database/esai/. One of its obvi-

ous features is to extend the ordinary lengths of some

traditional indices of solar activity (Nagovitsyn et al.

2004b,a, 2007; Zhang & Feng 2015). For example,

yearly sunspot area and mean latitude of sunspots

are extended from original observations by the Royal

Greenwich Observatory (RGO) during the years

1874–1976 to 1821–1994 and 1854–1985 (completely

covering cycles 10 to 21), respectively. That is, these two

time series were compiled from pre-RGO observational

data sets (by Schwabe, Carrington, De La Rue and

Spörer) and post-RGO observations (by Gnevysheva)

to the RGO general system, so that the original RGO

observations of sunspots could be extended from 1874

backwards to 1821 for sunspot area, and to 1854 for

mean latitude of sunspots (Nagovitsyn et al. 2004b,a;

Zhang & Feng 2015). These two time series will be used

in this study.

2.2 Linear Latitudinal Migration

According to the minimum times (tmin(N)) of solar cy-

cles1, yearly mean latitude of sunspots is divided into so-

lar cycles. For example, if tmin(N) ≤ t < tmin(N + 1)

for a certain year t, that is, the year t is located be-

tween the minimum time of cycle N and that of N + 1,

then the year is assigned to the N th solar cycle. When

sunspots of a new cycle begin to appear at high lati-

tudes, its former old cycle is still in progression at low

latitudes (Harvey 1992; Cameron & Schüssler 2007; Li

et al. 2008), resulting in the mean latitudes of sunspots

around the minimum time appearing to be lower than lat-

itudes of sunspots in the new cycle. This is the so-called

extended solar cycle (Li et al. 2008; Cliver 2014; and ref-

erences therein). Therefore, in order to alleviate the influ-

ence of extended cycles on the original data, the follow-

ing rule is adopted: if yearly mean latitude of sunspots at

the minimum year (the first year) of a certain solar cy-

cle is less than 18◦, then the latitude has to be ignored,

regardless of whether a linear or nonlinear fitting is ap-

plied; similarly, if the yearly mean latitude of sunspots

during the last year (the ending year) of a certain solar

cycle is greater than 15◦, then the latitude has to be ig-

nored as well. The final result for the yearly mean lati-

tude of sunspots in both the northern and southern hemi-

spheres is shown in Figure 1, which will be used below

to study latitudinal migration of sunspots. As the figure

demonstrates, sunspots are found to appear asymmetri-

cally on opposite sides of the solar equator, especially

near the highest latitudes that show an obvious difference

around the minimum time of a solar cycle. This is the so-

called asymmetry of solar activity (Zhang & Feng 2015),

which implies that solar activity should be loosely cou-

pled in the northern and southern hemispheres (Muñoz-

Jaramillo et al. 2013a).

A linear fitting, L = k∗T +b, is applied to the mean

latitudes (L) of sunspots in both the northern and south-

ern hemispheres for each solar cycle, and the obtained

result is also shown in Figure 1, where L is the latitude

at the time T , and the two parameters to be determined,

k and b, are the slope and intercept of the fitted line, re-

spectively. The slope of a fitted line for a solar cycle is

the mean migration velocity (v) of sunspots over the cy-

cle, v = dL/dT = k. Linear fittings for all considered

cycles are statistically significant at the 99% confidence

level, including cycles 10 and 11 (the extended early ob-

servations).

1 http://www.ngdc.noaa.gov/stp/SOLAR/getdata.html
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Fig. 1 The linear (blue line) and the second-order polynomial (red line) fittings to yearly mean latitudes (stars) of sunspots in both

the northern (top panel) and southern (bottom panel) hemispheres for solar cycles 10 to 21.

2.3 Characteristics of Latitudinal Migration

Figure 2 shows ESAI’s yearly sunspot area in millionths

of the solar hemisphere in both the northern and south-

ern hemispheres, which is used here to represent sunspot

activity. Like sunspot number, the ascending period of

a sunspot-area cycle is generally shorter than the de-

scending period. Cycles 14, 16, and 20 are observed

to have double peaks, forming the so-called Gnevyshev

gap. Even in a single hemisphere, a solar cycle some-

times shows the Gnevyshev gap, for example, cycles 12,

13, 16, 18 and 21 in the northern hemisphere, and cycles

15 and 20 in the southern hemisphere. These hemispher-

ical double-peak structures with different amplitudes in-

dicate that they do not stem from the magnetic ener-

gies averaged over the two separate hemispheres, and

there should be a physical mechanism causing the hemi-

spherical difference (Norton & Gallagher 2010; Inceoglu

et al. 2017). In the following, the maximum amplitude

of yearly mean sunspot area within a cycle in both the

northern and southern hemispheres is used to represent

the hemispherical solar activity strength of the cycle.

Next, we will investigate the relationship between

latitude migration and solar activity. Solar activity

strength (the maximum of yearly mean hemispherical

area) of a cycle is found to be significantly positively cor-

related with the mean migration velocity of sunspots over

the cycle, which is shown in Figure 3. Latitude decreases

with solar cycle progressing, thus migration velocity is

negative. In the figure and in the following Figure 4 as

well, the absolute value of migration velocity is used.

The maximum value among these mean migration veloc-

ities is 2.07◦ yr−1, occurring in the northern hemisphere

during cycle 19, and the minimum, 1.04◦ yr−1, is in the

southern hemisphere during cycle 14. The cycles that

these two values belong to are marked in Figure 3. The

correlation coefficient between them is 0.4506, which is

significant at the 96% confidence level. This implies that

stronger cycles should migrate faster. By the way, the av-

eraged migration velocity over the considered time inter-

val is 1.5674◦ ± 0.2205◦ yr−1 for sunspots in the north-

ern hemisphere, 1.4855◦ ± 0.1971◦ yr−1 in the southern

hemisphere and 1.5264◦ ± 0.2088◦ yr−1 in both hemi-

spheres.

The mean latitude of sunspots over a solar cycle

in both the northern and southern hemispheres is found

to be significantly positively correlated with the mean

migration velocity of sunspots over the cycle, which is

shown in Figure 4. The correlation coefficient between

them is 0.5590, which is significant at the 99% con-

fidence level. This implies that cycles whose butterfly

wing patterns are located at higher latitudes should mi-

grate faster. The averaged latitude of sunspots over the

considered time interval is 14.4◦ ± 1.1◦. The mean lat-
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Fig. 2 Yearly sunspot area in both the northern (red line) and southern hemispheres (blue line) from the years 1854 to 1985. The

dotted lines are the minimum times of the sunspot cycles.

500 1000 1500 2000

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

2.1

*

o

*

o

*
o

*

o

*

o

*o
*

o

*

o

*

o

*

o

*

o

*

o

Maximum Sunspot Area

M
e

a
n

 M
ig

ra
ti
o

n
 V

e
lo

c
it
y
 (o

 y
r−

1
)

14

19
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(circles) hemispheres and the mean migration velocity of sunspots over the cycle for solar cycles 10 to 21. The solid line is the

corresponding fit line. The number beside a data point shows the cycle with which the maximum (or minimum) value is associated

among these mean migration velocities.

itude of sunspots over a solar cycle is of course signifi-

cantly positively correlated with the maximum of yearly

mean sunspot area of the solar cycle, which is shown

in Figure 5. The correlation coefficient between them is

0.7295, significant at the 99.9% confidence level. This

implies that stronger cycles should have their butterfly

wing patterns located at higher latitudes, in agreement

with Solanki et al. (2008) and Jiang et al. (2011).

2.4 Nonlinearity of Latitudinal Migration

Yearly latitudes (L(tcal) = L(t+tmin)) of sunspots in the

northern hemisphere within each cycle from 10 to 21 are

moved into one single normal solar cycle relative to their

nearest preceding sunspot minimum year tmin, that is,

the first year of each cycle is the first year of the normal

cycle. Here tcal is the calendar year of sunspots, and t is

the time phase within the normal solar cycle. Resultantly,

they are shown in Figure 6. Next, the following analy-

sis is applied to test if such a latitude distribution in the
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normal solar cycle is linear or nonlinear. A subset of 115

data points is randomly chosen from the total of 121 from

these yearly latitudes at one time, composing an indepen-

dent set, and the sample set is fitted separately by a lin-

ear function and a second-order polynomial. Meanwhile,

a pair of correlation coefficients (CCs) for the two fit-

tings are calculated as well. Such a fitting procedure is

repeated 5000 times, and resultantly, the paired CCs are

displayed in Figure 7.

As the figure shows, the two kinds of fittings are sta-

tistically significant each time. The obtained values of the

quadratic coefficient are shown in Figure 8 as a distribu-

tion histogram. There are 19 values which are less than or

equal to 0, that is, the quadratic coefficient is larger than

0 in probability (1 − 19/5000 = 99.6%). The averaged
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results over the 5000 times are

L(t) = 23.830± 0.896 + (−2.312± 0.343)t

+(7.429 ± 2.824)× 10−2t2,

and

L(t) = 22.404± 0.471 + (−1.527 ± 0.072)t.

The sum of squares for error (SSE) and the sum

of squares for regression (SSR) are correspondingly

0.468 × 103 and 2.475 × 103 for the linear fitting, and

0.424 × 103 and 2.527 × 103 for the second-order poly-

nomial fitting. Then the partial SSR for the quadratic co-

efficient is 51.931, and the F-distribution value is 14.464,

which is statistically significant at the 99.9% confidence

level. Therefore, nonlinear evolution should statistically

exist in latitude migration of sunspots in the northern

hemisphere.

Similarly, yearly latitudes of sunspots in the southern

hemisphere are moved into one normal solar cycle rela-

tive to their nearest preceding sunspot minimum, which

is shown in Figure 6. A subset of 120 data points is ran-

domly chosen from the total of 124 for one time, and

such a fitting procedure is repeated 5000 times. CCs are

displayed in Figure 7, and the two kinds of fittings are

statistically significant for all 5000 times. Values of the

quadratic coefficient are shown in Figure 8, and there are

17 values which are less than or equal to 0. The aver-

aged results over the 5000 times are: L(t) = 23.467 ±

0.859+ (−2.168± 0.318)t+ (6.722± 2.683)× 10−2t2

and L(t) = 22.210 ± 0.479 + (−1.458 ± 0.079)t. The

F-distribution value is 12.708, which is statistically sig-

nificant at the 99.9% confidence level, and nonlinear evo-

lution should thus statistically exist in latitude migration

of sunspots in the southern hemisphere. Also, yearly lat-

itudes of sunspots in the two hemispheres are considered

together. A subset of 235 data points is randomly cho-

sen from the total of 245 for one time, and the fitting

procedure is repeated 5000 times. CCs are displayed in

Figure 7, and the two kinds of fittings are statistically

significant each time. Values of the quadratic coefficient

are shown in Figure 8, and there is only one value which

is less than or equal to 0. The averaged results over the

5000 times are: L(t) = 23.603 ± 0.621 + (−2.227 ±

0.234)t+(6.991±1.954)×10−2t2 and L(t) = 22.291±

0.337 + (−1.490 ± 0.064)t. The F-distribution value is

24.186, which is statistically significant at the 99.9%

confidence level, and nonlinear evolution should thus sta-

tistically exist in latitude migration of sunspots in the

northern and southern hemispheres considered together.

The obtained three second-order polynomial fittings are

shown together in Figure 6. By the way, the averaged

migration velocity over the considered time interval is

1.527±0.072(◦yr−1) for sunspots in the northern hemi-

sphere, 1.458± 0.079(◦ yr−1) for sunspots in the south-

ern hemisphere and 1.490 ± 0.064(◦ yr−1) for sunspots

in the two hemispheres. Both the linear and second-order

polynomial fittings show that the corresponding fitting

parameter values for the two hemispheres are overlapped

with each other within one standard error of their corre-

sponding parameters, implying that latitude migration of

sunspots in the two hemispheres should not statistically

differ from each other.

Whether latitude distribution within a normal so-

lar cycle is linear or nonlinear is also tested by an-

other way as follows. First, yearly latitude of sunspots

in the northern hemisphere during each year of the nor-

mal solar cycle, which is shown in Figure 6, is av-

eraged over all solar cycles, and resultantly, the aver-

aged yearly latitude and its standard error are shown in

Figure 9. Then, the averaged yearly latitudes in the nor-

mal solar cycle are fitted separately by a linear function

and a second-order polynomial, and resultantly, the fit-

ting lines are shown in Figure 9. We get that L(t) =

23.365−2.159t+6.394×10−2t2 with CC being 0.9949,

and L(t) = 22.193 − 1.456t with CC being 0.9861.

The F-distribution value for the second-order polynomial

fitting is 15.507, which is statistically significant at the

99.9% confidence level, and nonlinear evolution should

thus statistically exist. Similarly, for yearly latitude of

sunspots in the southern hemisphere in the normal solar

cycle, the averaged yearly latitude and its standard error

are also shown in Figure 9, and the obtained results are

that L(t) = 23.381− 2.183t+ 7.256× 10−2t2 with CC

being 0.9791, and L(t) = 22.054− 1.395t with CC be-

ing 0.9668. The F-distribution value for the second-order

polynomial fitting is 6.205, which is statistically signifi-

cant at the 96% confidence level, and nonlinear evolution

should thus statistically exist in this case. For yearly lat-

itude of sunspots on the whole solar disk in the normal

solar cycle, L(t) = 23.130 − 2.152t + 6.356 × 10−2t2

with CC being 0.9871, and L(t) = 21.976 − 1.427t

with CC being 0.9779. The F-distribution value for the

second-order polynomial fitting is 8.682, which is statis-

tically significant at the 98% confidence level, and non-

linear evolution should thus statistically exist in latitude

migration of sunspots in the northern and southern hemi-

spheres considered together. In fact, such an analysis is

also carried out for the yearly latitudinal distribution in
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Northern Hemisphere

Southern Hemisphere

Full Solar Disk

Fig. 6 Overlapping yearly mean latitudes of sunspots in both the northern (red stars) and southern (blue crosses) hemispheres

into a single normal solar cycle relative to their nearest preceding sunspot minimum. Three solid lines respectively show three

second-order polynomial fittings: the red line is the fitting to yearly latitudes of sunspots in the northern hemisphere, the blue line is

latitudes of sunspots in the southern hemisphere and the black line is the case in which the two hemispheres are considered together.
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Fig. 7 Top left panel: correlation coefficient of 115 data points randomly chosen from the total of 121 yearly latitudes of sunspots

in the northern hemisphere at one time to be fitted by a second-order polynomial (abscissa) vs that by a linear equation (ordinate).

Such a procedure is repeated 5000 times, corresponding to 5000 points in the panel. The diagonal line indicates that the abscissa

value is equal to the ordinate value. Top right panel: the same as the top left panel, but 120 data points are randomly chosen from

the total of 124 yearly latitudes of sunspots in the southern hemisphere at one time. Bottom panel: the same as the top left panel,

but 235 data points randomly chosen at one time from the total of 245 yearly latitudes of sunspots in the northern and southern

hemispheres considered together.
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Fig. 8 Top left panel: distribution of the quadratic coefficient values when 115 data points are randomly chosen from the total

of 121 yearly latitudes of sunspots in the northern hemisphere at one time to be fitted by a second-order polynomial, and such a

procedure is repeated 5000 times. Top right panel: the same as the top left panel, but 120 data points are randomly chosen from

the total of 124 yearly latitudes of sunspots in the southern hemisphere at one time. Bottom panel: the same as the top left panel,

but 235 data points are randomly chosen at one time from the total of 245 yearly latitudes of sunspots in the northern and southern

hemispheres considered together.

both the northern and southern hemispheres for each cy-

cle from 10 to 21, and the obtained second-order poly-

nomial fitting is shown in Figure 1. Nonlinear latitudinal

migration statistically exists in seven cycles of the total

12 in each hemisphere. Therefore, the meridional flow

speed should probably vary within a solar cycle. By the

way, the averaged migration velocity over the considered

time interval is 1.456(◦ yr−1) for sunspots in the north-

ern hemisphere, 1.395(◦ yr−1) for sunspots in the south-

ern hemisphere and 1.427(◦ yr−1) for sunspots on the

whole solar disk. A comparison of the top left panel with

the top right one in Figure 9 shows that the correspond-

ing latitude values during each year of a normal solar

cycle for the two hemispheres are overlapped with each

other within one standard error of their corresponding pa-

rameters, implying that latitude migration of sunspots in

both hemispheres should not statistically differ from each

other.

The derivative of L(t) with respect to t should give

migration velocity (v), therefore according to the above

six second-order polynomials displayed in Figures 6 and

9, we get v varying within a normal solar cycle, which

is shown in Figure 10. Although different processes of

dealing with data give different results to a small ex-

tent, and latitude distribution and migration velocity are

slightly different in different hemispheres, the six lines of

v varying within a normal solar cycle show that v should

clearly decrease from the start (about 2.2◦ yr−1) to the

end (about 0.7◦ yr−1) of a normal solar cycle, and at the

maximum v ≈ 1.8◦ yr−1, indicating that the meridional

flow speed should probably vary within a solar cycle.

3 DISCUSSION AND CONCLUSIONS

Comprehending the performance of temporal and spa-

tial evolution of cyclical solar activity remains one of

the most challenging areas of solar physics (Muñoz-

Jaramillo et al. 2013b, and references therein), and an-

alyzing historical observational records of the Sun and

its related terrestrial phenomena is an efficacious way to

reveal a wealth of information about solar activity. ESAI

has been used to construct yearly latitudes of sunspots

in both the northern and southern hemispheres that ap-

peared in the years 1854 to 1985. In this study, the ob-

servational data are used to mainly investigate whether

latitude migration of sunspots is linear or not.
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Fig. 9 Top left panel: the averaged yearly latitude (stars) of sunspots in the northern hemisphere at each year of a normal solar

cycle phase and its standard error (vertical error bars). The solid line is its second-order polynomial fitting and the dashed line is its

linear fitting. Top right panel: the same as the top left panel, but for sunspots in the southern hemisphere. Bottom panel: the same

as the top left panel, but for sunspots in the northern and southern hemispheres considered together.
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Yearly latitudes of sunspots are all shifted into a nor-

mal solar cycle relative to their nearest preceding sunspot

minimum, and then both a linear function and a second-

order polynomial are utilized to then fit the data. The

quadratic coefficient is found to be statistically signifi-

cant, indicating that latitude migration of sunspots is non-

linear. As an approximation, the linear fitting is accept-

able as well, because it gives a statistically significant

linear description to the data. Although different ways

of processing data from different hemispheres give dif-

ferent results to a small extent, all results show that the

latitude drifting rate should be slower and slower when

sunspots are progressing into a solar activity cycle. This

profile of drift velocity vs latitude could be explained by
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the deep meridional flow. When the meridional flows in

the northern and southern hemispheres converge toward

the equator, they should brake and flee toward the sur-

face, then they turn around at the very shallow subsur-

face and go back to the poles with a rapid return flow

in each hemisphere. This phenomenon was once mea-

sured (Hathaway et al. 2003) and is usually used in dy-

namo models (Dikpati 2013; Jiang et al. 2016; Choudhuri

2012). However, our findings imply that the meridional

flow speed should probably vary within a solar cycle, and

the Babcock-Leighton dynamo mechanism seems plausi-

ble overall.

Yearly mean latitude of sunspots in both the north-

ern and southern hemispheres in a solar cycle is used to

calculate the mean latitude of hemispherical wings, and

it is fitted by a linear function to give the averaged mi-

gration velocity over the cycle. ESAI’s yearly mean area

of sunspots in both hemispheres during cycles 10 to 21

is used to describe cyclical solar activity, and its maxi-

mum value in a cycle is utilized to represent the activ-

ity strength of the cycle. The maximum area of sunspots

in a solar cycle in both the northern and southern hemi-

spheres is found to be significantly positively correlated

with the mean migration velocity of sunspots over the

cycle, implying that a cycle with stronger solar activity

should have faster latitudinal drifting. The drift velocity

at the maximum of a cycle in a hemisphere is found to be

correlated with the amplitude of that cycle in that hemi-

sphere (Hathaway et al. 2003), also giving such impli-

cation. The mean latitude of sunspots over a solar cycle

in both the northern and southern hemispheres is found

to be significantly positively correlated with the mean

migration velocity of sunspots over the cycle, implying

that a wing of butterfly diagrams which is closer to the

equator should have slower drifting. The mean latitude

of sunspots over a solar cycle is found to be signifi-

cantly positively correlated with the maximum area of

sunspots in the solar cycle, implying that a butterfly dia-

gram which is closer to the equator should mean a weaker

activity cycle, in agreement with Solanki et al. (2008)

and Jiang et al. (2011). The cycle periods were found

to be anti-correlated with drift velocities, supporting dy-

namo models in which the meridional flow sets the cy-

cle period (Hathaway et al. 2003). Therefore, an inverse

dependence of the length of the sunspot activity cycle

on the meridional flow speed is expected for flux trans-

port dynamo models, within which meridional circula-

tion carries the solar toroidal magnetic flux across lat-

itudes. Research on helioseismic observations indicates

that solar magnetic activity at the shallow solar subsur-

face layer should globally increase with increasing lati-

tudes for latitude values of 0 ∼ 30◦ (Simoniello et al.

2016), somewhat in agreement with the above result, and

thus a higher migration belt should present stronger ac-

tivity. Migration velocity decreases with latitude decreas-

ing (or progressing into a normal solar cycle), implying

that for Babcock-Leighton dynamo models the differen-

tial rotation should have more time to generate stronger

toroidal fields (Karak & Choudhuri 2011; Hazra et al.

2015; Inceoglu et al. 2017).

A relatively strong activity cycle, which is located at

relatively high latitudes and has a large migration veloc-

ity, should effectively produce a relatively large number

of “rush to the pole” events (Coffey & Hanchett 1998;

Kong et al. 2014) and thus provide a great contribution

to the polar magnetic field. Therefore, a stronger activ-

ity cycle is expected to follow the cycle. However, Jiang

et al. (2011) and Jiang et al. (2014) found that a stronger

activity cycle with higher latitude emergence should have

a smaller mean tilt of sunspot regions, which thus ren-

ders less contribution to the polar magnetic field. These

two issues are inferred to be the reason why solar activ-

ity cycles display the Gnevyshev-Ohl rule and why such

a rule disappears sometimes, depending on if the tilt of

sunspot regions or the meridional flow (migration veloc-

ity) contribute more to the polar magnetic fields, namely,

depending on whether diffusion or advection is dominant

in solar convection zones (Yeates et al. 2008). In addi-

tion, stochastic fluctuations in both the meridional circu-

lation and poloidal field generation process are important

for variation of solar cycles (Karak & Choudhuri 2011;

Choudhuri & Karak 2012; Passos & Charbonneau 2014;

Hazra et al. 2014, 2015).

Migration velocity and yearly mean latitude of

sunspot butterfly wings are found to be asymmetrical in

the northern and southern hemispheres, implying that so-

lar activity should be inattentively coupled in the two

hemispheres. The α-turbulence mechanism is found to

play a more important role in keeping the two hemi-

spheres coupled, while the Babcock-Leighton mecha-

nism should decouple the two hemispheres (Passos et al.

2014). Therefore the latter is believed to be the main

mechanism that maintains hemispherical asymmetry in

solar cycles.

Extended cycles were not considered when ESAI’s

original yearly mean latitude were originally calculated,

and thus its yearly mean latitude is lower than the real

mean latitude at the beginning of a solar cycle when ex-
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tended cycles are considered, and higher at the end of

the cycle. Therefore, a rule is proposed here to ignore

those data which are clearly affected by extended cycles,

and of course we cannot guarantee that their influence

is completely removed. This is an insurmountable defi-

ciency when the original data are used to study latitudi-

nal migration of sunspots. Anyway statistically, latitudi-

nal migration is found to be nonlinear in a single cycle

and even for the global mean over all considered cycles,

and thus this result is statistically believable.
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