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ABSTRACT

Terrestrial climate records and historical observations of the Sun suggest that

the Sun undergoes aperiodic oscillations in radiative output and size over time

periods of centuries and millenia. Such behavior can be explained by the so-

lar convective zone acting as a nonlinear oscillator, forced at the sunspot-cycle

frequency by variations in heliomagnetic field strength. Aforced variant of the

Lorenz equations can generate atime series with the same characteristicsas the

solar and climate records. The timescales and magnitudes of oscillations that

could be caused by this mechanism are consistent with what is known about the

Sun and terrestrial climate.

Subject headings: chaos — convection - solar-terrestrial relations — Sun:

oscillations — sunspots

1. Introduction

The Sun supplies the vast

Consequently, it has long been

majority of the energy that drives

postulated that variability in solar

the Earth’s climate.

output causes climate

variability. Solar output is known to fluctuate over relatively short time periods due to

phenomena such as solar flares and the sunspot cycle. It is also generally thought that solar

output has gradually increased over very

system. But it is not well-accepted that

and millenia (long time periods) or that

long time periods—essentially the life of the solar

solar output varies over time scales of centuries

terrestrial climate reflects these variations. One

reason is that no mechanism is known that could cause such variability.

The major premise of this paper is that variations in the intensity of solar convection,

modulated by the oscillating solar magnetic field, provide a mechanism for solar variability.
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Such a system, which is known in mathematics as a forced nonlinear oscillator, can generate

the long-period subharmonic seen in the Sun and in terrestrial climate records.

This premise is based on ideas from several sources. A number of researchers (e.g., Eddy

1976; Stuiver and Quay 1980) tied variations in the abundance of cosmogonic radionuclides

to a variable Sun and variations in terrestrial climate. Tavakol (1978) postulated that

a chaotic solar atmosphere/convective zone might be responsible for climate variability.

Spiegel and lVeiss (1980) proposed a connection between sunspot activity, solar irradiance,

and solar diameter based on the heliomagnetic field interfering with solar convection. And

more recently, Feynman and Gabriel (1990) offered evidence that the 88-yr solar Gleissberg

cycle is a subharmonic of the sunspot cycle and suggested that the solar dynamo operates

chaotically.

2. Evidence for Long-Period Solar Variability

Direct observations of the Sun indicate oscillations in size and irradiance that begin

with the sunspot cycle and tend to be spaced by powers of 2 in period: e.g., WI1 yr,

w22 y-, and w88 yr. Over the course of a sunspot cycle, the solar radius has been measured

to fluctuate wO.01~0 (Delache 1985), and solar irradiance has been measured to fluctuate

wO.05% (estimated up to O.l?ZO)(Foukal 1990). Recently, satellite measurements have

indicated an increase in solar irradiance between the last 2 sunspot minima (W”illson 1997),

suggesting a long-period variability. Measurements of solar radius over the past 250 yr,--

using the transit time of Mercury across the Sun’s face, suggest a fluctuation of wO.05’YO,

with a period of perhaps 80 yr (Parkinson et al. 1980). Other historical measurements of

solar diameter indicate that during the Maunder Minimum (a period with few sunspots

lasting from about 1645 to 1715 AD) the Sun was larger by wO.15% in radius (Ribes et al.

1987).
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In addition to the direct observations of the Sun, a case for solar variability can be

made from terrestrial climate records. Studies of climate proxies indicate that climate also

has a unified structure of oscillations related to that seen in the Sun (Perry 1990; Kerr

1996; Gauthier 1999). Climate oscillations are aperiodic, but tend to be spaced by powers

of 2 in period. Average oscillation periods are as follows (in yr; lk=1000): 11.05, 22.1,

44.2, 88.4, 177, 354, 707, 1414, 2830, 5660, 11.3k, 22.6k, 45.3k, and 90.5k. Oscillations of

approximately these periods are reported by numerous researchers in many different proxies

(e.g., Monastersky 1996; D’Arrigo and Jacoby 1991; Anderson 1992; Briffa et al. 1992;

Dansgaard et al. 1973; Burroughs 1992; Bond et al. 1997; Yiou et al. 1994; Winograd et al.

1992).

Part of the climate structure can be seen in the power spectrum of oxygen-isotope

ratios (61s0) from ice cored in central Greenland (Figure 1) (Dansgaard et al. 1993). In

addition to the powers-of-2 spacing in the periods of the oscillations (as indicated by the

dotted lines in Figure lb), the spectrum shows other behavioral characteristics of climate

records. The broad spectral peaks are indicative of aperiodicity. Peaks intermediate to the

primary powers-of-2 oscillations occur at periods predicted for 3“~ and 5t~ harmonics of the

primary oscillations (e.g., the large peaks at 3800 yr and 4500 yr in the ice-core spectrum

correspond to the 3Tdharmonic of the 11.3-ky oscillation and the 5f~ harmonic of the

22.6-ky oscillation, respectively). Lastly, there is a significant increase in power with period.

This structure is not readily explained by the usual climate influences; e.g., variations

in the Earth’s inclination and orbit (the Milankovitch cycles), changes in ocean currents,

or fluctuations in atmospheric C02 or CH4 concentration. Several lines of evidence do:

however, indicate that it is related to solar variability. (1) The climate structure contains

the 1l-yr sunspot cycle, the 22-yr solar magnetic cycle, and the 88-yr solar Gleissberg

cycle. (2) Abundances of cosmogonic radionuclides increase at several periods in the
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structure-e. g., 88.4, 177, 354, 707, and 1414 yr (Raisbeck et al. 1990; Suess and Linick

1990; Sonnet and Finney 1990; Kerr 1996). (3) A colder climate during the Little Ice Age

correlates with a reduction in solar activity (the Maunder Minimum) and an increase in

cosmogonic radionuclide abundance (Eddy 1976; Stuiver and Quay 1980). (4) During the

last glacial period, cosrnogenic radionuclides increased in abundance (e.g., Plurnmer et al.

1997), and average global temperature dropped while glaciers advanced in both hemispheres

(Lowell et al. 1995).

3. How Long-Period Oscillations in Solar Output Can Occur

The Sun is believed to consist of several internal layers (Figure 2). Nuclear fusion

produces energy in the Sun’s core, and the energy is transfered via absorption and

re-emission of photons through the relatively immobile gases of the radiative zone. Where

density decreases enough to allow gases to be mobile, energy is transferred by convection.

The solar convective zone constitutes approximately the outer third of the solar radius, or

about half of the solar volume, but only about 39Z0 of the solar mass (Spiegel and Weiss

1980; Phillips 1992).

The heliomagnetic field probably originates in an accommodation zone that

compensates for a difference in angular velocity between the radiative zone and the

convective zone. (The convective zone rotates faster than the radiative zone at the lower

latitudes.) The difference in velocity causes the magnetic field to be pulled around the.-

circumference of the Sun, increasing the magnetic-field density. After several windings,

taking -5 yr, the magnetic field reaches peak intensity. During the next ~5 yr, as the

field lines are stretched further, the field breaks down and reorganizes with reverse polarity

(Phillips 1992).
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The oscillating heliomagnetic field should theoretically interfere with convection

(Chandrasekhar 1961). Although the details of this interference are a matter of conjecture,

one possibility is outlined here. As the field strength increases near the solar equator at the

base of the convective zone, convection decreases and heat accumulates. As the winding of

the magnetic field proceeds

the accumulated heat races

heat creates more vigorous

and the field strength progressively increases at higher latitudes,

to escape around the edges of the field (Figure 2). The escaping

convection. The convection captures magnetic flux tubes and

either disperses them or pulls them to the surface (thereby explaining the appearance of

sunspots at high latitudes first and the appearance of the brighter, hotter faculae in the

same vicinity). With the loss of the flux tubes, more heat escapes, greater convection

ensues, and flux tubes at increasingly lower latitudes are uprooted. As the field is pulled

away by the convective flows, a residual field of reverse polarity is induced, leading to the

new heliomagnetic field being regenerated with reverse polarity.

The large-scale consequences of the interference are more straightforward: heat

accumulates in the radiative and convective zones, and the Sun enlarges by thermal

expansion. The Sun radiates less in this situation, and the surface of the Sun is relatively

cool. The accumulated heat within the Sun must eventually act to intensify convection.

The then vigorous convection transfers the accumulated energy out of the Sun, the solar

interior cools, and the Sun shrinks. With this increased energy transfer, the surface of the

Sun becomes relatively hot. Eventually the interior cooling causes convection to wane.

The pulsation is thus reinitiated, although not necessarily at the same starting point.--

The overall effect of the oscillating magnetic field interacting with heat transfer is similar

to a continually pushed swing—sometimes the energy transfer is opposed, sometimes

reinforced, sometimes the pushes combine to produce large

long-period, subharmonic oscillations in energy output.

excursions. The result is chaotic,
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4. Simplified Description of Forced Convective Systems

It is virtually impossible to model the violent, highly nonlinear interaction between

the heliomagnetic field and solar convection (see below), despite some impressive attempts

(e.g., Fox et al. 1993). Here, the intent is to show that even a grossly simplified,

representation of a forced convective system can generate a time series with the

characteristics as the solar and climate signals.

generic

same

Consider the Lorenz system of 3 ordinary differential equations (Lorenz 1963) here

modified:

x = O(?J– i) + ‘yCos(ut)

Y=px–y–x~,

i=–pz+xy.

,

The Lorenz equations represent 3 modes of the Oberbeck-Boussinesq equations for fluid

convection in a 2-dimensional section heated from below. In these equations, x describes

the intensity, or velocity, of convection; y describes the difference in temperature between

rising and falling currents; and z describes how the temperature gradient distorts with

height. The parameter cr is the Prandtl number, p is a normalized Rayleigh number, and ~

is an aspect ratio.

The Lorenz equations are modified here in 2 ways. First, the term -ycos(wt) is an

added forcing function, where ~ is the magnitude of the forcing, w is the frequency, and t

represents time. This forcing term is meant to approximate the interference of an oscillating

magnetic field. In this system, it modulates t, which is essentially the acceleration of the

convective flow.

Second, a memory term is added to the intensity variable in the right-hand side of

the intensity equation, such that x, as used in the original Lorenz equations, is replaced
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by & = ~ + a Jz(t)dt. Here ~z(t)dt, the integral of x, is a measure of the length scale

of convection, and a is a scaling factor related to the heat capacity of the medium. In

these equations, this added term acts to keep the total heat transfer within the vicinity of

equilibrium heat transfer. (The original Lorenz equations do not limit the duration of low

or high intensity convection; e.g., high intensity convection could continue even when the

loss of heat should cause convection to wane.) The term thus makes the Lorenz equations

similar to an equation for a spring, where the acceleration is related to the distance the

spring is stretched. Because the length scale keeps a running total of the accumulations of

lesser (negative) or greater (positive) intensities over time, it is essentially a measure of the

amount of heat transfered, and therefore offers a convenient metric by which to compare

the behavior of these equations with the size and irradiance of the Sun.

5. Numerical Solution of the Modified Lorenz Equations

The modified Lorenz equations are solved here using o = 1, p = 1000, @ = 2.67,

~ = 264.65, w = 3, and a = 1.65 x 10-4, with initial values of z = O, y = 1, and .z= O. (For

comparison, Lorenz 1963, used a = 10, p = 28, and @ = 8/3, with the same initial values.)

In this example, the value for the Prandtl number, a, is chosen to be representative of the

highly turbulent conditions expected in the Sun. The value for the Rayleigh number, p, is

low for solar conditions; it is chosen to produce reasonable numerical accuracy (see below).

Larger values of p---up to 109 at least—produce similar behavior. The other parameters
-7

cannot be determined

Figure 3 presents

and are chosen here so as generate the desired behavior.

the time series for the intensity of convection (z), the time series for

the length scale of convection (~x(t)dt), and the power spectrum for the convection length

scale. The intensity time series (Figure 3a) exhibits oscillatory behavior somewhat similar

to that shown by Lorenz (1963), although with a prolonged jump to higher intensities
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probably caused by the forcing function. The length-scale time series (Figure 3b) shows

aperiodic, superimposed oscillations with a passing resemblance (especially between times of

65,000 and 10,000) to the Greenland 6180 data illustrated in Figure 1. Of most importance,

however, is that the power spectrum (Figure 3c) displays the same characteristics as climate

spectra (Figure lb). Multiple broad peaks tend to a powers-of-2 spacing above the forcing

period of w = 3. Peaks at intermediate periods in the power spectrum correspond to the

expected periods of harmonics of the primary oscillations (e.g., the peaks at frequencies of

5 x 10-4 and 1 x 10-3 correspond to the 3rd harmonics of primary oscillations.) And, there

is a prominent increase in power with period.

Reaching a quantitative solution with the characteristics of the solar and climate

signals is a matter of some chance. One problem is that all numerical solutions of chaotic

equations” are necessarily incorrect because of numerical error. (Inexact algorithms and

the discrete mathematics of computers can cause incorrect trajectories to appear at any

‘point, allowing only a qualitative representation of the actual solution. Such is the essense

of chaos.) Another problem is that the system is intrinsically aperiodic, which only

allows a tendency to generate the expected oscillations. Yet another problem is that the

harmonics of the long-period primary oscillations can often rival or exceed the power of the

shorter-period primaries (because of the pronounced increase in power with period), and

thus hide them. With these difficulties, it cannot be said whether the powers-of-2 structure

represents generic behavior. 1 Nevertheless, that such a structure can be produced by a

forced convective system indicates that such behavior is possible in the Sun.

1A potentially simpler system to study that exhibits similar behavior is an undamped

forced pendulum of the form: j = –sing + ~cos(wt).
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6. Time Scale and Magnitude of Solar Fluctuations

Whether a forced convective system within the Sun is capable of generating

subharmonic oscillations over millenial time scales is still at issue. Although the cycle time

for individual convective cells is short (the flows travel at about 100 m/s and take about

a month to traverse the convective zone; Phillips 1992), the thermal-relaxation time of

the convective zone is on the order of 100 ky (Gough 1990). The thermal-relaxation time

of the radiative zone is longer, and the radiative zone must also participate

accumulation. Hence, the Sun can retain appreciable quantities of heat over

and extended subharmonic are possible.

Also at issue is whether the magnitude of the variability is reasonable.

in the heat

long periods,

A first-order

estimate of changes in the Sun can be made assuming that solar irradiance is proportional

to the total volume of the Sun (with the hypothesis that a larger Sun is retaining heat),

and that the Earth radiates like a black body. Table 1 gives the estimated (normalized)

values, based on the following equations:

where To is the present mean annual terrestrial temperature, and T1 is the temperature

extreme for a given period; A1 is the fractional change in solar irradiance; AV is the

fractional change in solar volume (4 is a proportionality constant); r. is the present solar

radius, T-l is the radius extreme for a given period, and Ar is the fractional change in

solar radius. In the table, the bold entry for a given solar/climate period is used to

calculate the other entries. Only 2 calculated table entries can be compared with actual

observations—the solar-radius fluctuations of the sunspot cycle (Delache 1985) and the

Maunder Minimum (Ribes et

Long-Period Solar Variability,

al. 1987)—but these are in agreement (see Evidence for

above).
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7. Conclusion

The work presented here supports the following new ideas. First, the interaction

between the solar convective zone and the heliomagnetic field could modulate solar heat

transfer, explaining long-period fluctuations in the Sun’s size and irradiance. Second, chaotic

systems can sometimes exhibit structure in their gross behavior; i.e., the power spectra of

some chaotic time series might not always be just noise-long-period subharmonic (with

attendant harmonics) can develop that tend, aperiodically, to a powers-of-2 spacing in

period. Third, climate variability at all time scales during the Quaternary period might be

explained by fluctuations in solar output. If so, the variability would be chaotic (despite

the powers-of-2 structure) and therefore, at a fundamental level, unpredictable.

Thanks to Mike Wilson for suggesting that the Lorenz length scale could be related to

the depth of solar convection, to Louis Romero for suggesting that the climate record could

be described by nonlinear dynamics, and to Mike Itamura for ideas on parameter values

and for drawing Figure 2. Thanks to George Barr for discussions, criticisms, and support.

Thanks also to the Albuquerque Resource Center of the University of New Mexico for
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under Contract DEAC04-94AL85000.



-12-

REFERENCES

Anderson, R. Y. 1992, in El Niiio:

Oscillation, ed. Diaz, H. F.,

Press), 193

Historical and Paleoclimatic Aspects of the Southern

& Markgraf, V., (Cambridge: Cambridge University

Bond, G., et al. 1997, Science, 278, 1257

Briffa, K. R., Jones, P. D., & Schweingruber, F. H. 1992, J. Clim., 5, 735

Broecker, W. 1996, Science, 272, 1902

Burroughs, W. J. 1992, Weather Cycles: Real or Imaginary?, (Cambridge: Cambridge

University Press)

Chandrasekhar, S. 1961, Hydrodynamic and Hydromagnetic Stability, (London: Oxford at

the Clarendon Press)

Dansgaard, W., Johnsen: S. J., Clausen, H. B., & Langway, C. C. Jr. 1973, in The Late

Cenozoic Ice Ages, ed. Turekian, K. K., (New Haven: Yale University Press), 43

Dansgaard, W. et al. 1993, Nature, 364, 218 (GRIP data are available from

ftp://ftp.ngdc. noaa.gov/paleo/icecore/grip/sum89-92-ssO8.col)

D’Arrigo, R. D., & Jacoby, G. C. 1991, The Holocene, 1, 2, 95

Davis, H. T. 1960, Introduction to Nonlinear Differential and Integral Equations,

(Washington, D.C.: U.S. Atomic Energy Commission)

Delache, P., Laclare, F., & Sadsaoud, H. 1985, Nature, 317, 416

dehfenocal, P. & Bond, G. 1997, EOS, Trans., AGU, 78, 41, 447

Eddy, J. A. 1976, Science, 192, 1189



-13-

Feymman, J. 1988, in Secular Solar and Geomagnetic Variations in the Last 10,000

Years, ed. F.R. Stephenson and A.W. Wolfendale, (Dordrecht: Kluwer Academic

Publishers), 141

Feynman, J., &Gabriel, S. B. 1990, Solar Physics, 127,393

Foukal, P. 1990, Phil. ‘Trans. R. Sot. Lend., A 330, 1615, 591

Fox, P. A., Theobald, M. L., & Sofia, S. 1993, in ed. Proctor, M. R. E., Matthews, P. C., &

Rucklidge, A. M., Solar and Planetary Dynamos, (Cambridge: Cambridge University

Press), 83

Gauthier, J. H. 1999, Geophys. Res. Lett., 26, 6, 763

Gough, D. O. 1990, Phil. Trans. R. Sot. Lend., A 330, 1615, 627 ~

Kerr, R. A. 1996, Science, 274, 499

Lorenz, E. N. 1963, J. atmos. Sci., 20, 130

Lowell, T. V. et al. 1995, Science, 269, 1541

Monastersky, R. 1996, Sci. News, 149, 140

Parkinson, J. H., Morrison, L. V., & Stephenson, F.R. 1980, Nature, 288, 548

Perry, C. A. 1990, in NASA Conference Publication 3086, ed. Schatten, K. H., & Arking,

A. 181 .-

Pestiaux, P., Duplessy, J. C., & Berger, A. 1987, in Climate: History, Periodicity, and

Predictability, ed. Rampino, M. R., Sanders, J. E., Newman, W. S., & Konigsson,

L.K., (New York: Van Nostrand Reinhold), 285

Phillips, K. J. H. 1992, Guide to the Sun, (Cambridge: Cambridge University Press)



-14-

Plummer, M. A., Phillips, F. M., Fabryka-Martin, J., Turin, H. J., Wigand, P. E., &

Sharma, P. 1997, Science, 277, 538

Raisbeck, G. M., Yiou, F., Jouzel, J., & Petit, J.R. 1990, Phil. Trans. R. Sot. Lend., A 330,

1615, 463

Ribes, E., Ribes, J. C., &Barthalot, R. 1987, Nature, 326,52

Sonnet, C. P., & Finney, S. A. 1990, Phil. Trans. R. Sot. Lend., A 330, 1615,413

Spiegel, E. A., & Weiss, N. O. 1980, Nature, 287, 616

Stuiver, M.,&Quay,P. D. 1980, Science, 207,11

Suess, H. E., &Linick, T.W. 1990, Phil. Trans. R. Soc. Lend., A330, 1615,403

Tavakol, R.K. 1978, N&ture,276,802

Thompson, M. J. et al. 1996, Science, 272, 1300

Willson, R. 1997, Science, 277, 1963

Winograd, I. J., Coplen, T. B., Landwehr, J. M., Riggs, A. C., Ludwig, K. R., Szabo, B. J.,

Kolesar, P. T. & Revesz, K. M. 1992, Science, 258, 255

Yiou, P., Ghil, M., Jouzel, J., Paillard, D., & Vautard, R. 1994, Clim. Dyn., 9, 371

This manuscript was prepared with the AAS L4T~ macros v5.O.



,

-15-

Fig. l.— (a) Time series (Dansgaard et al. 1993) and (b) power spectrum for 6180 from

GRIP ice core, Greenland. Only the most recent 104 ky of the GRIP record is presented

and used in the spectrum. Overlaid on the power spectrum is a smoothed curve created

by taking a binomial running average of the original spectrum with repeated averaging at

higher frequencies for presentation

Fig. 2.— The Sun (after Phillips

on a logarithmic plot.

1992). (a) Cut-away showing the convective zone and

the accommodation zone where the deep magnetic field resides. Also shown are regions for

postulated inhibited convection, heat buildup, and intense convection resulting from heat

escaping around the deep magnetic field. (b) Schematic showing the winding of magnetic

field lines during a sunspot cycle caused by the differential rotation between the low and high

latitudes. Intense convection from heat escaping from around the edges of the compressed

field is postulated to pull magnetic flux tubes to the surface, causing sunspots.

Fig. 3.— Solution of the modified Lorenz equations with o = 1, p = 1000, ~ = 2.67,

~ = 264,65, u = 3, a = 1.65 x 10-4, and initial values of x = 0, y = 1, and z = O. (a)

The time series of the intensity of convection (the z-component). (b) The time series of the

length scale of convection (~z(t)dt). (c) The power spectrum of the length scale (with an

overlaid smoothed curve), showing a pattern similar to the climate structure. For the inten-

sity plot, the time increment between points is variable; for the length scale, the increment

is 100.

--
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Table 1: Estimated magnitude of solar fluctuations.

Decrease in Decrease in Increase in

Period Terrestrial Temp. Solar Irradiation Solar Radius

(“c) (%) (%)

sunspot cycle (11 yr) 0.1 0.11 0.01

Gleissberg cycle (88 yr) 0.5 ‘0.6 0.052

Maunder Minimum (1400 yr?) 1-23 (1.5) 2.1 0.18

Last Glacial Maximum (90.5 ky) 3-64 (4.5) 6.2 0.52

Entries in bold type are used to calculate the other table entries. Cited entries: (1) Foukal

1990; (2) Parkinson et al. 1980; (3) deMenocal and Bond 1997; (4) Broecker 1996..

..
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