ABSTRACT

The Sun’s polar magnetic elds are directly related to solar cycle variability. The strength of the polar elds

at the start (minimum) of a cycle determine the subsequent amplitude of that cycle. In addition, the polar eld
reversals at cycle maximum alter the propagation of galactic cosmic rays throughout the heliosphere in fundamental
ways. We describe a surface magnetic ux transport model that advects the magnetic ux emerging in active
regions (sunspots) using detailed observations of the near-surface ows that transport the magnetic elements.
These ows include the axisymmetric differential rotation and meridional ow and the non-axisymmetric cellular
convective ows (supergranules), all of which vary in time in the model as indicated by direct observations. We use
this model with data assimilated from full-disk magnetograms to produce full surface maps of the Sun’s magnetic
eld at 15 minute intervals from 1996 May to 2013 July (all of sunspot cycle 23 and the rise to maximum of
cycle 24). We tested the predictability of this model using these maps as initial conditions, but with daily sunspot
area data used to give the sources of new magnetic ux. We nd that the strength of the polar elds at cycle
minimum and the polar eld reversals at cycle maximum can be reliably predicted up to 3 yr in advance. We include
a prediction for the cycle 24 polar eld reversal.
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1. INTRODUCTION ux is transported to the poles and how the polar elds are
modulated.

Obtaining a complete understanding of solar cycle variability =~ The dynamo model of Babcock961) can be broken into two
is one of the oldest and most signi cant problems in solar fundamental processes: (1) the conversion of the Sun’s poloidal
physics. Babcock 1959 reported the rst observation of a  eld at minimum into toroidal eld of sunspots, and (2) the
reversal in the Sun’s dipolar magnetic elds, noting that this conversion of the toroidal magnetic eld into reversed poloidal
reversal occurred near the time of solar maximum. Shortly magnetic eld. Surface ux transport models (DeVore et al.
thereafter, he linked solar cycle variability to magnetism on 1984 Wang et al1989 van Ballegooijen et all998 Schrijver
the Sun by proposing a solar dynamo model (Babch@&l). & Title 2001 focus on the latter process. To begin the latter
While Babcock’s model is widely accepted as the underlying process, magnetic ux is taken to emerge in active regions with
mechanism behind the solar cycle, the ner details are still not a characteristic tilt, i.e., Joy’s Law tilt (Hale et 4919 Howard
well understood. 1991), and is then shredded off into the surrounding plasma. The

Two points in the evolution of the polar elds stand out as lower latitude leading polarity ux cancels across the equator,
being the most signi cant: the reversal of the polar elds and and the surface ows transport the higher latitude following
the polar elds at solar minimum. The reversal of the polar polarity ux to the poles. The following polarity cancels with
elds marks the time of solar cycle maximum, i.e., when solar the original poloidal elds and creates new poloidal elds with
activity begins to wane. Furthermore, the reversal is important opposite polarity.
to cosmic-ray observations. The polarity of the solar dipole  Previous surface ux transport models have used meridional
changes the manner in which the positively charged cosmic raysow pro les that worked best with the model. These ow
propagate through the heliosphere (Ferreira & Potgiziéd). pro les were constant in time and typically stopped completely
This results in cosmic-ray ux with a at peak when the Sun’s before reaching 75 However, recent observations have shown
magnetic dipole is positive and a sharp peak when the Sun’sthat these meridional pro les are not realistic. The meridional
magnetic dipole is negative. On the other hand, the polar elds circulation has been found to vary considerably over the solar
at solar minimum are thought to be the seeds to the next solarcycle and from one cycle to the next (Hathaway & Rightmire
cycle. Indeed, observations have shown that the strengths of th€01Q Basu & Antia201Q Gonzlez Heriandez et al2010.
polar elds at solar minimum are a good indicator of the strength Furthermore, the meridional ow can extend all the way to the
of the next cycle (Svalgaard et 2005 Mufoz-Jaramilloetal.  poles (Hathaway & Rightmire011 Rightmire-Upton et al.
2012 Svalgaard & Kamid@013. Interestingly, the polar elds  2012. Ideally, a transport model should be able to reproduce
leading up to the cycle 224 minimum were about half as strong the magnetic eld evolution at the surface by incorporating the
as observed for the previous two cycles (Svalgaard €085. observed ows.
This was followed by an extended cycle/23 minimum and Previous surface ux transport models employed a diffusive
what is proving to be the weakest solar cycle in over 100 years.term to simulate effects of convective motions. In Sectin
This has caused speculation that the Sun may be entering anothexe introduce a purely advective surface ux transport model.
Maunder minimum. With such unusual solar conditions there This model is used to investigate the evolution of Sun’s polar
is increasing motivation to determine exactly how magnetic magnetic elds. In Sectio3, we assimilate magnetic eld data
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from full-disk magnetograms into the surface ux transport Hathaway et al. Z010. A spectrum of spherical harmonics
model. This ensures that it accurately represents the magnetiavas used to create convection cells that reproduce the observed
elds on the entire surface of the Sun. This baseline is used in spectral characteristics. The spectral coef cients were evolved
Section4 to illustrate the difference in the timing of the polar ateachtime stepto give the cells nite lifetimes and the observed
eld reversals based on four different de nitions of polar elds. differential rotation and meridional ow. These convection cells
Advantages and disadvantages of each of these de nitions arehave lifetimes that are proportional to their size, e.g., granules
discussed. with velocities of 3000 m%!, diameters of 1 Mm, and lifetimes
In Section5, we outline the steps needed to modify the sur- of 10 minutes and supergranules with velocities of 306t s
face ux transport model for predictive purposes, incorporat- diameters of 30 Mm, and lifetimes of1 day. These convective
ing data from active region databases to simulate active re-cells are advected by the axisymmetric ows given by the
gion emergence. We demonstrate this technique using solasmoothed polynomial coef cients. The vector velocities were
cycle 23 active region data to reproduce the axial magnetic created for the full Sun with 1024 pixels in longitude and
dipole moment leading up to the cycle/23 minimum. In 512 pixels in latitude at 15 minute time steps.
Section6, we investigate the accuracy of predictions made with  Outside of active regions, the magnetic elds are weak and
this model using proxy data for the active region. We model the the plasma beta is high. The magnetic pressure of these weak
ux transport for two phases of the solar cycle: leading up to elds is dominated by the kinematic pressure, and these weak
the solar cycle 224 minimum and the reversal of the Sun’s elds are carried by the plasma ows. Inside active regions, the
axial dipole moment during solar cycle 23 maximum. The pre- plasma beta is high and the ows are modi ed by the magnetic
dicted axial dipole moment leading up to solar minimum is eld. To account for this, we reduced the supergranule ow
compared to the baseline dipole moment to determine its ac-velocities where the magnetic eld was strong.
curacy in amplitude. The predicted dipole reversal is compared The surface ux transport advection equation was solved
to the baseline reversal to determine the accuracy in the timingwith explicit time differencing to produce magnetic ux maps
of these predictions. Finally, in Sectidhwe use the modi ed of the entire Sun with a cadence of 15 minutes. (These
surface ux transport model to examine the status of and make maps are referred to as synchronic maps since they represent
predictions about the current (solar cycle 24) polar eld reversal the Sun’s magnetic eld at a moment in time.) To stabilize
as measured by the axial dipole. the numerical integrations and avoid ringing artifacts due
to the Gibbs phenomena, we added a diffusion term so that
2. SURFACE FLUX TRANSPORT MODEL

We have created a surface ux transport model to simulate the B,
dynamics of magnetic elds over the entire surface of the Sun.
The basis of this ux transport model is the advection equation:
where is the diffusivity. We note that this diffusivity term was
strictly for numerical stability. The addition of this term had
little effect on the ux transport. The convective motions of the

. ) ) . ] ] supergranular cells gave detailed random walks for the magnetic
whereB; is the radial magnetic uxu is the horizontal velocity  elements in this model.

vector (which includes the observed axisymmetric ows and
the convective ows), and is a (magnetic) source term as a 3 BASELINE MODEL: DATA ASSIMILATION
function of latitude, longitude, and time.

This purely advective model is supported by both theory = We used the ux transport model to create a baseline data
and observation. The Sun’s magnetic eld elements are carriedset. For this baseline, we assimilated full-disk magnetograms
to the boundaries of the convective structures (granules andto provide the closest contact with observations. The process
supergranules) by ows within those convective structures. The of data assimilation periodically updates and corrects for any
motions of those magnetic elements are faithful representationdifferences between data and model. Regions where data were
of the plasma ow itself. These weak magnetic elements are recently assimilated are nearly identical to the observations.
transported like passive scalars (corks). This has been foundThis baseline was used to examine the different methods for
in numerous numerical simulations of magneto-convection characterizing the polar elds and also served as a metric for
(see \bgler et al.2009 and is born out in high time- and evaluating the prediction results in Secti@n
space-resolution observations of the Sun (Simon e1288 Magnetograms were obtained from the MDI (Scherrer et al.
Roudier et al2009. 1995 on board th&olar and Heliospheric ObservatofOHOQ

The axisymmetric ows (meridional ow and differential ro-  and the HMI on board th8olar Dynamics ObservatofsDQ
tation) have been measured for each Carrington rotation byScherreretak012. MDI magnetograms were assimilated from
using feature tracking on Michelson Doppler Imager (MDI) 1996 May to 2010 May with a cadence of every 96 minutes
and Helioseismic Magnetic Imager (HMI) magnetograms (excluding the time period in late 1998 and early 1999 when
(Hathaway & Rightmire201Q 2011 Rightmire-Upton et al. MDI data were unavailable or unreliable). From 2010 May to
2012. These axisymmetric ow pro les were t with polyno- 2013 July the HMI magnetograms were assimilated hourly. The
mials, and the polynomial coef cients were smoothed using ata- uxin each pixel of the magnetograms was divided by the cosine
pered Gaussian with an FWHM of 13 rotations. These smoothedof the angle from disk center in order to best approximate the
coef cients were used to update the axisymmetric ow compo- assumed radial magnetic eld.
nent of the vector velocities for each rotation, thereby including  The data assimilation process merged magnetogram observa-
the solar cycle variations inherent in these ows. tions with forecasts made by the surface ux transport model.

The convective ows, i.e., supergranular ows, were modeled This was done by assigning weights to both the observed data
explicitly by using vector spherical harmonics, as described by and the data forecasted by the model (shown in Figr&he
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Figure 1. Data assimilation. (A) The data forecasted by the ux transport model. (B) The data observed with a magnetograph. (C) The weights for the simulated dat
(D) The weights for the observed data.

-10G -5G 0G +5G +10G This annual signal has been a characteristic feature of MDI,
P — Mount Wilson Observatory, and SOLIS data sets albeit with
differences depending on the instrument and spectral line used.

There have been attempts (Ulrich & Tra13 Jin et al.2013
to explain the origin of this annual signal in terms of a systematic
tilt of the elds, but so far there is no consensus. Perhaps one of
the most telling aspects of this annual signal is that it is either not
presentortoo weak to be seeninthe HMI data. This suggests that
this annual signal could be due to changes in spatial resolution,
noise levels at the poles, or possibly errors (at high latitudes) in
the calculation of eld strength using different spectral lines.
The baseline butter y diagram also illustrates some important
details about ux transport. Figurzshows that it takes 1-2 yr
for active region ux to be transported to the poles from the
active latitudes. This suggests that a ux transport model should
— be able to reproduce the polar elds at least this far in advance.
2010 2015 Furthermore, our ux transport continued during th8OHO
Figure 2. Baseline magnetic butter y diagram. Yellow (positive) and blue summer vacation” from 1998 June through 1999 February,
(ngegative) streamerssh%wthat ittakeg—Zyrgforactive regioFr)l uxtoreachthe l.e., a period when no data assimilation was occurring. This

poles. The SOHOsummer vacation” from 1998 June through 1999 February €sulted in the poleward transport of leading polarity ux from
illustrates the importance of continued active region emergence. the lower latitudes; thus, it is essential that new active region

sources continue to be added. If the active region emergence
] ] ] ] is prematurely cut off, excess leading polarity (that would
observed magnetic elds have signal-to-noise ratios that degradenave been canceled by the new emerging ux) remains and is
away from disk center so the weights for the observed datatransported to the poles along with (or just after) the following
fell off as a function of center-to-limb distance. The weights polarity ux. This has the effect of slowing down the reversal
for the forecasted data were created by adding the newly ob-(or depending on the timing, slowing the subsequent buildup of
served weights to the model weights from the previous time new polarity). If enough excess leading polarity is transported
step and then multiplying by a latitude-dependent exponential tg the poles, then a relapse in the polar eld reversal may also
decay function. This exponential decay function was designedpe observed. In this case, the assimilation corrected for these
to account for the drift between observations and model for problems once it was re-initiated in 1999 February.
places and times that observations are unavailable. The weights
decay by a factor of /le in 1 week at the rapidly evolving 4. POLAR FIELDS
equator, but more slowly (up to several months) at the poles. A
new map was created by adding the forecasted data multiplied Magnetic maps of the entire Sun provide the ability to change
by its weights to the observed data multiplied by its weights and the angle from which the Sun is viewed, e.g., looking directly
then by dividing by the sum of the two weights. down on the poles as shown in FiguBeSeeing the Sun from
Full-Sun synchronic maps were retained at 8 hr intervals above the poles is vital to furthering our understanding of
(times of 0, 8, and 16 hr), from 1996 May to 2013 July. A the evolution of polar regions and their impact on the solar
magnetic butter y diagram was constructed by averagiag cycle (Shiota et al2012 Mufoz-Jaramillo et al2013. By
over longitude for all of the synchronic maps in each solar watching the ux transport from this angle, it is clear that
rotation. This butter y diagram, shown in Figug illustrates the residual active region ux at high latitudes is substantially
several important details. As expected, this baseline magneticsheared by differential rotation. The combined effect of the
butter y diagram is nearly indistinguishable from a buttery differential rotation shearing and the meridional ow driving
diagram constructed directly from observations. In particular, an the ux poleward causes the residual ux to spiral into the pole.
annual signal in the polar eld strength is seen at high latitudes. The polarity of this residual ux is typically opposite in sign to
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Figure 3. North polar view in 2001 April. Synchronic magnetic maps allow the 10m

Sun to be seen from the perspective of looking directly down on the poles. The
55,70, and 85 latitude lines used in de nitions of polar elds are marked for
reference.
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Figure 4. Polar eld reversals. The corrected north (solid) and south (dashed)
polar eld strength reversals (top) are shown for three different de nitions of

. — polar area>55 in black,>70 in blue, and>85 in red. The timing of the
the polarity of the pole at the beginning of the solar cycle. reversal depends greatly on which polar area is used, witlyr between the

As this (typically) opposite polarity ux reaches the poles, 55 reversal and the 85reversal. This behavior is consistent with the notion
it cancels with the original polar elds until it disappeared of new polarity ux spiraling in and canceling the old polarity ux residing in
completely and the new (opposite polarity) polar eld begins the polar cap. The reversal of the axial dipole moment (bottom) occurs early in
to build. 2000. The raw data (bI‘ack)‘ are contamln_ated by an annual signal in the MDI
. . data. The smoothed axial dipole moment is shown in red.

The polar elds are often characterized by averaging the
ux density over a polar region of the Sun. However, what
area is considered a polar region is rather arbitrary. For thebased polar eld measurements. The 13 rotation tapered
Wilcox Solar Observatory, the polar eld strengths are de ned Gaussian smoothing and 0.5 G offset were then applied to all of
using the line-of-sight elds between 5%nd the poles. This  the MDI data.
range is established by the resolution of the instrument. With  The corrected polar eld strengths during solar cycle 23
the advancements in the spatial resolution of more modernmaximum are shown in Figurd (top plot). For all three
instruments, recent polar eld measurements have become morele nitions of polar area, the timing of the north and south
restrictive. de Toma2011) measured the polar elds using the reversals is well synchronized (i.e., they occur within a couple
radial elds between 60 and 80 latitude. Muioz-Jaramillo months of each other). However, the timing of the reversal varies
etal. 012 obtained polar eld strengths by averaging the line- by 1 yrdepending on which de nition of polar area was used.
of-sight elds poleward of 70. Alternatively, the polar eldscan ~ For 55 and above, the reversal comes at the end of 2000, the
be de ned by the axial component of the Sun’s magnetic dipole 70 reversal occurs in mid-2001, and the 88versal does not
(Svalgaard et aR005. occur until the end of 2001. These results demonstrate that

Magnetic maps of the entire Sun also provided the bene t of measuring the polar eld strength over a polar area is both
being able to calculate the polar eld strengths using all lon- arbitrary (because there is no formal standard as to what polar
gitudes and latitudes extending all the way to the poles. This area should be used) and ambiguous (varies by as much as a
was done using three different de nitions of polar area (above year depending on what polar area is used).
55 , above 70, and above 85latitude). These latitudes are in- ~ The synchronic maps can be used to calculate the axial
dicated by the circular black lines in Figuge The magnetic ~ magnetic dipole momerB, (shown in the bottom panel of
maps made by assimilating the MDI magnetograms producedFigure4), where
an annual signal in the polar eld strength. Fortunately, there
is almost a full year of overlap (2010 April to 2011 March)
in the observations of MDI and HMI. We have taken advan-
tage of this overlap in observations to calibrate our MDI-based
polar eld measurements. First, the MDI-based polar eld mea- Not surprisingly, the synchronic maps made by assimilating
surements were smoothed using a tapered Gaussian with aMDI data produced an annual signal in the magnetic dipole
FWHM of 13 rotations. The smoothed MDI-based polar eld moment measurements as well. This was removed by smoothing
measurements were then compared to the HMI-based polawith the tapered Gaussian with an FWHM of 1 yr (the red
eld measurements. It was found that the two measurementsline in Figure4). The axial magnetic dipole moment reverses
agreed when 0.5 G was uniformly subtracted from the MDI- sign in early 2000, almost precisely the time of the solar cycle

Bp = o Bi(, )Y, )sindd. (3)
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