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Abstract. Magnetic flux emerging on the Sun’s surface in the form of bipolar magnetic regions is redistributed by supergranular
diffusion, a poleward meridional flow andfidrential rotation. We perform a systematic and extensive parameter study of the
influence of various parameters on the large-scale field, in particular the total unsigned surface flux and the flux in the polar
caps, using a flux transport model. We investigate both, model parameters and source term properties. We identify the average
tilt angle of the emerging bipolar regions, théfdsion codicient (below a critical value), the total emergent flux and, for the

polar field, the meridional flow velocity and the cycle length as parameters with a particularly fgege ©f special interest is

the influence of the overlap between successive cycles. With increasing overlap, an increasing background field (minimum flux
at cycle minimum) is built up, which is of potential relevance for secular trends of solar activity and total irradiance.
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1. Introduction parameters, i.e. ffusivity, meridional flow and dferential ro-

. o ... . tation rate, have been adjusted in order to reproduce the ob-
The production and dissipation of the Sun’s magnetic field {S\ o surface magnetic field.

a complz_ax process spanning the whole convgction zone from Here we investigate the influence of the transport param-
the location of the solar dynamo at the tachocline near the b@?@rs and also of the parameters governing the magnetic flux
of the convection zone, over the transport of flux to the surfa Eurces. i.e. location and strength of the emerging BMRS, on
through buoyancy, to the evolution, dispersal and final canceligs o\ o1ution of the surface magnetic field with particular em-

tion of flux there. Of this combined problem we only considefy,;qis on the resulting total unsigned magnetic flux and the
the final part here, the evolution of the magnetic field at the, i fiyx. The aim of the investigation is to understand how

Sun's surface. ~ various parameterdfect the transport of magnetic flux at the
New magnetic flux emerges at the solar photosphere in §i§ar surface. This has applications for reconstructions of solar

form of bipolar magnetic regions (BMR) spanning a wide ranggagnetic flux distributions over many cycles and will provide
of sizes (Harvey-Angle 1993). Statistical studies of the eme{yide for similar studies of surface fields on other late-type
gence patterns of BMRs show that new regions emerge at migly,s

latitudes at the beginning of a solar cycle and at low latitudes e paper is structured as follows. In Sect. 2 the flux trans-

at the end of the cycle, leading to time-latitude plots that aggt model and its numerical realization is briefly described.
commonly denoted asutterfly diagrams In Sect. 3 the reference model (for the parameter study) and
The dispersal of the magnetic flux of active regions wage analysing techniques for the large-scale magnetic field are
first considered by Leighton (1964) as a random-walk pr@resented. In Sect. 4 a wide range of parameters governing the
cess of magnetic flux elements under the influence of the iy transport model and their influence on the photospheric
pergranular flow pattern. Flux transport models including difarge-scale magnetic field are discussed. Finally, in Sect. 5 the

ferential rotation, dtusion (to account for this random walk)conclusions drawn from the performed study are summarized.
and a meridional flow have been developed by DeVore et al.

(1985a), DeVore & Sheeley (1987) and Wang et al. (1989a)

to describe the large-scale magnetic field by using obsendedlux transport model

source regions. More recently, flux transport models have b ;

used to simulate the spreading of single bipoles (Mackay et(zg' Transport equation

2002a; Wang et al. 2000) and whole activity cycles (Schrijv@ihe magnetic field concentrated in the network and in ac-
2001; Mackay et al. 2002b). The latter authors used synthetie region plages is only weakly inclined relative to the ver-
records of active regions. In most of the simulations, the modudal (Solanki 1993; Martinez Pillet et al. 1997), so that the
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photospheric magnetic field can be taken as radially oriented For the latitude-dependentftérential rotation we assume
(Wang & Sheeley 1992). Thus the flux transport of the largtie empirical profile of Snodgrass (1983)

scale magnetic field on the solar surface is described by the

induction equation for the radial magnetic field componef) = 1338—2.30c0$6 — 1.62co8 ¢ ®3)

B (0, ¢,1) (Leighton 1964; DeVore et al. 1984; Sheeley et al .

1985). In spherical coordinates we have “in units of deg day".

98 _ _w(g)@ __d ﬁ(v(g)gr sine) 2.3. Numerical treatment

ot ¢  R,sing oo

For simulations of the photospheric magnetic field we have de-
L [i g(s.n @) N iazBr} veloped a two-dimensional code, denoted as SFT@f§8e
R.2 | sind 9o 00 St g 0¢? Flux Transport @de). In order to integrate the flux transport
Eq. (1), the radial magnetic field is expressed in terms of spher-
+S(6,¢.1). (@) ical harmonics. This simplifies the numerical treatment of the
Hered is the colatitudeg is the longitude R, is the solar ra- diffusion term to the well-known eigenvalue problem of the
dius, w(6) is the angular velocity of the photospheric plasm&Pherical Laplace operator. Furthermore, this method gives di-
v(6) is the meridional flow velocityy is the dfective difusion Fect information on the evolution of the magnetic multipoles,
codficient associated with the nonstationary supergranular nfgPecially the dipole component.

tions andS(6, ¢, t) is a source term describing the emergence of We consider all spherical harmonics betwéen0 andl =
new BMRs. 63 for the expansion {s the order of the sperical harmonics).

This corresponds to a spatial resolution element roughly of the
size of a supergranule-B0 Mm). A higher spatial resolution
2.2. Transport parameters would not be consistent with the model of turbulerffaion.

One of the key ingredients in models of the type con- We validated our code by reproducing previous results in
sidered here is the fllusion codficient. The model of the literature, including the evolution of a single bipole (Wang
Leighton (1964) required a flusion codicient in the range et al. 2000; Mackay et al. 2002b) and whole cycle simulations
of 770-1540 kn? s in order to reproduce the reversal of théMackay et al. 2002b).

polar fields during the sunspot cycle. Later, Mosher (1977)

estimated the diusion _coﬁicient to lie in the range of 2.4. Description of a single newly emerged bipolar
200-400knt s7 by tracing the area covered by the magnetic |, : :

e , : o " ) gnetic region

field in active regions. This is roughly three times lower than

the rate determined by Leighton. DeVore et al. (1985b) fourfdh emerging BMR adds its magnetic flux to the surface field.
the same range for theftlision codficient from simulations of The initial distribution of the radial field is

the evolution of several observed active regions. Applying an . B

average meridional flow with a flow amplitude of +@ ms* ABr(Ro, 6.4) = B (Ro, 6. 9) — B (Ro. 6. 9). (4)

Wang et al. (1989b) constrained theffdsion codficient 10\ ep+(R 6, ¢) are the unsigned distributions of the positive

R X
600+ 200 km’- s with the help of comparisons of numer-, negative polarity, respectively. We use the approach of van
ical simulations with low-resolution, synoptic magnetic dat

o ) ) %allegooijen et al. (1998), who represent a new BMR by two
As the meridional flow speed they included is reasonable,

Wcular spots
value of 600 kri s™* is adopted as reference value for the dif- pots,

fusion rate in the present study. _ (0.

In the late 1970s first observational evidence for a pol& (Re, 6, ¢) = Bmaxexp{— 2 co;ﬁ_(e ¢)]},
ward bulk flow was found. The highly concentrated polar fields in
during solar minimum supported the presence of a large-scalgere. (6, ¢) are the heliocentric angles betweehd) and
flow transporting magnetic field polewards. Duvall (1979) dehe central coordinates of the positive and negative polarity,
termined a flow amplitude of 20 Mm% using observations of 6+, ¢+), respectively. For small values gf, Eq. (5) approxi-
spectral line shifts. Topka et al. (1982) found an amplitude pfates a Gaussia#, is the initial width of the Gaussian, which
10ms?. Due to possible interference between magnetic agfdassumed to be proportional to the angular separafign,
Doppler signals large uncertainties remain Bogart (1987). Ref the two active region spotsi, = 0.4AB. Bmax is set to
our simulations we use the meridional flow profile determinegso G. Note that in this way the only free parameters decribing
by Snodgrass & Dailey (1996) and Hathaway (1996), a newborn BMR ar#, and¢.. They determine the size and

—vosinG/Ao): i 14 < ol hence the total magngtic flux of Fhe BMR. This Qescriptic_)p en-
v(d) = { 0 . otherwise (2) sures that the fluxes in the positive and negative polarities of
' the newly emerged active region are always balanced.

where is the latitude in degreed (= /2 — ) and A is the Owing to the limited spatial resolution given by the numer-
latitude above which the meridional flow vanishes. We assuiical treatment (in particular, the restrictionltg 63) very small
vo = 11ms?tandiy = 75° as thestandard caseThis profile BMRSs cannot be resolved. We include the flux of such BMRs
was also used by van Ballegooijen et al. (1998). by considering them at a later stage of their development when

®)
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12

they have already ffused to a widthsy = 4°. This treatment

means that we assume such regions not to cancel with magnetic

flux from other sources prior to this time. The final descriptio® 1.0

of the two polarities in the flux contribution of a newly emerge@

BMR to the photospheric magnetic field is therefore given by%_ 0.8
)

21 - cosB..(6, 9)] } ©)

2
60

0.6

Sin\’
B?(R@,G, ¢) = Bmax(é;;) exp{

0.4

mber of BMR

2.5. Simulating solar cycles

>
Simulations are carried out with a time step of one day. %z °?
weighted random number generator determines after every A Ll | AL
time step whether new BMRs appear on the model solar sur- 0.0 0 5 10 15 20
face, where they appear, and which properties they have (see Time [years]
Sect. 3.1). The probability for a BMR to appear depends on the
cycle parameters given as input and on the phase of the Cijg._ 1. The cycle activity for the reference parameter set. The number
The new BMR described by Egs. (4) and (6) is then added @oBMRs emerging per day are averaged over 27 days.
the surface magnetic field and evolved according to Eq. (1).

The large-scale magnetic properties discussed below, &y years (see Sect. 3.1). Note that the initial radial field

the total unsigned photospheric field and the polar fielglsyipution is independent of longitude, i.e. it is axisymmetric.
strength, are taken as averages over the calculated cycles. Using

this technique one has to be aware of the error resulting from

statistical fluctuations. Because of the numerous parameter

combinations examined in the study and the extended comp#tReference cycle model
ing time needed we had to restrict the duration of the simulg-l Reference cycle parameters
tions to 55 years (two and a half magnetic cycles). For test puf-—"
poses averages of many cycles have been calculated for sametudy the dependence of global magnetic properties on the
cases to ensure that the obtained results are reliable. Typisale parameters, a reference case based on solar cycle param-
fluctuations of the large-scale magnetic field resulting from tlegers closely resembling the observed large-scale field evolu-
random nature of the BMR properties do not exceed a feiwn is defined. The length of each cycle is set to 13 years with
percent. an overlap time of two years between consecutive cycles. This
overlap time is introduced on the basis of the work of Harvey
(1992, 1993) and Hathaway et al. (1994), who showed that
BMRs belonging to a new cycle start emerging while BMRs of

To start a simulation, an appropriate initial flux distribution ithe old cycle are still appearing. Note that due to this overlap
needed. For a given set of parameters, the initial field is chogbka interval between two peaks of flux emergence is 11 years.

2.6. Initial field configuration

such that poleward meridional flow and equatoriéiidiion ap- At the beginning of a cycle, BMRs emerge at a mean lat-
proximately balance (van Ballegooijen et al. 1998), itude of 40, with a standard deviation of 10Towards the

n 0B, end of a cycle, the mean emergence latitude decreases to 5
voBr ~ §%- (7) with a standard deviation of’5Emergence longitudes are as-

sumed to be random, i.e. we neglect possible active longitudes.
This configuration corresponds to the situation at cycle minimlike the true solar cycle which rises faster than it declines,
mum when only few BMRs emerge and the polar regions hatte activity cycle in the simulation is represented by a Gaussian
maximal flux. The explicit form of the radial magnetic fielccurve, i.e. it is symmetric around the time of maximum, which

results from Eqgs. (2) and (7): is reached % years after the beginning. Asymmetric cycles are
B (R, 1) = studied in Sect. 4.10, where we find that asymmetry does not

et strongly dfect the results. Figure 1 shows the number of BMRs
sign() By exp[-ap(cosfrd/Ag) + 1)] if |1 < Ao 8 emerging per day as a function of time. The corresponding but-

Sign(1)Bo otherwise (8) terfly diagram is plotted in Fig. 2. The angle of the BMR, i.e.

the angle between the line connecting the two centres of the
wherea is the latitudep = 75°, ag = vg R Ao/ (7 1), Sign@) is  polarities and the east-west line, is taken according to Joy’s
the sign of the latitude anB; is the initial polar magnetic field law, @ = 0.51 (1 is the latitude). The polarity separation,
strength, which has to be adjusted for each actual parameteigéhe simulated BMRs range fromS3 to 10 in heliographic
to avoid asymmetry of the global magnetic field with respektdtitude with a step width of .@°. This corresponds to region
to the equator. The initial field given by Eq. (8) representssizes of 30 to 250 square degrees. Smaller regions or even
situation where a new cycle is just about to start while the olgphemeral regions cannot be simulated, because of the limited
decaying cycle is still ongoing due to an activity overlap setumerical resolution. The assumed size distribution function
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60 RN least-squares Marquardt-Levenberg algorithm (Press et al.
. J . 1992). A sum of Gaussians is taken to start the fitting proce-
40 - dure
: L —(t—b)?
S 20 Brit(t) = Z&GXP(TI)’ (10)
S ¥ 1
§ 0 * whereN is the number of maxima ar, b; andg are fitting
-% d parameters. The result of this fitting procedure is shown as the
— 20 - solid line in Fig. 4. The cycle maxima and minima given below
C: are obtained by averaging over all extrema of the fitted curve
-40 | for the simulated time series.
60 L 3.3. Polar fields

o

During solar minima, the polar fields reach their maximum val-
ues. The cycle of the Sun’s polar magnetic field is in antiphase
Fig. 2. Simulated butterfly diagram, latitudes of emerging active rée the Sunspot activity cycle. Svalgaard et al. (1978) derived
gions plotted vs. time, for the reference parameter set. an average polar cap field of 5G during minimum and pro-
posed an axisymmetric distribution of the large-scale field of
the formB = +11.5cog 6 G. More recently, the Ulysses mis-
) _ ) ) sion confirmed a polar field strength of 5G (Smith & Balogh
is n(A) ~ A% whereA is the area. This relation was foundyggs). The polar field contributes strongly to the interplanetary
by Schrijver & Harvey (1994) through a power-law fit of théang heliospheric field (open flux). Therefore, the evolution of
_observed d|str!but|on of regions e>§ceed|n§ Square Qegreesthe magnetic flux in the polar caps is an important quantity, but
in area. The biggest observed active regions in their study g8 unique definition of what constitutes the polar caps exists. In
not exceed 75 square degrees. For full-disk magnetogramsg-|iterature, definitions for the solar polar caps range from the
cluding sunspots they yielded a linear relationship between §i&q within 10° of the pole to that within 30 Figure 5 shows
region size and its magnetic flux. The modelling of the activge calculated polar fields of the reference case for caps ranging
regions in the simulations as decribed above also leads to aﬂr?'angular width from 5 to 3C°. Apparently, the exact choice
most linear relation between region size and flux content. Thethis width does not have a stron@ect on our results. We
modelled BMRs are bigger in size than the ones emerging ggopt a value of 15for the polar cap in the remainder of the
the Sun. The larger areas in the simulations are necessary "b‘érper. In our analysis we are interested in the maximum values
der to account for the additional flux emerging in the ephemefghched by the spatially averaged fields in these polar caps.
active regions, which are neglected in the current simulations. The maximum polar field strength is determined by aver-
A value of Bmax = 250 G in Eq. (6) leads to a smaller slopgging over the absolute values of all maxima and minima of
in the flux—area relation than found by Harvey, but ensures thakp, polar caps obtained during a simulation. To get the maxi-
the total number of roughly 2100 BMRs per cycle leads togum values, the polar fields have been decomposed into their
total input flux of approximately 8 Mx. A similar flux input  Fourier components. A few components turn out to bfi-su
of 8.9x 107" Mx per eleven-year cycle has been determined R¥ent to well approximate the field and to remove noise. The
Harvey & Zwaan (1993). different analysing technique compared with the fit procedure
Figure 3 shows the magnetic butterfly diagram, i.e., & used for the total surface field is necessary because the shap
longitude-averaged time-latitude plot for the surface magneti€the polar field is a priori not known in contrast to the total
field, for the reference parameter set. surface field, which follows approximately the shape of the cy-
cle activity.

Time [years]

3.2. Unsigned magnetic flux 4. Parameter study: Results and discussion

The total unsigned photospheric flux is obtained by integratifr@r the study of the influence of the model parameters, i.e. dif-
the radial field over the solar surface fusion cosficient, meridional flow amplitude and féirential
rotation rate, we use the same synthetic emergence sequenct

_ of BMRs in all calculations, while for the study of the cy-
Por = RS f'Br(RO’ 6,0l dS. ©) cle parameters new sequences of BMRs were created for each
simulation.
Figure 4 shows the unsigned average flux denSify = Table 1 gives an overview of the parameters studied and

thot/(47rR§), for the reference case. In the simulation, thiéhe results of the corresponding simulation runs. Besides the
field strength is calculated every 27 days. The fluctuations @éscription of the parameter (Col. 1), the value adopted for the
the magnetic field make it hard to detect maxima and mistandard case (Col. 2), and the range of values tested (Col. 3),
ima and compare them with the results for other parametee list the qualitative dependence By (Col. 4) andBpgle

sets. Therefore the flux density is fitted using the nonline@ol. 5), the section in which this dependence is described as
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Field Strength [G]
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Latitude [deg]
(@)
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Time [years]

Fig. 3. Time-latitude plot of the surface magnetic field for the reference case. The magnetic field is averaged over longitude and over a time
period of 27 days. The saturation level of the grey scale is set to 5 G (see bar at top).
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Fig. 4. Evolution of the total photospheric field (Eq. (9)) for the referFig. 5. North and south polar field calculated for sizes of the polar
ence case. The total field is calculated every 27 days (dotted line). Taps from 5 (largest field strength; solid curve) to38ngular width
solid line represents a nonlinear least-squares fit (Eq. (10)). (smallest field strength) in steps of.5

well as the number of the figure in which it is plotted (last col-

umn). The three parameters listed above the horizontal line ardarities approach each other faster than at a low@usion
parameters of the model that enter into Eq. (1), while the meate, leading to enhanced cancellation of flux and thus to the
mainder enters indirectly through the source term. decrease iBirmax Seen in Fig. 6a. Thisfiect can be clearly
seen in the magnetic butterfly diagrams for low (5Fksmt)
. and high (1500 krhs™) diffusion rates shown in Fig. 6¢ and
4.1. Magnetic diffusivity Fig. 6d. In the first case meridional circulation dominates, car-

In order to obtain the dependence of the global magnefléng a large amount of flux to the poles, whereby early in a
field properties on the fiusion rate, simulations with fiu- cycle the following polarity contributes more to the field being
sion codficients in the range 5500 kn? st have been run transported to high latitudes than later in the cycle. We expect
(the value adopted for the reference model is 608 lgn). that this due to Joy's law, with the tilt angles of BMRs being
Figure 6a shows how the maximum and minimum magnef@fger at high latitudes (i.e. early in the cycle).

surface fields Biotmax and Bioymin respectively, vary with in- The polar field shows a similar behaviour as the maximum
creasing dtusion codficient. A higher difusion rate leads of the total magnetic field (Fig. 6b). For afidision rate of

to a faster spreading of the BMRs. Neighbouring magne®® kn? s™1, By is 145 G. This amplitude decreases rapidly
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Table 1. Overview of the studied parameters and their influence on the total unsigne@gljoaqd the polar fieldByqe).
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Parameter Standard case Range DependerBg; of Dependence dByole Sect/
Fig.

Diffusion codficientn 600 56-1500 Decrease Strong ecrease; 4.1/6

[km? s7Y] saturates fo > 500

Meridional flow 11 0-30 Weak decrease Reaches maximum at 4.2/7

amplitudeny [ms™] =28

Differential rotation k=1 k=0-10 Decrease NofEect 4.39

Activity level 1 (solar case) 2-10 Power-law Linear increase M0

Cycle overlap [years] 2 6 Background forms Weak decrease 4/31
for BtoLmin

Cycle length [years] 13 520 Weak variation Increase 12

Size distribution A2 AP p=1-4 Decrease Weak decrease /437

Tilt angle Q52 0.12-202 Linear increase Linear increase AB

Scatter of tilt angles 0 0-30 No dfect No dfect 4.8

[deq]

Shift of emergence 40 Initially 35-60 Biotmin decreases, Increase 4,917

latitudes [deg] Biotmax iNCreases

Slope of mean 40/5 (start 225/225to0 No effect Weak decrease 4,938

emergence line [deg] end of cycle) 45/0

Spread around mean 10/5 (startend) G-20 No dfect No dfect 4.9.3-

emergence line [deg]

Position of activity 65(=05 1-12 No dfect No dfect 4.10

maximum [years] cycle length) Table 2

with higher diusion rates, and faj ~ 500 kn? s* a satura- dominating, but also including distinct stripes of the preceding
tion level of about 6 G is reached. polarity.

At still higher diffusion rates the enhanced cancellation of B, as a function ofy, initially increases as more fol-
magnetic flux in the activity belts leaves less magnetic flux tewing polarity flux is carried to the poles. Also, an enhanced
migrate towards the poles. On the other side, a higifeusion  meridional flow reduces the filisive dispersion of the polar
rate leads to more cross-equatorial cancellation of mainly pfsids. Asuy becomes even larger, cross-equatorial cancellation
ceding polarity flux. Both iects run contrary to each other angs reduced. Both magnetic polarities are carried to the pole by
balance for highy so thatByole ~ const.Biomin is mainly dom-  the meridional flow and cancel there. This leads to a reduction

inated by the polar field for high fiusion rates and thus showsof B,,,e. The strongest polar fields form for intermediate merid-
a similar behaviour aByge for large values of. ional flow speeds afy = 8ms?.

A higher poleward meridional flow transports the opposite
polarities to the smaller area in the polar regions, leading to

more dficient cancellation and thus reduction of the total flux
We consider meridional flow velocities in the ranggrig. 7a).

0...30ms™ In the absence of a meridional flowp(= 0),

most of the magnetic flux remains at low latitudes and the po-

lar field extrema are about 3 G (Fig. 7b). However, magnet3. Differential rotation

flux transport only by dfusion is stficient to reverse weak po- _ _ . . . )

lar fields, as is clearly visible in the corresponding magnefi¢ this section, we modify the fierential rotation (Eq. (3))
butterfly diagram (Fig. 7c), which shows ratheffdse fields SUCh that the rotation rate at the equator becokrirses the

at high latitudes, in contrast to the corresponding diagrams fflar value while the rotation rate at the poles remains at the
reduced dfusion (Fig. 6¢) or enhanceg (Fig. 7d). These lat- Solar value,

ter show sharp stripes at high latitudes as flux from individual

BMRs is transported to the poles, with the following polarityk(6) = [(k— 1)(sind + 1) — (k — 2)] - w(6), (12)

4.2. Poleward meridional flow



I. Baumann et al.: Evolution of the large-scale magnetic field on the solar surface 1081

7 a . — 14 [ b ]
— F ( ) —&— Maximum ] S C ( ) ]
O —— Minimum 4 £ r 1
=6 [ 4 B12F -
k= 1 ¢ ¢ ]
. f 1 8 F ]
S°F 1 ®10p E
S Ok 1 T ¢ 1
s5°F 1 °F E

L i @ L ]
% 3f 1 S 6fF s_e—e—e—e—e—e\e 3
St 1 2 ¢t ]
5" _‘\\’\0\._0—4 15 _
g e ——————o 1 2 ¢ ]
(@] L i = L 4
Far 1 3 2r .
C ] = C ]
0 C 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 0 C 1 1 1 1 I 1 1 1 I 1 1 1 1 I ]

0 500 1000 1500 0 500 1000 1500

n [km?/s] n km?/s]

Field Strength [G]

Latitude [deg]

Latitude [deq]

0 5 10 15 20 25 30 35 40 45 50
Time [years]

Fig. 6. a) Total photospheric field at cycle maximumB;max) and minimum By, min) VS. diffusion codicient,n. The vertical line indicates the
reference caséa) Polar field strengttBy, vs. diffusion constant;. The plotted values are the averages of the absolute values of all maxima or
minima. €), d)) Magnetic butterfly diagrams for the extreme values of thiuslivity: = 50 kn? s7* ¢) andy = 1500 kn? s7* d).

wherew(6) is given by Eq. (3). The resulting rotation profiles-igure 9 shows hovB; decreases with increasirkg During

are plotted in Fig. 8 fok = 1...10. The surface shearing due t@ycle maxima the influence of theffirential rotation on the
differential rotation leads to flux cancellation by bringing oppdetal unsigned flux is significant. At minima, where only few
site polarities together (see Figs. 2—4 in Mackay et al. 2002BMRs are present and thus are more separated in longitude, a
This efect is especially pronounced at mid latitudes and thusstronger diferential rotation has only a weaKect on the total

the activity belts where a mixture of both polarities is preseriteld.
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Fig. 7. @) Biotmax and Bymin Vs. meridional flow amplitudey. The vertical line indicates the reference cdsePolar field strengttByge vS.
flow amplitude. €), d)) Magnetic butterfly diagrams for the extreme cases of absence of a poleward meridiornz)| #ioa for a meridional
flow amplitude ofvg = 30 ms? d).

The polar field is not influenced by féiérential rotation, differential rotation with a value @,qe = 6.2 G, for all difer-
which can be explained analytically: integrating the flux tranential rotation profiles.
port Eq. (1) over a circle of constant latitude from O to i
longitude leads to a value independentf). For fixed values 4-4. Activity level
of the difusion codicient, the meridional flow and the sourca;‘%
0

function, the average polar field is therefore independent of xt we consider the influence of changing activity level, i.e.

al amount of emerging flux or cycle strength. This is relevant
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Fig. 10. a)Logarithmic plot ofBotmax @nd Bitmin VS. relative activity
level C of cycle at its maximum and minimum. The fitted curves are

Total photospheric field [G]

05 also plottedb) By vs. the relative activity level of cycle.
0 P TR P TR NP U ERPR MU NP
6 1 2 3 4 5 6 7 8 9 10 11 arisesfromthe factthatat activity minimum a significant frac-
k tion of the field resides in the polar caps, where a single polarity
Fig. 9. Bowmax and Biwmin VS. k in the modified rotation profile dominates.
(Eq. (11)). The polar fields evolve linearly with the activity amplitude

(Fig. 10b):Bpgle = 6.15C*%1 G from power-law fits. Similar
results have been found by Schrijver & Title (2001). This be-
for solar cycles of varying strength and for stars witlffefi haviour is probably due to the fact that cross-equator flux can-
ent activity levels. We describe higher activity levels througtellation also increases rapidly with activity level, so that the
a larger number of emerging BMRs and thus a larger amoupteferred transport of following-polarity flux to the poles is cor-
of emerging flux while keeping the size distribution of emergespondingly enhanced.
ing BMRs unchanged. To this end, we multiply the standard Within the wide parameter range considered here, the sur-
valuesN = 2100 for the number of BMRs per cycle andace evolution of the field does not lead to a saturatioBgf
®emiot = 1.25 x 10°°Mx for the total emerging magnetic flux or Byole. The saturation of activity on very rapidly rotating stars
both by a factorC, whereC = 1 corresponds to the referencdVilhu & Rucinski 1983) is therefore probably not caused by
parameter set (solar case). cancellation of the magnetic field at the stellar surface. The
The simulation results are presented in Fig. 10a. Pow@ewer-law exponent of.03 betweerBotmaxand emerging flux
law fits (dotted and dashed lines in Fig. 10a) reveal the f@uggests that some contribution from thikeet may be present,
lowing dependence of the total surface field on the activiit it is not likely to dominate.
level: Biotmax = 3.43C%73 G for cycle maxima an®Botmin =
1.47C%8 G for cycle minima. Consequently, the total flux in-, Overlap time of successive cycles
creases at a less than linear rate with increasing activity or
emerging flux. As more BMRs emerge on the surface, oppoditethis section we study the influence of the overlap time of
polarities emerge closer to each other, leading to more cancedlaecessive cycles, which is set to two years in the reference
tion of magnetic flux. The larger exponent g min probably model. The length of the individual cycle remains at 13 years.
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Fig. 11. a)Biotmax @ndBiotmin VS. Overlap time of consecutive cyclég.Polar field strength vs. overlap time),d)) Magnetic butterfly diagrams
for no overlap between succesive cyat¢and for an overlap time of 6 yeadd.

The simulations show that the surface flux during maximaith the simulations of Schrijver et al. (1997). The growth of
is not influenced by varying the overlap time between 0 anide field during minima can easily be understood by inspect-
6years (Fig. 11a). In contrast, the field during activity mining the butterfly diagram (Figs. 11c and d). For a large overlap
ima grows rapidly with the overlap between consecutive cyFig. 11d), the simultaneous presence of two activity belts at
cles. This result is in agreement with the predictions of thegh and low latitudes is clearly visible. In this extreme case
simple model describing the long-term evolution of the Sunfer which the overlap time is half the cycle length, one cy-
large-scale magnetic field by Solanki et al. (2000, 2002b) ankt ends during the maximum of the following cycle and the
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Fig. 12. &) Bioymax andByomin VS. cycle lengthb) Byee as a function of cycle lengtit) Magnetic butterfly diagram for a cycle length of 5 years.
The overlap time between successive cycles is 2 years.

photospheric flux no longer varies significantly with timdixed level, so that the number of emerging BMRs varied lin-
(Fig. 11a). Thus the build-up of a background field by increasarly with the cycle length. The simulations show that the max-
ing the overlap time leads to a proportional decrease of the apum total surface flux remains roughly constant (Fig. 12a)
cle amplitude. while Bioymin displays a more complex behaviour. For short

For the polar fields, thefiect of overlapping cycles corre-cycles (lengthS 10 years)Biimin decreases with increasing
sponds to a decrease in the cycle length. The time during whigAgth, while for longer cycles it increases gradually. The polar
magnetic flux is transported to the poles is reduced. The tifiglds increase roughly linearly with the cycle period (Fig. 12b).
betwc_aen polar maxima dec_reas_es, with always the_ following- | a longer cycle, more BMRs emerge and contribute to
polarity flux from the cycle with higher emergence latitudes bene polar fields by preferential poleward transport of following-
ing at an advantage in reaching the poles. Therefore, the pQg[arity. Since the cancellation of flux in the BMRs and be-
fields decrease with longer cycle overlaps (Fig. 11b). Why d@een BMRs takes place on a timescale much shorter than the
cycles qlominantly f_ee_d the polar flux during_their early phase@{,’de length, the total flux is hardlyffiected by cycle length,
We believe that this is due to a combination dfeets. The ¢ |east at cycle maximum. The meridional flow becomes par-
emergence I:_J\'Fltudes are higher anq thus fche tilt angles are |aEﬂ§IIarly important to keep the polar caps fronffdsing away
during the initial phases. As we will see in Sects. 4.8 _and 4 &Qer longer cycles. Biusion of polar flux could be one reason
both of these parameters have a larffect on the polar fields. why in the case of the Sun, longer cycles tend to be followed

by weaker cycles (Solanki et al. 2002a; Makarov et al. 2003).

4.6. Cycle length The strong decrease of the polar field strength for short cy-

The length of the cycle has been varied from 4 to 20 yearde periods is partly also due to the two-year overlap of succes-
keeping the overlap between two successive cycles alwaysiae cycles. The magnetic butterfly diagram (Fig. 12c) reveals
a value of two years. The cycle amplitude was maintained athet this enhances the decrease in the polar field at very short
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cycles (see Sect. 4.5). The poleward flux transport is dominated Although By, i.€. the maximal polar field strength, does
by diffusion which results in weak polar fields (see Sect. 4.2)ot vary much with the size distribution, the temporal evolu-
The very short duration of the phase in which one dominant pten of the polar fields changes as can be seen on the magnetic
larity is being transported to the pole (stripes of one colour butterfly diagrams.

Fig. 12c), means that over a considerable fraction of time oppo-

site polarities are moving to the pole. Cancellation due to dif-

fusion then reduces the polar flux. The decreadgdimin With 4.8, Tilt angle

cycle period seen for short cycles is probably caused by the

decreasing relative overlap between cycles as they get IonggE it angle of a BMR (1), is a result of the Coriolis force
(compare Sect. 4.5). Thigfect is important for short cycles 5ting on the underlying toroidal magnetic flux tube as it rises

since the overlap in fraction of the cycle length is largest the, e surface. Starting from Joy’s law= 0.5 1, we generalize

the relation between tilt angle and latitudeate= b A and vary
4.7. Size distribution of BMRs t_he parametel between QL and 2. Diterences ir_1 the average

tilt angle are expected to occur on stars dfatient spectral
Schrijver & Harvey (1994) determined the size distribution d¥Pe, evolutionary status and rotation rate (activity level), since
solar active regions during cycle 21 @) = 4.7 A2 An ex- the strength of the Coriolis force relative to other forces acting
ponent of-2 is a critical value, since for less negative expd?n the rising flux tube depends on these parameters (Schusslel
nents the new flux brought to the solar surface is dominated &ybolanki 1992; Schussler et al. 1996).
the large active regions, while for more negative exponents it
is the small ephemeral regions that dominate. We applied S{'

T .  A-p

dls'grlbutlon functions of the fornm(A) AP where p Was - more separated in longitude and thuffudion is less #ec-

varied between 1 and 4. In order to isolate tffee of the size .. " . : .
tive in flux cancellation. For larger tilt angles, cross-equatorial

distributi_on from other dependences, the total input _flux_ fromancellation of preceding flux is enhanced (see the evolution of
new regions was kept constant over the cycle by adjusting t%e. . ! : .

total number of BMRs emeraing over the cvele. For a hi hgrsmgle bipole described in Mackay et al. 2002a), leading to

. 9ing . .y ’ 9 more flux on the solar surface and at the same time also to the

value ofp the probability of smaller regions increases and th%sc umulation of more flux at the poles. Thus the polar field

g p . polar fields

more regions have to emerge in order to reach a fixed amopnf o stronger for higher valueso{Fig. 15b). In the in-
of flux (Fig. 14). . ) . .
vestigated range df, the polar field strength is approximately

The dfect of the difusion of the magnetic field and cancelg, . ~ 12b, Biomax ~ 1.8b+ 2.6 andBotmin ~ 1.6b+ 0.7 (all

lation of magnetic flux is stronger in smaller active regions thayes in G).

in bigger ones. Therefore, the total surface flux is reduced when

the distribution function is such that small regions are preferred We have also considered the influence of a scatter in the tilt

(larger values op in Fig. 13a). This ffect is most pronouncedangles. The standard deviation of the tilts of individual BMRs

at activity maxima when the largest number of active regioagound the mean is19" (Wang & Sheeley 1989). We have

are present. At cycle minima a fair fraction of the flux is coreonsidered random distributions of tilt angles with standard de-

centrated at the poles and thus lefeceted by the size distri- viations ranging from 1to 30. It turned out that this had no

bution (see Fig. 13b), so that the total flux at minimum exhibigignificant é€fect on both the total magnetic field and the polar

a weaker dependence qn Field from bigger regions has afield as long as average tilt angles were kept constant. The total

larger chance of reaching the polar caps owing to its longé#xes at activity maximum and minimum varied by less than

lifetime (less cancellation due tofflision) and thus the polar 10% over the considered parameter range, while the polar field

fields become stronger for lower values{Fig. 13b). The varies by less than 30%. Both quantities did not show a clear

weak dependence of the polar fieldsoan be explained by trend.

the same argument as for the dependence on thesidin co-

efficient: more cancellation of flux in the activity belts is coun-

terbalanced by increased cross-equatorial cancellation. 4.9. Emergence latitudes

The dominance of the large BMRs f@r = 1 and of the
small BMRs forp = 4 is seen in the magnetic butterfly di-A quantitative analysis of the influence of the emergence lati-
agrams (Figs. 13c and d, respectively). The graininess of thides of the BMRs on the global field properties has been per-
field at both the emergence and higher (sub-polar) latitudes formed for two cases (see Fig. 16). In the first case, we have
p = 1 contrasts with the smoothness (produced by averagstgfted the entire activity belt in latitude, while in the second
in the plot over many smaller regions) fpr= 4. The upper case we have changed the range of emergence latitudes while
panel looks more dliuse than the lower. Theftlision timerq keeping the average emergence latitude of all BMRs in a cy-
depends on the scatg = 12/5, wherel is a typical length and cle fixed. This corresponds to changing the slope of the mean
n is the difusion codicient, while the timescale for the merid-emergence line in the butterfly diagram. In order to obtain clear
ional transportr, does not t, = Ry/uvp). If | decreases, i.e. trends, the width of the distribution around the mean emergence
when smaller BMRs are preferred, théfdsion becomes moreline has been set i@ = 1°. Subsequently, the spreadaround
important than the meridional flow. the mean latitudes has also been varied.

Biotmax Shows a linear increase with(Fig. 15a). For larger
ﬁFangIes, opposite polarities from neighbouring BMRs are
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4.9.1. Shift of the emergence latitudes (case 1) higher tilt angles of the BMRs which lead to a higlBpeie (see
Sect. 4.8). A slight increase in the polar field is given when

A poleward shift of the activity belt in general leads to highehe activity belt is shiftet equatorwards relative to the standard

polar field strengths (Fig. 17b). The BMRs emerge closer to thase. In this case, filiision over the equator enhances cancella-

pole and thus the time for reaching it byffdision and merid- tion of leading polarity, and increasing distance from the equa-

ional advection is shorter and therefore cancellation through decreases this cancellation.

diffusion is reduced. Also, higher emergence latitudes result in
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The total surface field exhibits a stronger contrast betwe
cycle maximum and minimum with increasing emergence lat
tude (Fig. 17a). At cycle maximum increasing latitude of eme
gence decreases the amount of cross-equatorial cancellationg
between leading polarities, leading to a larger amount of fluxat ~ © 05 1 15 2
maximum. This &ect is most important as long as emergence Tiltangle / Emergence latitude
latitudes are small. But why is there less field at minimung. 15. a)Bigimax andBitmin VS. parameteld = /1 (« is the tilt angle
Possibly: with less cross-equator cancellation more cancebas 1 is the emergence latituded) Polar field strength vsh. The
tion between fluxes in the same hemisphere takes plagg linear fits are also indicated.
is like a mirror ofBiot max)-
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4.10. Asymmetric activity cycles

4.9.2. Range of emergence latitudes (case 2) In the previous sections, the simulated activity cycle was al-

. . . ways symmetric in time with respect to the cycle maximum.
Changing the slope of the wings of the butterfly diagram Iea\/ﬁ%wever, the sunspot record shows that the solar maximum is

the average tilt angle of the BMRs unchanged, thus not haV'rnegached already well in the first half of most cycles. In order

a strong fect on the surface field (Fig. 18a) and also not on thé . : .
: ) . . t0 study asymmetric cycles we have considered the following

polar fields (Fig. 18b). The éierence in the field strength be- . : o . ;
. h class of time profiles of flux emergence: a linear increase until

tween the extreme cases, e.g. constant emerging latitudes gver

the cycle and a strong decrease frem = 45 at the begin- € maximum followed by a linear decrease to zero. The cor-

ning to s = O at the end of the cycle, is only about 3G forrespondlng emergence rates of BMRs have been adjusted suct

the polar field. This indicates that the twffexts described in thatthe total number of BMRs during a cycle remains constant

the previous paragraph, e.g. fast approach of the poles for and equal to the previously used Gaussian profile. The times of

o - . .
larities emerging at high latitudes and higlffdsion across the gcnvny maxima can now be varied between 1 and 12 years gfter

X . he beginning of a cycle. It turns out that the total surface field
equator for flux emerging at low latitudes, roughly compensa{e

Cancellation in the polar region reduces the polar field, while well as the maximum value of the polar field do not depend

cancellation across the equator supports a higher polar fie|£|9n|f|cantly on the time of the_cycle maximum. Both quan-
tities vary by less than 15%. Figure 19 shows the polar field

strength for the case when the activity maximum is reached af-
4.9.3. Spread around the mean (case 3) ter 2 and after 11 years, respectively. In the first case, the high

initial emergence rate coupled with the large tilt and high emer-
Both the total surface field and the polar fields are remarkalggnce latitude of the BMRs early in the cycle leads to an early
independent of the statistical spread of BMRs around the mepalar reversal and a fast build-up of the polar fields. The new
There is no noteworthy change in the field streng#B006) if maximum of Byge iS built up within 3 years. After the maxi-
the standard deviation is increased from 0 t6.20 mum of the emergence rate, the amount of net flux reaching
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the poles decreases rapidly as both the emergence rate andghe
tilt angles of the BMRs decrease. It appears to be jusicéent
to maintain the polar field, which leads to a roughly rectangy
lar time profile of the polar fields. In contrast, when the activity
peaks very late in the cycle, i.e. at low latitudes, the polar field 030
reversal takes place over a longer period of time resulting in a
sharp maximum of polar field strength.

tal

35 40 45 50 55 60 65
Starting emergence latitude [deg]

Fig.17. &) Biotmax and Biormin VS. Starting mean emergence latitude.
b) Polar field strength vs. starting latitude.
4.11. Shape of activity profile
Table 2. Dependence of the total field and the polar field on the func-
Except for the last section, the activity profile was taken to tienal form of the activity cycle.
Gaussian in shape. Here we consider the influence of the func-

tional form on the global field by comparing threeffdient activity profile  Biotmax  Biotmin ~ Bpole
types of activity profiles. Alternatively to the Gaussian profile [C] [C] [C]
we apply a linear form of activity as described in the preceding Gaussian 3.4 15 6.2
section with the maximum in the middle of the cycle as well as Linear 2.6 1.9 55
Sinsoidal 29 1.8 5.0

a sinosoidal one. The total amount of BMRs per cycle, i.e. the
amount of emerging flux integrated over the activity curve for

one cycle, is held constant. Table 2 shdys andByoe for the 4 12 phase relation between the activity cycle
three cases. and polar fields

A linear increase and decrease of the activity leads ‘}%e polar fields reverse around cycle maximum. A more pre
smaller and highe in compared with the Gaussian . S : : i
Brotmax gheBrotmin b se determination of the time lag between BMR emergence

file. In the | h | i is wider thafl \ : ne
ﬁ]r?hl ee Iinr:a;recaige:/vz?csﬁ ,e;p?a(i:g g teh ;n ﬁl)ggiin IS Ivr\:l(i(ca)rnf arate and polar field reversal can be obtained by shifting and
] max-

trary, during cycle minimum, where an overlap of two cycles ;:Srosscorrelatmg both time series. The maximum correlation co-

present, the superposition of two linear cycle activities is Iarg%fflc'.em indicates the phasgfhhrence. This method has been
for the linear profile than for the Gaussian profile, for whic pplied to all of the above discussed parameter sets. It turns out

the overlap of two cycles nearly vanishes. that for all cases the polar fields reverse withi®5 years of

. . _ ~cycle maximum.
The sinosoidal profile gives an emergence pattern in be-

tween the two other discussed cases, soBghax andBiotmin _
have intermediate values. 5. Conclusion

The polar field does not vary significantly with the shape &ffe have considered the large-scale evolution of the magnetic
the profile in all three cases. field arising from the flux transport model for a variety of
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