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Predicting cycle 24 using various dynamo-based tools
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Abstract. Various dynamo-based techniques have been usegresent a review of various attempts for building dynamo-
to predict the mean solar cycle features, namely the amplibased schemes for predicting solar cycles and their step-by-
tude and the timings of onset and peak. All methods usestep successes. We close by commenting on what should be
information from previous cycles, including particularly po- the future goals in this topic of research.
lar fields, drift-speed of the sunspot zone to the equator, and
remnant magnetic flux from the decay of active regions. Po-
lar fields predict a low cycle 24, while spot zone migration 2 The dynamo-based tools
and remnant flux both lead to predictions of a high cycle 24.
These methods both predict delayed onset for cycle 24. WePredicting the properties of an upcoming solar cycle started
will describe how each of these methods relates to dynama@bout 40 years ago. The methods were purely statistical in
processes. We will present the latest results from our fluxthose early days. The attempt to find the physical foundation
transport dynamo, including some sensitivity tests and howof a solar cycle prediction scheme was first made in 1970s in
our model relates to polar fields and spot zone drift methodsa conceptual qualitative way §chatten et al(1978 who
postulated a magnetic persistence between the amplitude of
the current sunspot cycle and the previous cycle’s polar field
after the reversal. In this scheme, a Babcock-Leighton dy-
namo was considered; the polar fields arise from the decay
of the following-polarity spot of a tilted, bipolar active re-
gion, and then these large-scale dipolar poloidal fields were
assumed to be wrapped up by the pole-to-equator differen-
1 Introduction tial rotation (see the schematic diagram in Fig. Bohatten
2002 to generate the spot-producing toroidal fields. There-

Understanding the mechanism of the solar activity cycle andore, in this conception itis the latitudinal fields that are being
predicting the the upcoming cycles’ features remain a keysheared by the Sun’s latitudinal differential rotation. Hence
area of research in solar physics and space science. The Stljle derivation of latitudinal fields from the radial polar fields
lar activity cycle influences the terrestrial systems in vari- IS necessary to make a quantitative prediction of cycle ampli-
ous ways: posing hazards to satellites, disrupting powergridst,Ude-
causing blackouts in radio and telecommunication systems, Schatten’s important first attempt led us to investigate the
even affecting the astronauts in space. physics behind the following two issues: (i) if the polar fields
An oscillatory magnetohydrodynamic dynamo, operating from the previous cycle determine the amplitude of the next
somewhere inside the Sun, is most likely responsible for pro-cycle, how are such polar fields transported to the shear-layer
ducing a solar cycle. Physical basis of a solar cycle pre-atthe bottomin 5.5 years? (ii) Do they remain radial down to
diction tool should be intimately associated with the under-the shear-layer? (iii) Are the stronger radial fields associated

standing of solar dynamo processes. In this talk, we willWith stronger, or weaker latitudinal fields?
In order to find out answers to those questions, we need

Correspondence tal. Dikpati to know the transport processes as well as the field ge-
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260 M. Dikpati: Dynamo-based prediction tools

(a) (b) ()

Fig. 1. Depending on the field geometry below the surfd¢agweak radial fields could be associated with strong latitudinal fieldb)arice
versa, or weak radial fields could also be associated with weak latitudinal [@!ds

major processes that can transport the large-scale magnetion to produce new toroidal fields, followed by eruptions of
fields from the surface to the bottom of the convection zone,sunspots (shown in panels a, b, ¢ of Fig. 2), (ii) spot-decay
namely turbulent diffusion and advection by meridional cir- and flux-spreading to produce new global poloidal fields at
culation. Although observations give some measurementshe surface (panels e, f, g) and (iii) transport of poloidal fields
about the amplitudes of the diffusivity and the meridional by the meridional circulation conveyor belt toward the pole
flow speed near the surface, but very little is known aboutand down to the bottom of the convection zone, followed
the profiles and amplitudes of these processes in the deepéy regeneration of new toroidal fields of opposite sign. The
layers below the surface. Therefore theoretical knowledgephysical foundation of the “magnetic persistence” effect, or
about the transport processes are currently the best possibtbe duration of the Sun’s memorry of its past magnetic fields,
options that can help determine how long the surface polacan be understood in this class of dynamos with the help of
fields would take to reach the bottom of the convection zone Fig. 2 which demonstrates that a mass-conserving meridional
Figure 1 below demonstrates how the weak polar fielgsilow with a solar-like surfape flow—spegd would take abqut
could give rise to strong or weak latitudinal fields depending20 Y&ars to carry the poloidal magnetic flux from the mid-
on the field geometry below the surface. Unless the surfacd?litude at the surface to the mid-latitude at the bottom of the
polar fields reach the bottom in just 5.5 years and unless th§°nvection zone. Therefore, the Sun's poloidal fields from
latitudinal fields associated with those radial fields are posi-2 /6w past cycles, rather than just the previous cycle’s po-
tively correlated, the spot-producing toroidal fields at the bot-12" fields, should contribute in determining the “seed” for the
tom cannot be positively correlated with the previous cycle’s "Xt cycle’s spot-producing fields.
polar fields. Nonetheless, predictions about upcoming cy- . L .
cles have been made using this scheme (also called the “polar The dynamo period in flux-transport dynamos is primarily

field precursor method”) which forecasts a very weak cycled0verned by the meridional flow speelikpati and Char-
24 (Schatten2005 Svalgaard et 12005 bonnegu 1999, the cyc;lg period belng.almost inversely
o o . proportional to the meridional flow amplitude. If the flow
Very recently the quantitative estimation of upcoming cy- changes from cycle to cycle and/or within a cycle, the dy-

cle's spot-producing flux by directly integrating the induc- 5mq period will also do so. This particular ingredient it-
tion equations forward in time has begun and is rapidly gain-ge|f s capable of contributing to the prediction of the timing
ing interest Dikpati et al, 2006 Dikpati and Gilman2006 o the onset and the duration of a cycle. Dikpati (2004)
Cameron and Smsler 2007. These models aSSImIIa_te'the' calculated the onset timing of cycle 24 based on the ob-
observed magnetic data from the surface. Data assimilatioRaped meridional flow variations during 1996-2003. The
techniques have been used in atmospheric weather predictiogy,, siowed down by~50% during that span of time making
models since 1950s. It is starting now in solar cycle models e current cycle 23 longer during its rising and early de-
The reason is that a particular class of solar cycle mOdelsclining phase. Since the future flow amplitude is unknown,
namely the flux-transport dynamos, is calibratible to the Sun-Dikpati (2004) implemented two different assumptions for
Figure 2 describes how a flux-transport dynamo works.the flow variation in the future, namely (i) the flow will re-
Basically it involves the following processes: (i) shearing of main slow, (ii) the flow will accelerate during 2004 onwards.
a pre-existing poloidal fields by the Sun’s differential rota- As a consequence, the onset of the upcoming cycle 24 was
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M. Dikpati: Dynamo-based prediction tools 261

Fig. 2. Schematic of solar flux-transport dynamo processes. Red inner sphere represents the Sun’s radiative core and blue mesh the sole
surface. In between is the solar convection zone where dynamo re@jii&hearing of poloidal field by the Sun’s differential rotation near
convection zone bottom. The Sun rotates faster at the equator than thélp)dleroidal field produced due to this shearing by differential
rotation.(c) When toroidal field is strong enough, buoyant loops rise to the surface, twisting as they rise due to rotational influence. Sunspots
(two black dots) are formed from these loofd, e, f) Additional flux emerges (d, €) and spreads (f) in latitude and longitude from decaying
spots (as described in Fig. 5 of Babcock, 196d) Meridional flow (yellow circulation with arrows) carries surface magnetic flux poleward,
causing polar fields to reversén) Some of this flux is then transported downward to the bottom and towards the equator. These poloidal
fields have sign opposite to those at the beginning of the sequence, in frarfieTh)s reversed poloidal flux is then sheared again near the
bottom by the differential rotation to produce the new toroidal field opposite in sign to that shown in (b).

predicted to be delayed by 12 months in the former case (seduration of past few cycles. This means that cycle 24 is ex-
the blue curve in Fig. 3a) and by 6 months in the latter casepected to set in during late 2007 or early 2008.
(green curve in Fig. 3a) with respect to an average 10.5 year
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We note here that by “onset of a new cycle” we do not ,
mean the appearance of the “first” new cycle’s spot, rather
the time when the flux from new cycle’s spots exceeds the Ro
flux from old cycle’s spots. Predicting the “first” new cycle’s

M. Dikpati: Dynamo-based prediction tools

_@m+p+Dm

—(m+p)
m+Dp ’

(2d)

§rr)=—-1,
r

(2e)

spot is not yet possible from such flux-transport models, be-

cause the spot eruption process is not directly included irgg = —2 — 1. (2)
such models; instead, the models assume that the tachocline "0

toroidal flux buoyantly erupted at the surface, when it ex-Here m=1.5 is the exponent for an adiabatically strat-

ceeds a certain field strength, is the proxy for the spot-flux. ified solar

convection zone with a density profile

The first truly dynamo-based simulation of the sequence Ofp(r):pb[(R@/r)—l]m (op denotes the density at the

peaks of past solar cycles and a forecast of solar cycle 24 wasonvection zone base).

The other two parameters have

published by Dikpati and colleagues (Dikpati et al., 2006; valuesp=1.0 andg=2.0.

Dikpati and Gilman, 2006). These simulations and forecast The surface forcing functionF, is derived from the ob-
were done by starting from the calibrated flux transport dy-servational data in such a way as to capture the time-varying
namo of Dikpati et al. (2004) and making certain modifica- production of poloidal fields from the decay of active re-
tions. First, in their Eq. (3) for the poloidal field in terms of gions. The construction of this forcing could be done in a
vector potentiald, the link between the toroidal field in the variety of ways; here we represent it with a Gaussian profile
dynamo at the bottom and the poloidal field at the surface iof fixed width, migrating towards the equator at a fixed rate,
replaced by a surface forcing term that is derived from thebut with a peak determined by the amplitude of smoothed
waxing and waning of the observed poloidal fields createdsunspot area data.

by the decay of tilted bipolar active regions in previous so-

This surface forcing function imposes on the model the

lar cycles. This represents a form of 2-D (time-latitude) data(variable) period of past solar cycles. But as described above
assimilation in the model, a very common practice for me-and in Dikpati and Charbonneau (1999), flux-transport dy-
teorological forecast models, but perhaps the first time it hasiamos already have their own intrinsic period, determined

been used in a solar forecasting problem.

primarily by the strength of the meridional flow. We do not

As a result of the above modification, no quenching of theknow directly from velocity observations prior to 1996 what
Babcock-Leighton poloidal source and no buoyancy mechathe amplitude of this meridional flow was. The best we can
nism are included in the model. Mathematically, the modeldo is to estimate an average amplitude of meridional flow
is changed from being a self-contained nonlinear system (thérom the average period of as many past cycles as we have

only nonlinearity being in the quenching of theeffects) to

high quality sunspot data for, which takes us back to cycle 12.

a truly linear system that is forced at the upper boundary by &rom this data we get an average period of 10.75 years.
measure of the sun’s past surface fields. The resulting equa- If we use a meridional flow amplitude determined in this

tion for A is given by
A

— 4+ —
dt r sing

1
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way, but force the model with data that has the observed pe-
riod of each sunspot cycle, a phase mismatch in the link be-
tween the toroidal and poloidal fields grows to an unaccept-
ably large value over several cycles’ time integration. This
makes simulation and forecast of cycle peaks impossible. To
avoid this problem, Dikpati deToma and Gilman stretched

in which all variables and parameters are measured in c.g.€ind compressed in time the observed data so that each cycle

units. The meridional flowu=u, & +uy&) has the following
form:
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in the surface forcing had the same period, 10.75 years, as
the intrinsic period of the dynamo, so that no such destruc-
tive phase mismatches would occur. As a result, this method
cannot be used to simulate or predict the period of an up-
coming cycle, but it can be used to predict the amplitude.
Figure 4a compares the stretched and compressed sunspot
data with the original data. Then we represent the latitude
distribution of the poloidal source within each cycle by a
Gaussian with half-width 6latitude (Fig.4b) whose peak
matches with spot area curve for that cycle, which migrates
toward the equator at a fixed rate (3@ latitude in 10.75
years). Narrower Gaussians thenaée too narrow to match
with the observed latitudinal spread in the butterfly diagram.
On the other hand, much wider (L6r more) ones will ex-
pand by diffusion into a broader band than is observed. This
representation is not unique, and others should also be tried.

www.ann-geophys.net/26/259/2008/
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Recent support for delayed minimum at end
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Fig. 3. (a) Time trace of integrated toroidal flux in bottom shear layer for simulations beginning in 1995 with 3 different meridional flow
variations with timeyb) Coronal images at eclipse, showing 2006 corona not at minimum gbpskeserved butterfly diagram from David
Hathaway's website.

Strictly speaking, the surface poloidal forcing should Starting from a fully converged calibrated model solution,
come from synoptic observations of the photospheric magwe initialized the model from the beginning of solar cycle 12,
netic flux that originates from the decay of active regions,and ran it for the next 13 cycles extending through the up-
but such measurements exist only from 1976. But photo-coming cycle 24. The time step of this calculation was 0.25
spheric magnetic flux and sunspot area averaged over severdays, determined by CFL condition.
rotations correlate very well with a linear fit (Dikpati et al.,

2006)' SO we are able to use the much |0nge|’ Sunspot area The results of our simulations and predictions for the

record to create the forcing. peaks of cycles 12—24 are shown in Fi§a.and b, adapted
from Dikpati et al. (2006). In Figba we compare the ob-
served solar cycles (cycle periods all stretched or compressed

www.ann-geophys.net/26/259/2008/ Ann. Geophys., 26, 2592008
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Fig. 4. (a) sunspot area data stretched and compressed (dashedé’ $ 1

curve) in time to equalize all solar cycle periods to 10.75 years,
compared to original data (solid curvély) Gaussian profiles used

to represent latitude width of sunspot zone at various phases of a
sunspot cycle.
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to 10.75 years) with the sequence of simulated peaks. It is
clear from Fig 5a that the correspondence between observed r=0.987
and simulated cycles is very good, particularly beyond cycle S U U SV
0 1000 2000 3000 4000

15. For the first few cycles the agreement is not as good
because the model is still loading the meridional circulation
“conveyer belt” with fields from previous cycles. The sim-
ula_tlons show two curves for the upcoming Cycle_ 2_4' Th_e Fig. 5. (a)Observed sunspot area data for cycles 12{2dntegral
solid curve represents the case for which the meridional Cir,om 0-45° latitude of simulated toroidal magnetic flux in bottom
culation rem.alns fixed at a value that prOduceS the 10.75 Yeathear layer for cycles 12—-24, plus two forecasts for cycle(@y;
dynamo period, and shows cycle 24 should have5%  scatterplot of sunspot area peaks vs peak of toroidal magnetic flux
higher peak than cycle 23. The dashed curve represents iategral.
simulation that takes account of time variations in observed
meridional circulation since 1996. For this case, cycle 24 isted are the observed peaks for cycles 12-23 from Fig. 5a
forecast to be-30% higher than cycle 23. Thus, even allow- 54ainst the peaks of the toroidal flux integral computed for
ing for variations in meridional circulation, we forecast that e tachocline between the equator and, 48om Fig. 5b.
cycle 24 will be substantially more active than the current cy-The correlation coefficient for these points is extremely high,
cle. There are many other forecasts for cycle 24, most saying) 9g7 for cycles 16-23. This calculation was done for a par-
it will be larger than 23, but some saying it will be smaller. icyjar value of the magnetic diffusivity in the bulk of the
But our forecast is the very first one made using a dynama.;nvection zone namely8L0L° cn? s~1, but in Dikpati and
model with real solar data. Gilman (2006) similar skill levels are reached for a wide
The skill of our forecast model is demonstrated more range of diffusivity values, illustrating the robustness of the
clearly in the scatterplot shown in Fig. 5¢c. There plot- model.

'Peak Spot—Area (observed) [10™° of visible hemisphere]
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How the model works to achieve its forecast skill is dis-
cussed in detail in Dikpati and Gilman (2006). A key element
of its workings is shown in Fig6, in which is plotted the lat-
itudinal poloidal field and the toroidal field at similar phases
in cycles 19 and 20. The frames in F&jare snapshots from
a continuous video animation for cycles 16—23, in which the
path followed by new poloidal field of a particular sign in
By can be tracked until it disappears near the base of the
convection zone near the equator 2—-3 cycles later. The num-
bers within the plot denote the cycle of origin of each field (,)g, combination
tracked in this way through all of cycles 16-23. Figire in cycle 19.3
shows an example illustrating the memory of the model’s
poloidal fields from previous cycles, with up to 3 successive
cycles’ fields accumulated at high latitudes by the meridional
flow. The latitudinal differential rotation shearing these fields
produces the toroidal fields shown. The equatorward-flowing
bottom branch of the meridional circulation then sweeps both
poloidal and toroidal fields toward the equator to put in place
the toroidal field that creates the peak of the next cycle. In
this example, the maximum flow speed was 14.5 tand
the convection zone diffusivity:610°cn? s~1. The length
of memory is determined by the relative amplitudes of the
magnetic diffusivity and the meridional flow. For weaker |
meridional flow and/or higher magnetic diffusivity than the
example shown, the memory would be shorter than three
cycles, down to 1 cycle for 210" cn?s 1 in the bulk of
convention zone. For lower diffusivity and stronger flow the
memory of the model gets longer.

We close this section with discussion of a very recent (. ;,
predictive flux-transport model by Cameron and i&sier cycle 19.3
(2007). They postulated that the cross-equatorial transport of
magnetic flux in the late phase of a cycle is a accurate pre-
cursor for the strength of the next cycle. They assimilated
observed surface magnetic data into their one-dimensional
surface flux-transport model, integrated it forward in time to
estimate that transport, and predicted the next cycle’s ampli-
tude. They find a very high correlation=£0.90) between
the observed amplitude of the next cycle and their predicted
cross-equatorial transport at the end of the previous cycle,
when they represent the latitude information of the surface

poloidal source with equatorward migrating Gaussian as ingjg 6. (a) (b) latitudinal component of simulated poloidal field

Dikpati and Gilman (2006). They also predict high cycle 24. (red and blue opposite signs) at phase 0.3 of cycles 19 an@R0;
By contrast, the polar field predicted from the same model(d) same for simulated toroidal field.

correlates poorly with the amplitude of the next cycle (see

Fig. 1 of Cameron and Sdksler, 2007). This result casts

doubt on the utility of the so-called polar field precursor tech- efficient ofr=0.83, only if the timing of the minimum before
niques. the cycle to be predicted is precisely known.

However, assimilating the observed daily latitude profile  While we also need to assimilate the daily latitude profile
of the emerged flux into the model integration, Cameronin our model (Dikpati et al., 2006; Dikpati and Gilman, 2006)
and Sclissler (2007) find that the correlation between thein the future, we have recently performed simulations by as-
cross-equatorial magnetic flux transport and the amplitudesimilating spot area data, averaged over as short as one solar
of the next cycle declines to a correlation coefficient of only rotation (compared to 13 rotations in Dikpati and Gilman,
0.45. They also demonstrated by performing 1000 experi-2006). We found that this also reduces the skill to 0.85 com-
ments with random sequences of eight previous cycles thapared to 0.96 when the forecasted cycle peaks are correlated
the next cycle can be predicted with a median correlation cowith the one-rotation averaged data. But the skill remains

(b)B, combination
in cycle 20.3

cycle 20.3
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the same as in Dikpati and Gilman (2006) if we correlate a well-defined observed pattern. Our predictive tool captures
the model output with the long-term averaged spot area datahis pattern. By analogy, mean flow in a river can be forecast
This is because our model with high surface diffusivity and without forecasting accurately the various eddies that occur
long traversal time for the surface flux to reach the bottom,in the flow.

smoothes out the short-term fluctuations.

S 5 Discussion and conclusions
3 The geomagnetic indices

, We have shown above that flux-transport dynamos when ap-
Feynman (1982) first developed a tool based on the so-caIIeB"ed to the sun can answer many important questions, from

aa geomagnetic index. She showed to how to split this index ot determines the dynamo period to how the fields of pre-
into aar, & component that is in-phase with solar cycle and, o5 cycles determine the amplitude of the next one. Build-
can be related to the_tor0|dal fu_ald (the spot-prod_ucmg f|eld)ing on this success, we plan many sensitivity tests of the
of the Sun, and aap, index that is out-of,-phasg with the SO~ 15 e and expect to generalize it to ultimately forecast both
lar cycle, and can be related to the Sun’s poloidal fields. They,o period and the amplitude, as well as simulate and even

aap was shown to be a good precursor for predicting the aM+qecast the appearance and evolution of nonaxisymmetric
plitude of the next solar cycle. Very recently Hathaway andge 4t res, such as active longitudes. We already know that

Wilson (2006) used this method to predict a high solar cycle, pop e split the observed surface magnetic data into North-

24. This result is consistent with their prediction obtained o, and Southern Hemispheres, we are able to correctly sim-

from the correlation of the latitudinal drift speed of centroid |-t the large differences in amplitude between hemispheres
of sunspot zone and the second following cycle (Hathaway;, |oter cycles when they occur.

and Wilson 2004). This correlation is also consistent with

the “time-delay” or the “magnetic persistence” effectin flux- acxnowledgementswe thank P. Gilman for a thorough review of
transport type dynamos. the manuscript and for his helpful comments. This work is par-
tially supported by NASA grants NNHO5AB521, NNHO6AD51I
and the NCAR Director’s opportunity fund. National Center for
Atmospheric Research is sponsored by the National Science Foun-
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