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A B S T R A C T 

Detailed study of the solar magnetic field is crucial to understand its generation, transport, and reversals. The timing of the 
rev ersals may hav e implications on space weather and thus identification of the temporal behaviour of the critical surges that 
lead to the polar field reversals is important. We analyse the evolution of solar activity and magnetic flux transport in Cycles 
21–24. We identify critical surges of remnant flux that reach the Sun’s poles and lead to the polar field reversals. We reexamine 
the polar field build-up and reversals in their causal relation to the Sun’s low-latitude activity. We further identify the major 
remnant flux surges and their sources in the time-latitude aspect. We find that special characteristics of individual 11-yr cycles 
are generally determined by the spatiotemporal organization of emergent magnetic flux and its unusual properties. We find a 
complicated restructuring of high-latitude magnetic fields in Cycle 21. The global rearrangements of solar magnetic fields were 
caused by surges of trailing and leading polarities that occurred near the activity maximum. The decay of non-Joy and anti-Hale 
activ e re gions resulted in the remnant flux surges that disturbed the usual order in magnetic flux transport. We finally show that 
the leading-polarity surges during cycle minima sometimes link the following cycle and a collective effect of these surges may 

lead to secular changes in the solar activity. The magnetic field from a Babcock–Leighton dynamo model generally agrees with 

these observations. 

Key words: magnetic fields; dynamo – Sun: activity; sunspots. 
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 I N T RO D U C T I O N  

he magnetic field on the surface of the Sun is a fundamental
bservable to understand the origin of global magnetism and various 
eliospheric processes (Hoeksema 1995a ; Choudhuri, Chatterjee & 

iang 2007 ; Wang 2009 ; Priyal et al. 2014 ; Hazra & Choudhuri 2019 ;
 umar et al. 2021a ; K umar, Karak & Vashishth 2021b ). Some basic
roperties of the solar magnetic field were recognized by detecting 
he active regions from the early measurements (Hale et al. 1919 )
nd later by detecting the spatial and temporal evolution of magnetic 
eld using early magnetograph (Babcock & Babcock 1955 ). Based 
n these early observations, Babcock ( 1961 ) and Leighton ( 1964 )
rovided an empirical concept for cyclic rearrangement of magnetic 
eld on the solar surface. The decay of long-li ved acti v e re gions
ARs) form the unipolar magnetic regions (UMRs). Then, UMRs 
f predominantly trailing polarity are transported poleward by 
eridional flow, annihilate the old polarity field, and develop the 

ew polarity field by continuous supply of trailing polarities from 

ow latitudes. The latitudinal dependence of the tilt angles of bipolar 
Rs, i.e. Joy’s law plays a crucial role in this process. 
 E-mail: karak.phy@iitbhu.ac.in (BK); avm@mail.iszf.irk.ru (AM); 
olube v a@iszf.irk.ru (EG) 
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The decay of non-Joy and anti-Hale ARs disturbs the usual 
rder of the poleward flux transport and leads to the polar field
eakening (Cameron et al. 2013 ; McClintock, Norton & Li 2014 ;
azra, Choudhuri & Miesch 2017 ; Karak & Miesch 2017 , 2018 ;
emerle & Charbonneau 2017 ; Nagy et al. 2017 ; Kitchatinov, 
ordvino v & Nepomn yashchikh 2018 ; Wang et al. 2020 ). In man y

ipolar magnetic groups, leading-polarity spots appear at higher 
atitudes than the trailing-polarity ones and thus the y hav e ne gativ e
ilts (e.g. McClintock et al. 2014 ; Yeates, Baker & van Driel-
esztelyi 2015 ). The decay of these groups leads to the formation of

eading-polarity UMRs at higher latitudes. 
As an 11-yr cycle progresses, the polar fields reverse at about

ctivity maximum. In each hemisphere, this usually happens once in 
 cycle and sometimes asynchronously in the northern and southern 
emispheres. Makaro v, F atiano v & Si v araman ( 1983 ) studied the
oleward migration of chromospheric filaments using long-term 

bservations from Kodaikanal Solar Observatory (KoSO). Analysing 
he chromospheric proxy data, they studied the global evolution of 

agnetic fields and found triple polar field reversals in Cycles 16, 19,
nd 20 in the Northern hemisphere. The physical nature of multiple
olar field reversals is still poorly known. 
Recently, Mordvinov et al. ( 2020 ) reconstructed the solar magnetic 

eld using the Sun’s emission in the Ca II K and H α lines from
oSO. This reconstruction enabled us to study the evolution of 

http://orcid.org/0000-0002-8883-3562
mailto:karak.phy@iitbhu.ac.in
mailto:avm@mail.iszf.irk.ru
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Table 1. Analysed synoptic maps. 

Data source Spectral line Duration Map size References 
Years CRs 

Synoptic maps of magnetic field 

NSO/KPVT 

a Fe I 8688 Å 1975–2003 1625–2007 360 × 180 Jones et al. ( 1992 ) 
SOLIS/VSM 

b Fe I 6302 Å 2003–2012 2007–2127 360 × 180 Keller, Harv e y & Giampapa ( 2003 ) 
Balasubramaniam & Pevtsov ( 2011 ) 

SoHO/MDI c Ni I 6768 Å 1996–2010 1909–2104 3600 × 1080 Scherrer et al. ( 1995 ) 
SDO/HMI d Fe I 6173 Å 2010–2021 2096–2240 3600 × 1440 Scherrer et al. ( 2012 ) 

Synoptic maps of coronal holes 

NSO/KPVT 

e He I 10830 Å 1976–1986 1636–1783 360 × 180 Jones et al. ( 1992 ) 

a https:// nispdata.nso.edu/ftp/kpvt/ synoptic/ 
b https:// solis.nso.edu/ 0/ vsm/ crmaps/ 
c ht tp://soi.st anford.edu/magnetic/synopt ic/car rot/M Cor r/
d http:// jsoc.stanford.edu/ data/hmi/synoptic/ 
e http:// 158.250.29.123:8000/web/CoronalHoles/ FITS/ 
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olar magnetic field and reversals in Cycles 15–19. The time-
atitude analyses of synoptic maps from several observatories also
emonstrated the evolution of photospheric magnetic fields and their
ong-term changes (Petrie 2015 ; Petrie & Ettinger 2017 ; Janardhan
t al. 2018 ; Karak, Mandal & Banerjee 2018 ; Virtanen & Mursula
019 ). Recent analysis of low-resolution synoptic maps from Wilcox
olar Observ atory (WSO) re vealed a complicated polar field reversal

n Cycle 21 (Mordvinov & Kitchatinov 2019 ). 
Taking into account the previous findings, we reexamine high-

esolution synoptic maps to study the remnant magnetic flux, its
oleward transport, and inter-cyclic surges in Cycles 21–24. These
urges are of fundamental importance because they link adjacent
olar cycles in pairs and causes a long-term memory in solar dynamo.
inally, we show a snapshot of the spatiotemporal evolution of

he magnetic field from a recent three-dimensional (3D) Babcock–
eighton dynamo model (Karak & Miesch 2017 ) that produces
ome features of the solar magnetic field, including opposite polarity
urges, in great detail. 

 DATA  

e analyse the homogenized series of Carrington synoptic
aps from the National Solar Observatory/Kitt Peak Vacuum
elescope (NSO/KPVT) and from the Synoptic Optical Long-

erm Investigations of the Sun/Vector Spectro-Magnetograph
SOLIS/VSM). We also analyse synoptic maps of coronal holes
CHs) from NSO/KPVT to study the evolution of open magnetic
uxes at the Sun’s poles in Cycle 21. We investigate the photospheric
agnetic flux evolution using high-resolution synoptic maps from

he Solar and Heliospheric Observatory/Michelson Doppler Imager
SOHO/MDI) and from Solar Dynamics Observatory/Helioseismic
nd Magnetic Imager (SDO/HMI). All of the magnetic field maps
how distributions of the radial projection of measured line-of-sight
omponent. Table 1 demonstrates main information about the
aps considered in this study. All these maps are homogenized in

60 × 180 pixels for our analyses. To pay our special attention
o polarity reversal at the Sun’s poles and for completeness, we
upplement the analysis of synoptic maps with the consideration of
ine-of-sight measurements of the Sun’s polar magnetic fields with
0 nHz low pass filtered from WSO 

1 (Sv algaard, Duv all & Scherrer
978 ; Hoeksema 1995b ) available since 1976. 
 ht tp://wso.st anford.edu/Polar.html 

t  

n
 

N  
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To identify the possible sources of remnant magnetic fluxes in Cy-
les 21–24, we used the tilt angles from Debrecen Photoheliographic
ata catalogue of bipolar ARs (Baranyi, Gy ̋ori & Ludm ́any 2016 ;
y ̋ori, Ludm ́any & Baranyi 2017 ). To find information about ARs

hat violate Hale’s polarity law (anti-Hale ARs), we used a catalogue
f Bipolar Magnetic Re gions (BMRs; Sheele y & Wang 2016 ) and a
atalogue of bipolar ARs violating the Hale’s polarity law (Zhukova
t al. 2020 ). 

 RESULTS  

.1 A complicated restructuring of solar magnetic field in Cycle
1 

ig. 1 shows original synoptic maps of magnetic flux from
SO/KPVT in black-to-white colours during the period of polar field

eversals in Cycle 21. Before the rev ersal, positiv e/ne gativ e polarities
ominated at the north/south poles (Fig. 1 a). Ho we ver, at mid-
atitudes in the Northern hemisphere, surges of ne gativ e (trailing)
olarity were formed. At latitudes abo v e 60 ◦, trailing-polarity surges
erged in a ring-shaped UMR of ne gativ e polarity. These surges

riginated after the decay of ARs. Then, in Carrington Rotation
CR) 1700, Northern hemisphere, high-latitude magnetic fields were
estructured due to their poleward transport (Fig. 1 b). By that time
t mid-latitudes, the leading-polarity (positive) surges strengthened
dashed arrows). These surges formed a tier of the leading-polarity
urges, which possibly resulted in change in the dominant polarity
y CR 1705 (Fig. 1 c). We note that the daily magnetograms
av e re gular gaps in the Sun’s polar zones due their poor visibility.
o estimate the missing data, the Kitt Peak magnetograms and all
ther data were filled using the extrapolation technique (Svalgaard,
uvall & Scherrer 1978 ; Sun et al. 2011 ). Such uncertainties

ometimes result in serious errors in polar zones (Bertello et al.
014 ) and thus the data around polar zones should be taken with
aution. 

The decay of large activity comple x es (ACs) in 1981–1982, led to
ormation of trailing-polarity surges at low- to mid-latitudes. As
he cycle progressed, the trailing polarity surges approached the
orthern polar zone by CR 1710 (solid arrows in Fig. 1 d). Further
trengthening of the trailing-polarity surges and their poleward
ransport resulted in the third change in dominant polarity at the
orthern polar zone (Figs 1 e and f). 
We note that this peculiar behaviour of the polar field in the

orthern hemisphere and its link with the low-latitude surges are

https://nispdata.nso.edu/ftp/kpvt/synoptic/
https://solis.nso.edu/0/vsm/crmaps/
http://soi.stanford.edu/magnetic/synoptic/carrot/M_Corr/
http://jsoc.stanford.edu/data/hmi/synoptic/
http://158.250.29.123:8000/web/CoronalHoles/FITS/
http://wso.stanford.edu/Polar.html


Evolution of the Sun’s magnetic field in Cycles 21–24 1333 

Figure 1. Synoptic maps of magnetic flux for different CRs. Positive and negative polarity UMRs are shown in white-to-black. The red and blue contours show 

the boundaries of UMRs corresponding to ±3 G. The trailing/leading-polarity surges are marked with solid/dashed arrows. 
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ighlighted by Cameron et al. ( 2013 ) in examples of equatorial
ux, in particular the situation around 1980. Using the surface flux 

ransport model, they demonstrated that a single cross-equatorial flux 
lumes can affect the net hemispheric flux of the following minimum 

y up to 60 per cent . Ho we ver, the observ ational analyses by Petrie &
ttinger ( 2017 ) show that large, long-lived complexes are the major
ause of polar field change. 

In the Southern hemisphere, surges of trailing- and leading- 
olarities were also formed. By CR 1700, the trailing-polarity 
urges co v ered a wide longitude interval. Their further strengthening 
nd the poleward transport resulted in the polar field reversal at 
he south pole by CR 1705. After the decay of several ARs,
 xtensiv e leading-polarity surges were formed by CR 1710. Dur- 
ng their further evolution, these surges approached south pole. 
o we ver, their flux was weak to change the dominant polarity

here. 
The global reorganization of solar magnetic fields is completed 

y the formation of stable polar coronal holes (PCHs). As the 
rst remnant flux of new polarity reaches the polar zones, PCHs
f the preceding cycle disappear. After the polar field reversal, 
ew PCHs are formed due to the merger of high-latitude CHs
Golube v a & Mordvinov 2017 ). The polar field build-up in ev-
ry new cycle occurred in parallel with new PCH formation. 
herefore, the analysis of high-latitude CHs provides independent 
nformation on the spatiotemporal behaviour of polar magnetic 
elds. 
In Fig. 2 (b), stable polar CHs are shown by yellow/cyan 

pots within UMRs of positiv e/ne gativ e polarities. This distribution
emonstrates a macro-structure of the CH ensemble. As long-lived 
Cs evolve and decay, their remnant magnetic fields dissipate and 

orm UMRs. 
It is believed that as the cycle progresses, the following- and

eading-polarity UMRs are linked via coronal magnetic arcades 
Petrie & Haislmaier 2013 ). At high latitudes, ho we ver, magnetic
elds tend to open up and locally unbalanced flux patterns arise.
igh-latitude CHs usually appear within the corridors where the 
agnetic field opens (Fig. 2 b, cyan, yello w). The arro ws N2, N4,

nd S2, S4, S5 indicate trajectories along which magnetic flux 
ransformations occur. Indeed, domains of emergent magnetic flux 
ppear near the base of the arrows. Stable CHs originate at mid-
o high latitudes (near the arrow ends). The leading-polarity surges 
3 and S3 disturb the regular magnetic flux transport. Small CHs

ppeared also within the leading-polarity surges. Thus, the CHs 
riginated independently within the opposite polarity surges. This 
ircumstance confirms a complicated nature of the polar fields 
eversal in Cycle 21. Generally, high-speed solar wind streams 
epresent the final stage of magnetic flux evolution and its exit into
he heliosphere. 
MNRAS 510, 1331–1339 (2022) 
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Figure 2. (a and c) Changes in sunspot areas in north/south. (b) Time-latitude variation of zonally averaged magnetic fields in the blue-to-red. Domains of high 
zonal flux density are shown with black spots and contours. Solid/dashed arrows show the trailing/leading-polarity surges. Domains of frequent CH appearances 
are shown in yellow/cyan colour (at levels of > 0.1/ < −0.1). Yellow/cyan contours correspond to CH appearances at levels ±0.02. 
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.2 Spatiotemporal evolution of the Sun’s magnetic field in 

ycles 21–24 

n this subsection, we present the time-latitude analysis of synoptic
aps averaged over longitude for CRs 1625–2241 to study a

patiotemporal evolution of Sun’s magnetic field in Cycles 21–24.
e subtracted mean magnetic flux for every synoptic map. The time-

atitude distribution was denoized using wavelet-based technique
hat recognizes domains of possible errors caused by the polar-field
 xtrapolation. We applied Multilev el 2D Non-Decimated Wav elet
econstruction with Haar wavelet and level of 4. The main idea of this
ethod is that the original time-latitude distribution is decomposed

nto ‘approximation’ and ‘details’ (Starck & Murtagh 2006 ). The
pproximation shows the evolution of large-scale magnetic fields
Fig. 3 b). We have also examined the details which demonstrate the
mall-scale magnetic fields and possible defects of the time-latitude
istribution due to the polar-field extrapolation. During 1977–1999,
hese details were concentrated in the AR areas and near the poles,

ore or less regularly. In Fig. 3 (b), only the details with magnetic
ux density of 2 G near the poles are displayed by yellow contours.
ear north pole, small-scale details usually occurred in the first half
f every year. This is because the annually varying angle between
he solar rotation axis and our line of sight from (near) Earth causes
he north/south pole to become unobservable during the first/second
alf of each year. 

.2.1 Cycle 21 

ow, we consider Cycle 21 in a time-latitude aspect. After the
ecay of first ARs, the remnant flux surges N1/S1 were formed in
he north/south (Fig. 3 b). These surges approached ±60 ◦ latitudes.
econnection of opposite magnetic polarities led to their partial
nnihilation, the latitudinal extent of the polar UMRs decreased.
NRAS 510, 1331–1339 (2022) 
n 1978–1979, large ACs occurred in both hemispheres (Figs 3 a
nd c). During ARs evolution and decay, weak magnetic fields were
ispersed in the surrounding photosphere, forming UMRs. After the
ecay of long-lived ACs, a surge of negative (trailing) polarity N2
as formed in the Northern hemisphere. The poleward transport of

he ne gativ e-polarity UMR changed the dominant polarity ( + / −) in
ate 1980. Subsequently, a surge of positive (leading) polarity (N3,
reen dashed arrow) produced at low latitudes and mo v ed to high
atitudes in 1981. The low-latitude base of surge N3 is related to
on-Joy ARs that were concentrated at latitudes 5–20 ◦ in 1979. The
 vent N3, ho we ver, occurred during the period of poor visibility
f the north pole. Under such unusual conditions, the extrapolation
ed to significant errors, which manifested themselves in subpolar
elds during 1981. Therefore, the north pole did not necessarily
everse around this time and the pole filling technique might have
mposed the sub-polar polarity reversals on to the polar fields in
rror. 

Large ARs were observed in 1980–1981. Their decay led to the
ormation of a ne gativ e polarity (N4) surge, which reached the
orth pole and strengthened the polar cap of ne gativ e polarity. This
omplicated restructuring is also seen in the polar cap field of Fig. 4 ;
lso see Janardhan et al. ( 2018 ). The changes in polar fields originated
ue to the remnant flux surges N2, N3, N4 are shown in the green
ectangle in Fig. 4 . After the decay of anomalous ARs, UMRs of
eading polarity were formed at higher latitudes. Starting from higher
atitudes, these UMRs were transported poleward and resulted in
he polar field reversal. The analysis of the present high-resolution
ynoptic maps essentially shows similar features based on the WSO
ata as reported in Mordvinov & Kitchatinov ( 2019 ). The timings
f the reversals of the dominant polarity are listed in Table 2 . As
he data quality is not adequate to correctly determine the multiple
eversals (if any) in the north pole for Cycle 21, we include the most
ikely one in Table 2 . 

art/stab3528_f2.eps


Evolution of the Sun’s magnetic field in Cycles 21–24 1335 

Figure 3. (a and c) Same as Fig. 2 . (b) Zonally averaged magnetic fields are shown in blue-to-red. Zones of intense sunspot activity are shown with black spots. 
Black contours depict the boundaries of sunspot activity. Solid/dashed arrows show the trailing/leading-polarity surges within the cycles, while dotted arrows 
show the leading-polarity surges between adjacent cycles. Non-Joy and anti-Hale ARs are marked with green/yellow markers whose diameter is proportional to 
sunspot areas. Yellow contours near poles show the ‘details’ of the decomposition with magnetic flux density 2 G; see Section 3.2 for details. 
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In the Southern hemisphere, a surge of the trailing (positive) 
olarity formed at the beginning of the cycle. The critical surge 
S2) reached the south pole and led to a change in the dominant
olarity ( −/ + ). Later, a surge of the leading (ne gativ e) polarity (S3)
as formed. It approached the south pole, but there was no change

n the dominant polarity (also see Fig. 4 ). A few abnormal ARs were
bserved at the base of this surge. 
During 1982–1984, the decay of ARs led to the formation 

f intense surges S4 and S6, which restored and strengthened 
he magnetic field of positive polarity at the south pole. The 
atitudinal extent of the polar cap increased. There were many 
nomalous ARs in Cycle 21 (Wang & Sheeley 1989 ). Their decay
ed to the formation of leading-polarity surges N3, N5, S3, and 
5. The high level of magnetic activity with many anomalous 
Rs resulted in the complicated restructuring of the subpolar 
ux. 
The surge S7 is of particular interest. It originated from leading- 

olarity UMR at the end of Cycle 21. Its path indicates the magnetic
ux transport from Cycle 21 and merged with new magnetic flux of

he same polarity in the next cycle. This merger leads to an increase in
he magnetic field in a new cycle and early reversal in south (also see
ig. 4 ). This phenomenon indicates that not all of the magnetic flux
isappears by the end of the old cycle; part of it can be transferred
rom one cycle to the next and amplify the field. 
.2.2 Cycle 22 

n Cycle 22, after the decay of the first ARs, trailing-polarity surges
6 and S8 were formed (Fig. 3 b). These surges annihilated at about
60 ◦ latitudes, and thereby reduced the polar magnetic flux. During 

989–1992, plenty of sunspots appeared. The critical surges N7 and 
10 reached the poles and changed the dominant polarity. In the
outhern hemisphere, there were intense surges S10 and S11 that 
epresent cumulative effects of two activity impulses (Fig. 3 c). In
oth hemispheres, regular polar field reversals occurred. Such an 
volution of magnetic field is quite consistent with the Babcock–
eighton scenario. 
Nevertheless, these patterns were disrupted by leading-polarity 

urges. In both hemispheres, well-defined surges N8 and S9 of 
eading polarity occurred. At the base of these surges, abnormal 
Rs were observed. The leading-polarity surge S9 was not strong 

nough to cause a clear dip in the polar-cap field in Fig. 4 around
991. Afterward around 1992 in Fig. 4 , there was a clear depression
n the south polar-cap field, the signature of which is not visible in
he time-latitude plot. This depression in the polar-cap field caused 
 double peak in the following sunspot Cycle 23 of the Southern
emisphere. This connection between the polar field depression and 
he double peak was demonstrated in Karak et al. ( 2018 ) based on
he observations and dynamo model. As there is no prominent drop
MNRAS 510, 1331–1339 (2022) 

22
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Figure 4. Magenta/cyan: north/south polar fields from the daily line-of-sight measurements with 20 nHz low pass filtered at WSO. Red/blue: north/south 
polar-cap magnetic flux densities computed by averaging of magnetic fields at latitudes since ±55 ◦ to pole in the radial synoptic maps. Grey dashed lines show 

the mean flux densities at latitudes ±73 ◦ in the maps. Here, for ease of comparison, the synoptic map data are converted to the WSO scale using the conversion 
factors (Riley et al. 2014 ). 

Table 2. Changes in the dominant magnetic fields in the subpolar zones for 
Cycles 21–24. 

Cycle number 21 22 23 24 

North pole 1982.5 1991.7 2001.8 2013.3 

South pole 1981.1 1990.2 2001.9 2015.4 
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n the polar field in the Northern hemisphere, no double peak seen in
he same hemisphere for Cycle 23. 

Again, in the Southern hemisphere of Cycle 22, we find a link
etween adjacent cycles. After the decay of the last ARs, a surge of
positive) leading-polarity S12 was formed and transported in mid-
atitudes until it merged with S13, which had the same polarity as
hat in Cycle 23. 

.2.3 Cycle 23 

n 1997, the decay of first ARs appeared around ±30 ◦ latitudes form
MRs of both polarities (Fig. 3 b). Trailing polarity UMR N9 is well
efined. The decay of subsequent ARs was associated with surges
10 that reached higher latitudes. The decay of long-lived ARs in
000 led to the formation of the critical surge N11, which reached
he north pole and led to a change in the dominant polarity ( + / −).
ubsequent bursts of activity were associated with surges N12 and
14 that strengthened magnetic flux at the north pole. The leading-
olarity surge N13 is apparently associated with non-Joy ARs at low
atitudes. 

At the end of Cycle 23, the leading-polarity UMRs dominated
ear the equator. During the activity minimum, the meridional flow
ed to formation of an extended surge of the remnant flux N15,
hich reached latitudes of 40 ◦−60 ◦ by the beginning of Cycle 24.
NRAS 510, 1331–1339 (2022) 
ubsequently, a surge N16 of a new cycle was formed at low latitudes.
he merger of the positive polarity UMRs led to an increase in the net

emnant flux of the new cycle. Thus, again the transport of magnetic
ux between adjacent cycles reveals a new mechanism that links

ndividual cycles into pairs. 
In south, a complex structure of remnant flux was observed. In

000, decay of great ARs generates critical surge S14. Subsequent
railing-polarity surges S16, S18, and S20 strengthened the magnetic
ux in the polar region. The leading-polarity surges S15, S17, and
19 tried to reduce the polar flux. Surge S17 clearly caused a little
epression in the polar-cap field as seen in Fig. 4 . At the end of
ycle 23, leading-polarity surge S21 was formed. 
We finally notice that as there is no prominent depression in the

orth/south polar field in Cycle 23 (Fig. 4 ), there are no pronounced
ouble peaks in the following cycle. 

.2.4 Cycle 24 

his is the most important cycle because the magnetic activity was
ow, and this field is the precursor for the upcoming Cycle 25.
he north–south asymmetry of the Sun’s activity has led to a
ignificant asynchronous reversal of the polar fields. At the beginning
f the cycle, magnetic activity prevailed in the Northern hemisphere.
uring the decay of the first ARs in the Northern hemisphere, surge
16 was formed (Fig. 3 b). The critical surge N17 reached the north
ole and changed the dominant polarity ( −/ + ) in early 2013. 
During 2012–2013, the activity was low and a leading-polarity

urge N18 was formed. During that time, anomalous ARs were
bserved at low latitudes. As surge N18 approached the north pole,
agnetic flux decreased to almost zero due to annihilation of opposite

olarities (also see Fig. 4 ). The decay of ARs in 2014–2017 resulted
n surges N19 and N20. The poleward transport of remnant flux led
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Figure 5. Results from dynamo model: The butterfly diagram of the radial magnetic field in Gauss (middle). Filled points represent anti-Hale BMRs with tilt 
deviating from Joy’s law by more than 50 per cent . The colourbar shows the modulus of the tilt. The size of the points indicates the amount of flux, while colour 
shows the amount of absolute tilt (in degree); see left colourbar. Top and bottom panels show the variations of the monthly magnetic fluxes of BMRs in the 
northern and southern hemispheres in Mx. 
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o significant strengthening of the polar field in the north pole. At
he end of the cycle, the leading-polarity surge N21 was formed. 
his surge reached mid-latitudes by 2021. It already corresponds to 
pcoming Cycle 25. 
At the beginning of cycle in Southern hemisphere, decay of anti- 

ale and non-Joy ARs led to the formation of a leading-polarity 
urge S22. Its poleward transport o v erpowers the previous polarity 
olar field and destroys the weak surge S21 from the previous cycle.
urther appearance of ARs and their decay led to the formation of

railing-polarity surges S23. The emergent magnetic flux peaked 
n 2014 for south. After the decay of largest ARs in 2014, a
ritical surge S24 was formed. This surge reached the south pole 
nd changed the dominant polarity by mid-2015 ( + / −). During the
ecline phase of activity, leading-polarity surges S25 were formed. 
inally, surge S26 originated from the transequatorial UMR in the 
outhern hemisphere. 

 L E A D I N G  POLARITY  SURGES  A N D  A  

RIPLE  R EVER SAL  IN  A  

A B C O C K – L E I G H TO N  DY NA MO  M O D E L  

ere, we present a snapshot of the surface radial magnetic field 
rom a dynamo model to explore and compare the results with the
bservational ones. Our result is obtained from Run B1 which was 
resented in Karak ( 2020 ) and it is based on the 3D dynamo model,
TABLE (Miesch & Dikpati 2014 ; Miesch & Teweldebirhan 2016 ;
arak & Miesch 2017 ). The details of the model which produces
ur result are described in Karak ( 2020 ). Therefore, without writing
he mathematical details of the model, we mention here the salient
eatures. Essentially, in this model, we solve the kinematic dynamo 
quation by specifying single-cell meridional flo w, dif ferential ro- 
ation, turbulent dif fusi vity, and magnetic pumping, all consistent 
ith the available solar observations (Karak & Cameron 2016 ). The
odel includes a sophisticated procedure for the BMR eruptions on 

he surface, based on the toroidal field at the tachocline. The eruption
s possible only when the time delay between the eruptions exceeds
 certain delay � and the mean azimuthal field in the tachocline
xceeds a certain threshold value B t . The � is obtained from a
ognormal distribution that is fixed in this simulation. While B t =
 kG at the equator, it increases exponentially with the latitude. This
elps to restrict BMRs in low- to mid-latitudes and importantly, the
bserv ed c ycle-dependent latitude distribution of BMR, namely the 
tronger cycle (on average) produces BMRs at higher latitudes than 
he weaker ones. The latter feature is sufficient to produce a non-
inearity to halt the growth of the dynamo (Karak 2020 ). Statistical
eatures of BMRs are obtained from observations, particularly the tilt 
s obtained from Joy’s law with a Gaussian scatter around it having
= 0 and σ = 15 ◦ (Stenflo & Kosovichev 2012 ; Jha et al. 2020 ). 
In Fig. 5 , we present the surface radial field as a function of time

nd latitude. One discrepancy in this model is that the strength of the
MNRAS 510, 1331–1339 (2022) 
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adial field is much stronger than that is observed in the Sun. Despite
his, we observe the basic features of the solar cycle, including,
olarity reversal, pole-ward migration, and hemispheric asymmetry.
e also observe a lot of details of the magnetic field at small scales

hat are in good agreement with the observation. The leading polarity
urges that are originated at low- to mid-latitudes, migrate, and merge
ith the global field near the pole. Some of these leading polarity

urges are so strong that they disturb the polar field significantly.
arak & Miesch ( 2017 , 2018 ) and Hazra et al. ( 2017 ) showed that

he anti-Hale spots are responsible for changing the polar field and
onsequently the next cycle strength in this dynamo model. The
nti-Hale BMRs having tilt deviation more than 50 per cent from
oy’s law are shown by colour points in Fig. 5 . We observe some
onnection (although it is not al w ays obvious in this plot) between
he domains of highly tilted BMRs with large flux contents and
he leading polarity surges, as marked by dashed arrows. As the
ime delay between two BMRs is not fixed and it is taken from an
bserved distribution, the rate of BMR eruption is not constant. This
eads to some variation in the magnetic field. In this figure, we find
lear evidence of a triple reversal in the southern polar field around
he year 2975, which is caused by a strong leading polarity surge S1
yello w dashed arro w) that originated around 15 ◦ latitude. Therefore,
lthough the triple reversal in the Sun is not conclusively known due
o the defects in the data of the polar regions, it may be possible in the
un as supported by a Babcock–Leighton dynamo model. The surge
11 that appeared around the year 3016 in the Southern hemisphere

s very interesting. It enhanced the old polarity (negative) field and
aused a delay in the reversal of the pole. Had this surge appeared
fter a few months, this could lead to another triple reversal of the
outh pole. We note that the triple reversal in the dynamo model
s very rare. In our simulation of around 500 yr, we find one clear
riple reversal which is shown in Fig. 5 . In future work, we shall
resent a detailed analysis of the statistics of triple reveals in this
ynamo model, by running the model for several thousands of years
n different parameters. 

 SUMMARY  A N D  C O N C L U S I O N S  

e analysed the high-resolution synoptic magnetic maps for Cy-
les 21–24. We identify major remnant flux surges and their sources,
nd reexamine the polar field build-up and reversals in their causal
elation to the Sun’s low-latitude activity. A spatiotemporal behaviour
f the Sun’s magnetic flux depicts a general evolution of the Sun’s
agnetic field and its effect on PCHs. 
The time-latitude analysis of AR tilts showed that surges of

eading polarity appeared after the decay of non-Joy and anti-
ale ARs. When such an AR is highly tilted and appears near the

quator, it produces a strong leading polarity surge that can disturb a
ominant polarity flux considerably (Cameron et al. 2013 ; Karak &
iesch 2017 ; Nagy et al. 2017 ). We also found inter-cyclic remnant

ux surges between adjacent 11-yr cycles. These surges reveal the
hysical links between subsequent solar cycles. The individual 11-
r cycles are linked in pairs. This interrelation between 11-yr cycles
uggests a possible long-term memory in solar activity that manifests
tself on a secular time-scale. 

Preliminary analyses of the magnetic field from a 3D Babcock–
eighton dynamo model demonstrate some support for the gen-
ration of leading-polarity surges at low latitudes, their transport
owards poles, and changes in the dominant polarity field. The model
lso shows a clear evidence of triple reversal, although it is very
are. Therefore, although the triple reversal in the Sun is not very
onclusive due to the known defects in the data of the polar regions,
NRAS 510, 1331–1339 (2022) 
uch phenomenon is not fundamentally impossible from the point of
iew of the Babcock–Leighton scenario. 
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