
form them. Global 3 D  models of binary 
svstems and detailed global M H D  disk sim- " 

ulations are two problems of immediate in- 
terest. T h e  other a ~ o r o a c h  is a Inore de- 

.A 

tailed sinl~llation of a small local region 
within a dlsk that includes more cornplex 
physics. Examples include radiation trans- 
port, partial ionization, buoyancy, recon- 
nection, and improved equations of state. 
Both of these tasks require significant com- 
uuter resources. Both kinds of simulation 
have led, and will lead, to significant 
progress in filrthertng our understanding of 
accretion disks. Larger simulations with 
greater resolution can take advantage of the  
latest advances in conlputer speed, but in- 
cluding more physics in the  model will de- 
pend as much o n  new algorithms and in- 
sightful analysis as o n  new hardware. 

A crucial' recent develop~nent has been 
the discovery that a local M H D  instability 
produces precisely the  type of turbulence 
necessary to  transport ang~llar momentum 
outward within the  disk. W e  are now in the 
position to address specific questions of ac- 
cretion disk dynamics from first principles. 
For example, we can study precisely what 
sort of transport levels are to  be found in 
disks (or in the  ~ ~ s u a l  parlance, the value of 
a) and whether the instability can act as a 
dynamo and ampltfy magnetic ftelds. Mag- 
netlc buoyancy and reconnectton are two , , 
important physical processes limiting mag- 
netic field strength that require further at- 
tentlon. Of course, the  relevant equations 
are by n o  rneans simple; understandtng ac- 
cretion disks has become, in large part, the  
task of ~lnderstanding 3D, nonisotropic, ra- 
diative, inhomogeneous M H D  turbulence. 
Considering the  effort that has gone into 
investigating hydrodynamic turbulence in 
much simpler contexts, the  problems are 
daunting. But prospects are far from bleak. 
T h e  recent strides in understanding turbu- 
lence made possible by numerical simula- 
tions (36) hold forth the  promise of similar 
advances in accretion disk modeling. 
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Turbulent Dynamics in the Solar 
Convection Zone 

Nicholas Brummell, Fausto Cattaneo, Juri Toomre 

Observations of the sun reveal highly complex flows and magnetic structures that must 
result from turbulent convection in the solar envelope. A remarkable degree of large-scale 
coherence emerges from the small-scale turbulent dynamics, as seen in the cycles of 
magnetic activity and in the differential rotation profile of this star. High-performance 
computing now permits numerical simulations of compressible turbulence and magne- 
tohydrodynamics with sufficient resolution to show that compact structures of vorticity 
and magnetic fields can coexist with larger scales. Such structured turbulence is yielding 
transport properties for heat and angular momentum at considerable variance with earlier 
models. These simulations are elucidating the coupling of turbulent fluid motions with 
rotation and magnetic fields, which must control the interlinked differential rotation and 
magnetic dynamo action. 

T h e  outer layers of the  sun are observed to  
be in continuous agitated motion because of 
vigorous turbulent convection. Theoretical 
lnodels of stellar structure and evolution 
indicate that in the present sun some man- 
ner of thermal convection must extend 
from the  surface well into the  interior, 
forming a zone occupying about the  outer 
30% by radius in whtch convective motions 
transport nearly all of the  energy that 
emerges from the  radiative interior. Obser- 

N. Brummell and J Toomre are at the Joint lnst~tute for 
Laboratory Astrophysics and the Department of Astro- 
physical, Planetary and Atmospheric Sciences, Univer- 
sity of Colorado, Boulder, CO 80309-0440, USA. F 
Cattaneo is at the Depariment of Astronomy and Astro- 
physcs, University of Chcago. 5640 South Ellis Ave- 
nue, Chcago, L 60637, USA 

vations suggest that the  actual dynamics 
within this zone are extremely intricate. 
T h e  velocities and magnetic ftelds are com- 
plex, exhibiting large-scale structure (Fig. 
1 A )  and ordered behavior amidst rapidly 
varying and intense small-scale turbulence. 
High-resolution observations of the  solar 
surface show that convection involves mul- 
tiple and somewhat discrete scales of rough- 
ly cellular motion. T h e  flows range from the  
fast and short-ltved solar granules (Fig. 1 C )  
with tvuical horizontal scales of 1000 km, , L 
through mesogranules with scales of about 
5000 km, to fairly perslstent supergranules 
(Fig. 1B) about 30,000 to 50,000 km across 
( 1  ). It is so far unclear from theory as to  
how these different scales arise. Each of the  
convective flows tends to sweep and con- 
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centrate magnetic fields to the cell periph- 
eries, forming loose networks of what ap- 
pear to be compact magnetic flux tubes. 

O n  the largest scale of motion, tracking 
of surface features shows that the sun does 
not rotate as a solid body. The differential 
rotation has a period of about 25 days at the 
equator, compared with about 33 days in 
the polar regions. The rotation rate of sun- 
spots at mid-latitudes is somewhat faster 
than that of the surface plasma, suggesting 
that they may be rooted to more rapidly 
rotatine fluid d e e ~ e r  down. Novel forms of - 
observational data are beginning to provide 
guidance about some of the dynamics deep- 
er in the convection zone. The recent field 
of helioseismology studies the nearly 10 
million acoustic p modes of the interior that 
leak into the atmosphere where they can be 
observed (2). Inversion of their frequencies 
has permitted deductions to be made about 
the radial stratification throuehout much of " 
the sun, confirming that the sun is indeed 
nearly adiabatically stratified by the con- 
vection to a depth of about 200,000 km. 
Frequency splittings are in turn providing 
preliminary estimates of the variation of 
angular velocity with both radius and 
latitude in the interior of the star. A sur- 
prising result is that the rotation profiles 
most commonlv obtained from helioseis- 
mology (Fig. 2A) are at striking variance 
with expectations (Fig. 2B) based on earlier 
global simulations of solar convection. 

The magnetic fields that emerge into the 
solar atmos~here are also remarkable in 
their diversity, and this must reflect how 
thev are ~roduced and shuffled bv all scales 

3 .  

of motion in the convection zone (3). The 
cyclic eruption of strong magnetic fields 
through the solar surface in the form of 
sunspots and active regions has long been a 
center of attention. The associated large- 
scale magnetic fields span a good fraction of 
the disk. Their signature in the solar corona 
is striking, for they appear as huge arcades 
or ~rominences of enhanced emission. as 
seek in the soft x-ray images from the  oh- 
koh satellite (Fie. 1A). At the surface in the . - 
quiet sun, virtually all the magnetic energy 
resides in compact flux elements or tubes, 
and these occupy only a small fraction of 
the surface area. The smallest of the detect- 
ed compact magnetic structures are the 
bright points visible in the intergranular 
lanes in Fie. 1C. " 

The diversity of spatial and temporal 
scales Dresent in the fluid motions and in 
the magnetic fields bespeak of a large-scale 
order achieved by what is seemingly a high- 
ly turbulent process. Major questions arise: 
In what manner do compressibility and 
stratification mold the character of turbu- 
lent convection? How does such turbulence 
interact with rotation and magnetic fields 
to produce the differential rotation of the 

star and create dynamo action yielding cy- 
clic magnetic activity? One route for coping 
with this is to avoid the fine details and 
appeal to statistical theories of turbulence 
from the outset (4). Another is to seek 
guidance from laboratory convection exper- 
iments (5). A third route, with possibly the 
greatest diagnostic potential, is to use nu- 
merical simulations. Attempting to answer 
such basic questions related to the sun has 
led to major efforts in computational fluid 
dynamics. 

Role of Simulations 

The explanation of how the large and small 
scales can coexist may be emerging from 
simulations that are capable of describing 
fully developed turbulent flows. Recent com- 
putational evidence (6) in various applica- 
tions of turbulence theory indicates a surpris- 
ing degree of structure (involving plumes 
and vortices, large-scale mean fields and 
flows, and zonal jets) embedded in otherwise 
chaotic flow fields, with significant conse- 
quences for the transport of momentum and 
energy and for the amount of dissipation. It 
appears that these coherent structures arise 
from self-organizing processes (inverse cas- 
cades) that can operate in highly turbulent 
systems. However, understanding the de- 
tailed dynamics of stellar convection raises 
fundamental difficulties for turbulence theo- 
ry. The active scales of turbulence in the 
solar convection zone probably range from 
about lo5 km (of order the depth of that 
zone) to lo-' km or much smaller (estimates 
of viscous dissipation scales), encompassing 
at least six orders of magnitude for each 
physical dimension. The largest calculations 
bearing on solar convection are beginning to 

Fig. 1. (A) Image of the solar atmosphere from the 
SofI X-Ray Telescope (SXT) on the Yohkoh satel- 
lite, revealing enhanced emission from large mag- 
netic field structures extendina from the surface 
high into the corona (45). A cGonal hole near the 
pole appears dark and is speckled by emission 
from small magnetic structures. (B) The strong 
horizontal flows of supergranulation sweep mag- 
netic fields to their boundaries, yielding networks 
of enhanced emission in the ultraviolet C IV line, 
here observed with the Transition Region Camera 
(TRC) from a sounding rocket flight (46). The ac- 
tive region surrounding a sunspot also appears 
bright here. (C) High-resolution CH-bandhead in- 
tensity image observed under exceptional seeing 
conditions from La Palma, with effects of 5-min 
oscillations largely removed by digital processing, 
showing the intricate cellular patterns of solar 
granulation (47). In this region of relatively quiet 
sun,  magnetic fields appear in the darker inter- 
granular lanes as bright elements involving small 
but intense flux bundles, with the smallest about 
100 km across. Boxes suggest relative sizes of 
each image, but the data are unrelated. [Images 
provided by the Lockheed Solar and Astrophysics 
Laboratory] 

deal with order 5123 or 102q3 spatial modes, 
capturing only about three orders of magni- 
tude in each dimension. Such numerical 
modeling is just now becoming possible 
through the use of advanced computing re- 
sources provided within the national High 
Performance Computing and Communica- 
tions (HPCC) initiative. That initiative has 
enabled interdisciplinary "grand challenge" 
teams of fluid dynamicists and computer sci- 
entists to work jointly on turbulence prob- 
lems in geophysical and astrophysical fluid 
dynamics, using large vector and scalably 
parallel architectures to increase substantial- 
ly the spatial resolution in three-dimensional 
(3D) simulations. 
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The most basic limitation at present is 
that the simulations cannot cope with the 
dynamical scales needed to resolve both 
granulation and global-scale circulations si- 
multaneously. Further, the small viscosity 
and high electrical conductivity of the solar 
plasma, together with the large physical 
scales and flow speeds, imply that the ki- 
netic and magnetic Reynolds numbers (7) 
are vast (klOlz). The current 3D numerical 
simulations can reach at most moderate 
Reynolds numbers, which fall short of the 
solar values by six or so orders of magnitude. 
Therefore the numerical studies are not de- 
tailed solar simulations, but rather models 
to help develop our physical intuition about 
such complex dynamics. Several approaches 
have thus emerged in the design of numer- 
ical experiments related to solar convec- 
tion, involving various compromises in 
their range of dynamical scales, the param- 
eter regime, the geometry employed, or the 
detailed physics studied. We shall here turn 
to examples from recent simulations that 
are modifying our views about convection 
influenced variously by stratification, rota- 
tion, and magnetic fields, and discuss ideas 
about the magnetic dynamo action thus 
realized. We begin with global simulations 
that capture the full spherical geometry of 

the convection zone in studying how differ- 
ential rotation is established. We then turn 
to local models of compressible convection 
dealing with portions of that zone in order 
to achieve the higher spatial resolution nec- 
essary to study more turbulent states. Final- 
ly, we consider modeling approaches used to 
study the dynamics of solar magnetic fields. 

Global Convection 

Trying to understand the coupling of rota- 
tion with the larger scales of convection, 
and thereby address issues of differential 
rotation, meridional circulations, and even- 
tually global dynamo action, requires study 
of a full spherical shell (8). The early nu- 
merical studies of such convection in rotat- 
ing shells (9) were able to incorporate 
spherical harmonic expansions only up to 
degree I - 30. The convection that could 
be resolved was nearly laminar, and it was 
dominated by columnar roll-like cells (or 
"banana cells") oriented in the north-south 
direction (Fig. 2C). The tilting of these 
cells produces Reynolds stresses that drive 
zonal flows, which appear as differential 
rotation (Fig. 2B). The simulations (10) 
yield a nearly constant angular velocity fl 
along the axes of the columnar cells and 

Fig. 2. (A) Contours of angu- 
lar velocity in a meridional 
plane in the solar interior, de- 
duced from helioseismic 
data (2, 7 7). The axis of rota- 
tion is vertical. Bottom of 
convection zone is shown 
dashed; labels of W2n are in 
microhertz. (B) Contours in a 
meridional plane of angular 
velocity from an early anelas- 
tic spherical shell convection 
simulation. The equatorial region rotatesfasterthan the poles, but is constant on cylinders. (C) Asnapshot 
of the radial velocity patterns in the form of "banana cells'' is shown on a spherical surface in the upper part 
of the simulation (70). 

Fig. 3. Spherical shell modeling 
of anelastic turbulent rotating 
convection (48), showing a 
snapshot of the radial velocity 
and temperature fluctuations on 
a spherical surface (A) near the 
top of the layer and (B) near the 
bottom. Radial velocity defines 
the distortions of the surface, 
and temperature fluctuations 
color it; red-yellow tones are 
warmer and green-blue tones 
cooler than the mean. Dashed 
circle outlines full domain. With 
increased nonlinearity, colum- 
nar cells have largely broken up 
and have been replaced by 
more irregular convection. (C) 

grade. Prograde motion (fast) exists at low latitudes, with a belt of retrograde equator. [Simulation by Glatzmaier and Toomre, imaging by Goldstein] 

I 
Contours of the mean zonal velocity (relative to the rotating frame) shown in a motion (slow) at mid-latitudes and a polar vortex of prograde motion (fast) near 
meridional plane, with red-yellow tones being prograde, blue-green retro- the poles. Such differential rotation is only roughly symmetrical about the 

thus a nearly constant fl on cylinders 
aligned with the rotation axis, decreasing 
with depth in the equatorial plane. The sun 
does not appear to comply. As commonly 
judged so far from helioseismic observations 
(Fig. 2A), its angular velocity at high lati- 
tudes increases with depth, at mid-latitudes 
is nearly constant on radial lines, and near 
the equator first increases and then gently 
decreases with depth (2, 11). Thus, there 
appears to be a major discrepancy in fl 
between early convection theory and helio- 
seismic deduction. Similar columnar con- 
vection has also been seen in the Geophysi- 
cal Fluid Flow Cell (GFFC) electroconvec- 
tion experiment flown on Spacelab 3, 
which studied rotating spherical shells of 
fluid in the presence of a simulated radial 
gravity field (12), although far more com- 
plicated turbulent flows were also estab- 
lished with stronger driving. The disparity 
in the simulations may result from the mod- 
els being capable of describing only laminar 
flows. 

Recent spherical shell simulations per- 
formed with HPCC resources have attained 
a spatial resolution about 10-fold greater in 
each dimension (13), extending to I - 320 
while typically restricting the domain to a 
45" wedge in longitude (with periodic 
boundary conditions on meridian planes). 
With the increased nonlinearity that is 
thereby possible, the resulting convection is 
highly time dependent and the flows are 
quite intricate: The snapshot in Fig. 3 
shows much less evidence in temperature or 
radial velocity fields of the earlier banana 
cells. The convection is now dominated by 
intermittent plumes of upflow and down- 
flow, with the downflows stronger in ampli- 
tude, although there is still some semblance 
of north-south alignment of structures in 
the equatorial region. The temperature 
fluctuations possess some zonal banding 
near the top of the layer; warmer zones are 
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near the equator and at higher latitudes 
with only the latter surviving near the bot- 
tom of the layer (14). Some zonal thermal 
banding has also been observed through 
solar irradiance measurements (15) and ap- 
pears to have been detected at greater 
depths with helioseismic time-distance anal- 
yses of acoustic wave fields (1 6 ) .  The latitu- 
dinal positioning of the warmer bands is 
somewhat different in the models and the 
observations, with the latter possibly fa- 
voring the evolving latitudes at which 
sunspots emerge during the I I-year cycles. 
The accompanying mean zonal flow pro- 
files (Fig. 3C) of the simulations, while 
still showing a columnar tendency, now 
exhibit finer scale shearing features. The 
angular velocity at mid-latitudes hardly 
varies with depth (so is almost constant on 
radial lines), but at low latitudes it decreases 
gradually with depth. Although the puzzles 
of differential rotation and thermal banding 
have hardly been resolved, such global sim- 
ulations appear to offer a promising theo- 
retical path to be pursued further with even 
better spatial resolution. 

Rotating Local Models 

A major trade-off exists between assigning 
the computationally available degrees of 
freedom to modeling the full spherical ge- 
ometry or to resolving the range of scales 
associated with the turbulence. Even with 
current technology, the global models of 
convection can operate only in the mildly 
turbulent regime, and thus predictions 
about the differential rotation profiles that 
can result in the sun are still rather uncer- 
tain. In contrast, local models restrict the 
domain to small (but still three-dimension- 
al) subsections of the global domain, chan- 
neling all of the available resources into the 
numerical resolution of the most turbulent 
parameter regime possible. The effort is 
then to understand the differences between 

Fig. 4. (A) Perspective view of a 
tv~ical solution from a 3D local 1 

the transport properties of turbulent and 
laminar flows. 

There have been substantial thrusts in 
local modeling of fully compressible convec- 
tion in 3D, rectilinear Cartesian slab geom- 
etries (17). Recent work has incorporated 
f-plane rotation (18), wherein an angular 
velocity vector that is constant throughout 
the domain generates Coriolis forces on the 
fluid. The rotation vector and gravity are not 
necessarily aligned, representing a planar 
layer positioned tangentially to the rotating 
sphere at some latitude 4. Such simulations 
of rotating convection have primary bearing 
on supergranular and larger scales of motion 
on the sun, for their circulation time scales 
become long enough compared to the solar 
rotation period that such flows are influ- 
enced by Coriolis effects. 

Increasing the degree of turbulence (7) 
in such simulations reveals a dramatic tran- 
sition away from laminar, slowly overturn- 
ing flow throughout the domain. The upper 
surface remains a connected network of 
downflows surrounding broad upflows, sim- 
ilar in appearance to solar surface granular 
flows, but it disguises highly turbulent flows 
below (Fig. 4A). The turbulent interior 
consists of fast, small-scale, isotropic mo- 
tions. The seemingly smooth cellular flow 
in the surface region is a consequence of the 
expansion of fluid elements rising through a 
rapidly decreasing density stratification 
near the umer boundam. Powerful down- 

& .  

flows occur at the interstices of the upper 
network and ~ i e r c e  the interior turbulence, 
spanning the multiple density scale heights 
of the domain. Desvite their mobilitv, these , . 
strong downflowing structures are spatially 
and temporally coherent, coexisting with 
the interior turbulence for many turnover 
times. 

The turbulent vet structured nature of 
the flow is characterized most clearly in 
terms of the vorticity (the localized spin of 
fluid elements) (19) (Fig. 4B). The coher- 

ent downflows are strong, sizable vortex 
chimneys (Fig. 5A) that punctuate the in- 
terior, where they are buffeted by much 
smaller, randomly orientated vortex tubes 
(Fig. 5B). Rotation intensifies these signa- 
tures, providing a source of intrinsic vortic- 
itv for the coherent structures and a linear 
mechanism (20) for mixing the small-scale 
vorticity components. Such turbulent inte- 
rior dynamics could not be anticipated nor 
understood from the majority of solar obser- 
vations, which sense only flow properties 
near the surface. The simulations suggest 
that persistent large-scale structures may 
well exist amidst intense small-scale turbu- 
lence at greater depths within the solar 
convection zone, and these might be 
searched for with helioseismic techniaues. 

These local models of turbulent rotating 
convection, involving coherent structures 
interacting with small-scale disordered mo- 
tions, also possess distinctive transport 
properties for both angular momentum and 
heat. In such a local model, the horizontally 
averaged mean velocities ii(z) and G(z)  (z is 
depth) are analogous to the zonal and me- 
ridional mean flows of the full spherical 
shell. These shear flows are generated from 
Reynolds stresses by correlations of vertical 
and horizontal motions. With the rotation 
vector tilted away from gravity in a longi- 
tudinal plane, as for the f-plane model po- 
sitioned away from the pole, the rotation 
has both a vertical and a meridional com- 
ponent. With smooth, laminar overturning 
motions, the meridional component acts 
preferentially on the zonal motions, tilting 
the cells to provide a correlation between 
the zonal flows and the vertical velocities, 
and thus serves as a source term for strong 
shearing mean zonal flows (21 ). 

The turbulent case here is very differ- 
ent. The small-scale isotropic motions 
tend to feel the rotation only weakly be- 
cause they turn over too fast in compari- 
son to the rotation time, leaving only the 

model of turbulent compressible 
convection with rotation (49). The 
tilted rotation vector R is indicat- 
ed. Vertical velocities are shown 
near the boundaries of the do- 
main, with lighter tones indicating 
upward motions and darker tones 
downward flows. Note the cellular 
network near the upper surface, 
with structures penetrating the 
whole depth visible on the sides, 
and smaller scale motions in the 
interior. (B) Volume rendering of 
enstrophy (vorticity squared) of 
the same full domain, with a color 
and an opacity assigned to each t 
enstrophy value. Bright and opaque colors represent strong enstrophy; dark the coherent structures and the vortex tubing in the interior. [Simulation by 
and translucent are weak. Apparent are the strong chimneys associated with Brummell, Hurlburt, and Toomre] 

SCIENCE VOL. 269 8 SEPTEMBER 1995 



coherent structures with significant verti- 
cal and temporal coherence to experience 
the rotational effects. These vortex struc- 
tures tend to align with the rotation vec- 
tor in a balance akin to the Taylor-Proud- 
man constraint (22) (Fig. 6A). This tur- 
bulent alignment then preferentially cor- 
relates vertical and meridional motions, 
contrary to the laminar case. The weak- 
ened mean zonal flows become indepen- 
dent of depth, yielding a nearly constant 
but significant ii throughout the interior, 
closer to the spirit of the helioseismic 
deductions (Fig. 2A) than the earlier glob- 
al solar models. The balance between the 
cellular and turbulent alignments in the 
local models provides constant mean zonal 
flows in the interior that vary in magni- 
tude with latitude (Fig. 6B) and even spi- 
ral with depth (Fig. 6C), somewhat in 
accord with the recent helioseismic infer- 
ences (23) from analyses of acoustic wave 
fields over localized areas on the sun. 
Soon, helioseismic methods based on such 

Fig. 5. Volume rendering of the 
enstrophy in Fig. 48 in shallow 
horizontal segments viewed 
from above for (A) the upper 
eighth of the domain and (B) the 
bottom eighth, with the positive 
(wan only) temperature fluctu- 
ations overlaid in red-yellow 
tones. Near the top, double vor- 
tex sheets are present in the 
downflow networks surround- 
ing the broad, warm upflowing 
regions, with strong vertical vor- 
tices often positioned at the in- 
terstices of the network. Intense 
small-scale vortex tubes char- 
acterize the interior, embedded 

ring diagram and phase analyses (24) may 
provide the means to detect mean flows 
and possible coherent structures deep 
within the convection zone. 

The transition to turbulence in the lo- 
cal models also has consequences for the 
heat transport. Even though the strong 
downflowing structures communicate over 
many scale heights and are coherent in 
time and space, remarkably the small-scale 
turbulent motions carry the majority of 
the vertical convective flux. The coherent 
structures are so organized that their 
strong kinetic flux directed downward 
very nearly counterbalances their en- 
thalpy or heat flux upward (in a horizontal 
average), rendering them relatively ineffi- 
cient. The major transport is left to the 
smaller turbulent motions of the interior. 
Thus, if the convection is sufficiently tur- 
bulent, these local models suggest a sur- 
prising new picture in which the large- 
scale coherent motions serve primarily to 
organize the convective circulations and 

the majority of the net convective trans- 
port is achieved by the small-scale turbu- 
lent motions. This result may bear on the 
apparent successes of simple mixing- 
length approaches (25). 

Other local models are used in attempts 
to understand convection near the surface 
of the sun, seeking to provide dynamical 
descriptions for what occurs on the scales 
of granulation and mesogranulation. The 
surface represents a transition from a high- 
ly unstable interior to a very stable atmo- 
sphere above, and thus serves as a compli- 
cated penetrable boundary layer with rap- 
idly varying fluid and radiative properties. 
The physics needed to describe flows near 
the surface-where radiative transfer and 
realistic equations of state, opacities, and 
ionization changes should be dealt with in 
detail-is much more complex than the 
physics of nearly perfect gases. The local 
modeling of granulation makes use of a com- 
putational domain in the vertical that en- 
compasses both the upper portion of the 

in broader temperature struc- 
tures. [Simulation by Brummell, 
Hurlburt, and Toomrel I 

Fig. 6. (A) Enstrophy volume rendered from the side of the layer for a turbulent weak but constant mean flow generated in the turbulent interior. Velocities O 
case with strong rotation (50), showing the alignment of coherent structures and V are scaled by the sound speed; proportional depth is shown. (C) Spiraling 
with the rotation vector R over much of the depth of the layer. (6) Mean zonal of the total mean flow vector with depth (with inertial oscillations removed). 
flows produced with the local f -plane model at various latitudes 4, exhibiting the [Simulation by Brummell, Hurlburt, and Toomre] 
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solar convection zone and the lower atmo- 
sphere (26). Such modeling is still restricted 
to mildly turbulent flows, unlike those in the 
sun itself, yet the resulting vigorous convec- 
tion at the surface (Fig. 7A) is overall strik- 
ingly similar to that in perfect gas models 
and to the best observational images of gran- 
ulation (Fig. 7B). However, the latter sug- 
gest the presence of a broader range of small 
scales, consistent with much higher Reyn- 
olds numbers, which characterize the real 
solar turbulence. 

Intensely Turbulent Convection 

The properties of convective turbulence are 
sensitive to the rates at which vorticity is 
diffused by viscosity and at which tempera- 
ture is diffused by thermal conductivity. 
That ratio of coefficients is the Prandtl 

Fig. 7. (A) Simulation of solar gran- 
ulation (26), showing the plan view 
in the horizontal of emergent inten- 
sity in the surface layers at one in- 
stant in time. The field of view is 
broadened by adjoining another in- 
tensity image slightly shifted in time. 
The basic rectilinear computational 
domain is 6000 km wide in the hor- 
izontal and 3000 km in the vertical, 
resolved wlh 2532 by 163 spatial 
modes. (B) For comparison, shown 
to same scale is an intensity image 
observed in the CH-bandhead from 
La Palma (47). If the simulation im- 
age were adjusted to account for 
atmospheric seeing distortions, 
these two images would be qualita- 
tively similar. [Simulation by Nord- 
lund and Stein] 

Fig. 8. Enstrophy volume ren- 
dered at one instant in time in the 
PPM intensely turbulent convec- 
tion simulation (51). Enstrophy is 
shown in two shallow horizontal 
segments viewed from above, 
augmented by poslive tempera- 
ture fluctuations in red-yellow 
tones: (A) near the top boundary, 
and (B) second pressure scale 
height from the top. Strong vor- 
tex tubes (primarily associated 
wlh downflow lanes) are appar- 
ent near the upper surface, and 
these exhibit intricate and rapidly 
varying secondary instabilities. 
The strong downflow network 
laced wlh small-scale vortex 
tubes becomes evident in the in- 
terior of the layer. [Simulation by 
Porter and Woodward, imaging 
by Blumrnelfl 

number Pr. With Pr 0.1, vortex stretch- 
ing is important and results in substantial 
complexity of the flows. The gaseous medi- 
um of the solar convection zone has Pr - 
lop8, and so in the quest to study convec- 
tive turbulence at low effective Pr, local 
models have also used the piecewise-para- 
bolic method (PPM) to solve the Euler 
equations of inviscid, compressible fluid 
flow (27). The viscosity of the perfect gas is 
provided solely by the numerical viscosity 
in the PPM code, and on fine spatial grids, 
that viscosity is small, yielding Pr of order 
lop4 at this stage. 

Local modeling of convection with the 
PPM algorithm (so far ignoring rotation) 
yields flows that are highly turbulent yet 
exhibit a large-scale order that evolves in 
time (28). The rendering of enstrophy (vor- 
ticity squared) near the top boundary (Fig. 

8A) reveals quite striking vorticity structur- 
ing. Long horizontally orientated pairs of 
counterrotating vortex tubes are produced 
with the initiation of a downflow lane, and 
their instabilities lead to various intricate 
structures, including vortex rings. There is 
substantial lateral advection of such vortex 
structures into a larger scale downflow net- 
work. Slightly deeper (Fig. 8B), the main 
downflow system becomes evident as a large 
circulation pattern is formed and laced with 
small-scale vorticitv structures. The down- 
flowing coherent structures are now highly 
turbulent, amidst regions of turbulent up- 
flow (29). 

The flows in the PPM simulations pos- 
sess considerably higher Reynolds numbers 
Re than the other solutions shown and are 
correspondingly far more complicated. In 
these models, the larger downflow systems 
are themselves turbulent, being interspersed 
with small-scale vortex tubes. This suggests 
that the prominent downflow lanes seen in 
granulation images (Fig. 1C) might well be 
regions of intensely chaotic small-scale 
flow. It is unfortunate that the vorticitv of , 
granules is unobservable. Further, all the 
com~ressible simulations have shown that 
there is a natural large-scale pattern that 
arises from the coherent downflow net- 
works. Such patterns extend over many 
density scale heights and therefore become 
more evident with depth. Their presence 
indicates that convective turbulence tends 
to self organize and build large structures 
among small-scale random motions. Such 
processes provide hints for how the multiple 
scales of granulation, mesogranulation, and 
supergranulation in the sun might come 
about, although the discrete depths at 
which hydrogen and helium are ionized 
may also lead to preferential driving of such 
different scales of convection in the sun. 

SCIENCE VOL. 269 8 SEPTEMBER 1995 1375 



The high effective Re of the PPM simu- " 
lations yields large dynamic fluctuations in 
space and time. The transport properties are 
therefore highly variable, and the pointwise 
thermodynamic fluxes are often 100-fold 
greater than the mean. Despite such strong 
intermittency, the fluxes in the downflow- 
ing structures still exhibit a remarkable de- 
gree of cancellation in horizontal means, 
leaving the upflows to carry typically about 
two-thirds of the total convective flux (30). 
Although the tendencv for the kinetic and - 
enthalpy fluxes to cancel in the downflows 
is not so pronounced, here too the net 
convective transport achieved by the prom- 
inent large-scale coherent structures is 
modest compared with that by the smaller 
scales. 

Solar Magnetic Fields and 
Dynamo Action 

The solar magnetic field also presents a 
striking but now familiar dichotomy. At 
small scales it appears to be random. High- 
resolution magnetograms of the solar sur- 
face show a high degree of spatial intermit- 
tencv. such that most of the field is concen- , , 
trated in narrow flux elements surrounded 
by almost field-free plasma (3). In the quiet 
sun, these elements are present in greater or 
smaller number all over the solar surface; 
both field polarities occur roughly with 
equal likelihood, giving magnetograms a fa- 
miliar "salt and pepper" look. The time 
variability of this small-scale component is 
also random. The Dattem formed bv the 
regions of moderate magnetic field intensity 
( ~ 1 0 0 0  G, say) evolves on time scales of a 
few minutes, comparable to the coherence 
time of the granular flows. In regions of 
extreme concentration like pores or sun- 
spots, the magnetic field can become strong 
enough (several thousand gauss) to alter the 
ambient flow substantially (31). These 
stronger magnetic structures can maintain 
their identity for up to several weeks. 

O n  larger scales and longer times, the 
picture changes dramatically. The 1 1-year 
solar activity cycle becomes evident in the 
release and morphology of magnetic flux. 
A t  the beginning of the cycle, new magnet- 
ic flux in the form of active regions emerges 
at mid-latitudes. The typical active region 
consists of two well-formed suns~ots sur- 
rounded by small-scale magnetic elements. 
The two spots are roughly oriented east- 
west and have a small inclination angle that 
changes systematically during the course of 
the cycle. The order of the polarity of the 
sunspots (for example, plus for the leader 
spot, minus for the follower spot) is opposite 
in the two hemispheres and is preserved 
during the cycle. As the cycle progresses, 
the emergence rate first increases, then de- 
creases, and the emergence latitude slowly 

drifts toward the solar eauator. Eventuallv a 
new cycle begins, with flux emerging again 
at mid-latitudes but with the polarity law 
reversed (32). 

The statistical stability of the period of the 
solar cycle, the existence of a well-defined 
polarity law, and the systematic variation of 
the angle of tilt for sunspot pairs all indicate 
that the solar magnetic field is not simply a 
random process. Even though on small scales 
it appears disordered, on large scales it pre- 
sents a remarkable degree of organization. Fur- 
ther, the reversal of the large-scale compo- 
nent of the field indicates that all the mag- 
netic flux must be processed in an 11-year 
period. Namely, the solar field cannot be pri- 
mordial but must be destroyed and regenerat- 
ed every cycle. How magnetic fields are gen- 
erated bv the turbulent motions in the con- 
vection zone and become organized into 
laree-scale coherent structures that manifest - 
themselves as the activity cycle is the central 
problem of solar dynamo theory. 

The spatial character of the solar cycle 
suggests the existence of a large-scale toroi- 
dal field located in the lower Dart of the 
convection zone, or possibly at the interface 
between the convection zone proper and 
the radiative interior, that is of opposite 
polarity in the two hemispheres. Magnetic 
flux rises through the convection zone and 
emerges as active regions as a result of in- 
stabilities of this large-scale structure; the 
east-west orientation of sunspot pairs is a 
signature of the orientation of the underly- 
ing magnetic field. Some of these ideas 
have recently been made more quantitative 
by a series of numerical simulations based 
on the thin flux tube approximation (33). 
Initially, the field is assumed to be in the 
form of slender toroidal loops that evolve 
subject to the Coriolis force, buoyancy, 
magnetic tension, drag, and the constraint 
of transverse pressure balance. In this 
framework, the flux tubes become geomet- 
rical objects with no internal structure and 
are essentially decoupled from the ambient 
turbulence. This approach has successfully 

reproduced many features of the solar cycle 
and, furthermore, has predicted that in or- 
der for maenetic flux to emeree at the ob- 
served latgudes with the (bgolar) active 
regions having the correct tilt with respect 
to the equator, the underlying toroidal field 
must be of order lo5 G (Fig. 9) (34). This 
value exceeds the estimated equipartition 
strength, the value at which the kinetic and 
magnetic energy densities are the same, by 
roughly one order of magnitude. The gen- 
eration of such strone coherent fields is " 
theoretically not straightforward. 

A toroidal field can be generated from a 
poloidal one by the winding action of dif- 
ferential rotation (31), although it is sensi- 
tive to details of the rotation profiles. The 
inverse process, involving the generation of 
a ~oloidal  field from a toroidal one. is much 
more subtle. One of the great successes of 
mean-field electrodvnamics has been to 
provide the theoretical foundation for pre- 
cisely such a mechanism, the ol effect (35). 
The basis for this effect is that a localized 
helical deformation of a mean field gives 
rise to an isolated current contribution, and 
under suitable circumstances, many of these 
contributions mav add to ~roduce a net 
mean current parallel to the mean field. 
The resultine inductive effect can then act " 
as a source term for the poloidal field. In 
order for the average effect to be nonzero, 
the underlying field of turbulence must 
have a definite handedness, as is the case 
for flows in rotating objects. Also, the ol 
effect requires some irreversible process like 
diffusion (36). The classical (ohmic) decay 
time for the solar dipole component, say, is 
com~arable to the age of the sun itself. - 
However, because all of the magnetic flux 
must be processed in roughly 11 years, some 
form of enhanced diffusion must be operat- 
ing. For this enhancement to be possible, 
gradients of magnetic field and hence mag- 
netic fluctuations must be substantial (37). 

Considerable Droeress has been made re- . - 
cently in the study of the geometrical proper- 
ties of magnetic fluctuations in the context of 
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Fig. 9. Simulation of an emerging 
magnetic loop of equipartition 
strength based on the slender flux 
tube approximation (34); the axis of 
rotation is vertical. The translucent 
hemispheres correspond to the in- 
ner and outer boundaries of the 
convection zone. In this particular 
case, the magnetically induced 
buoyancy of the loop is not suffi- 
cient to overcome the effects of the 
Coriolis force, and thus, the loop 
emerges at a high latitude. [Simula- 
tion by Caligari, Moreno-Insertis, 
and Schussler] 



the fast-dynamo problem (38). A fast dyna- 
mo, by definition, is one whose (positive) 
growth rate becomes independent of diffusion 
in the limit of zero diffusion. Thus, a fast 
dynamo operates on the dynamic rather than 
diffusive time scale. The study of this kind of 
dynamo is motivated by the astrophysical lim- 
it where the diffusive time scale greatly ex- 
ceeds the dynamical time scale (nine orders of 
magnitude in the sun and as many as 12 in a 
typical galaxy) (39). A prediction of this the- 
orv. confirmed bv numerical ex~eriments, is 
thit as the diffusivity decreases, h e  magnetic 
fields develop increasingly finer structure and 
fluctuate both in amplitude and sign on finer 
and finer scales (Fig. 10) (40). Another prop- 
erty of fast-dynamo fields is that for wide 
classes of velocities, the strength of the fluc- 
tuations meatlv exceeds that of the mean v ,  

(41). This presents an interesting problem. 
On the one hand, flux-tube simulations indi- 
cate that the mean field must exceed equipar- 
tition in order for the spatial pattern of the 
activity cycle to agree with observations. On 
the other hand, fast-dynamo calculations 
show that for diffusion to overate. the fluctu- 
ations must be considerably'stronger than the 
mean, leading to the conclusion that the mag- 
netic fluctuations must greatly exceed equi- 
partition, possibly by many orders of magni- 
tude. This latter conclusion is at odds with our 
intuitive notions of what is energetically pos- 
sible (37, 42). Thus, one of the problems of 
present solar dynamo theory is how to recon- 
cile the existence of a strong, coherent mean 
field with the requirement of irreversibility 
and strong fluctuations. - 

Two possible resolutions have been pro- 
posed. One is that the magnetic field is in 
fibril form, involving thin flux tubes. Irre- 
versibility occurs through reconnection 

Fig. 10. Simulation of dyna- 
mo action at high magnetic 
Reynolds number (-1 05) in 
the kinematic regime. The 
magnetic field intensity nor- 
mal to the plane of the paper 
is shown on a cut through 
the computational domain. 
The solution was obtained 
by a Lagrangian method 
that tracks individual fluid 
trajectories (10242 in this 
case). Black and white re- 
gions correspond respec- 
tively to the peak values with 
opposite polarity. This illus- 
trates the extreme spatial in- 
terrnittency and the complex 
geometry of the magnetic 
fluctuations in the limit of 
small magnetic diffusivity. 
[Simulation by Cattaneo and 
Kim] 

events between flux tubes. and therefore. 
the energetic considerations based on dif- 
fuse fields do not apply. The other is that as 
the magnetic field grows in amplitude, the 
Lorentz force modifies the underlying field 
of turbulence and the resulting nonlinear 
state is not related to the kinematic eigen- 
functions of fast dynamo theory (43). With 
our present knowledge, it is difficult to give 
preference to either theory. Which, if any, 
is more realistic will perhaps be settled by 
the next generation of numerical simula- - 
tions. However, it will still be some time 
before the dynamo action of these simula- 
tions can be linked with the full dynamics, 
including feedback to the differential rota- 
tion, such that a cogent theoretical descrip- 
tion of the full dynamo system emerges. 

Conclusions 

Though still far from the full dynamical 
range of the solar convection zone, the 
recent numerical simulations with their ex- 
tended diagnostic ability are providing an 
understanding of the underlying physical 
mechanisms. Such ventures are showing 
how large-scale coherent structures and 
strong mean flows can coexist with intense 
small-scale turbulence. The presence of the 
more ordered convective flow structures 
that can span many density scale heights in 
the vertical, combined with seemingly in- 
coherent smaller scales involving intense 
vortex tubes, has a substantial influence on 
the transport of both heat and angular mo- 
mentum. Recent modeling of dynamo pro- 
cesses similarly suggest that larger scale co- 
herent magnetic structures can coexist with 
intermittent small-scale fields. The scalabil- 
ity of these 3D simulations to ever faster 

vector and scalablv varallel machines with , L 

larger memories holds out hope for major 
advances in dealine with the intricate dv- - 
namics of multiple turbulent scales. 

Such numerical simulations concentrate 
on the sun because its nearness ~rovides de- 
tailed observations that can both inspire and 
seriously test the theoretical efforts. The con- 
tinuing advances in high-resolution observa- 
tions of the solar surface serve to emvhasize 
the diversity of scales present in both the 
velocity and magnetic fields, and they will 
provide a major challenge to the turbulence 
simulations. Other input comes from helio- 
seismology, which provides indirect measure- 
ments of large-scale flows, including differen- 
tial rotation, throughout the convection 
zone. If one uses the giant planets Jupiter and 
Saturn as a guide, which also are vigorously 
convecting as they rotate, then one might 
well expect that the sun also possesses strong 
zonal jets and structured flows in its convec- 
tion zone, in addition to broader variations of 
differential rotation. Far more detailed deduc- 
tions about subsurface solar flows (2,44) can 
be expected in the next few years as nearly 
continuous helioseismic observations become 
available both from the ground-based, six- 
station Global Oscillations Network Group 
(GONG) project, which starts full operations 
in October 1995, and from the space-based, 
Doppler-imaging high-resolution instrument 
Solar Oscillations Investigation-Michelson 
Doppler Imager (SOI-MDI) on the Solar He- 
liospheric Observatory (SOHO) spacecraft to 
be launched shortly thereafter. Similarly, the 
scheduled reflight of the GFFC experiment 
on the shuttle mission USML-2 in September 
1995 promises to provide images of turbulent 
structures realized with rotating spherical 
convection. Thus, there is likely to be ample 
input in the near future from major observa- 
tional and experimental studies that can serve 
to guide and challenge these computational 
ventures in astrophysical fluid dynamics. 
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Modeling Ocean Circulation 
Albert J. Semtner 

Ocean numerical models have become quite realistic over the past several years as a 
result of improved methods, faster computers, and global data sets. Models now treat 
basin-scale to global domains while retaining the fine spatial scales that are important 
for modeling the transport of heat, salt, and other properties over vast distances. 
Simulations are'reproducing observed satellite results on the energetics of strong 
currents and are properly showing diverse aspects of thermodynamic and dynamic 
ocean responses ranging from deep-water production to El Nifio. Now models can 
represent not only currents but also the consequences for climate, biology, and geo- 
chemistry over time spans of months to decades. However, much remains to be 
understood from models about ocean circulation on longer time scales, including the 
evolution of the dominant water masses, the predictability of climate, and the ocean's 
influence on global change. 

T h e  ocean is ilow \\,ell known to play a 
dominant role In the climate systeln because 
it can initiate and amplify climate change on 
many differei~t time scales. The  best known 
examples are the ii~terannual variability of El 
Nifio ( 1 )  and the potential modification of 
the major patterns for oceailic heat transport 
as a result of increasing greenhouse gases (2) .  
Yet the ocean has been very much underinea- 
sured for most of the history of ocean science. 
Even though systematic observations began in 
the 1880s wlth pioneering observatio~ls by 
Nansen and others (3), the seagoing and the- 
oretical efforts were mainly oriented toward 
describing large-scale circulation (4), which 
was often regarded as steady for lack of more 
detailed information. It was not until the 
196Os, when long-distance tracking of drifting 
buoys at mid-depth showed currents to be 
highly variable on quite small spatla1 scales 
(5), that oceai~ographers became aware of the 
immensitv of their task. 

In dealing with an  undersalnpled natural 
fluid system, it is extremely helpful to invoke 
the simulatio~l capability of supercomputers to 
improve understanding of basic processes and 
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their interconnectedness, as well as to help 
interpret sparse observations. This article de- 
scribes the development of ocean inodeling 
as it has been influei~ced by improved 
methods, more powerful computers, and 
data from the latest measuri~lg systems. Re- 
cent successes that pave the  way to  better 
physical understanding and more reliable 
ocean prediction are emphasized, although 
issues of running coupled atmosphere- 
ocean models are not discussed. Some re- 
maining problems are highlighted briefly. 

The Evolution of Models 

The ocean is a turbulent fluid that is driven 
mainly by the mechanical forcing of the winds 
and the net effect on dei~sity of suliace ex- 
changes of heat and moisture. It responds 
according to physical laws for the conserva- 
tion of mass, momentum, energy, and other 
properties. The  resulting three-dimensional 
(3D) flows are strongly influenced by Earth's 
rotation and are regulated by internal mixing 
and boundary friction. The currents are par- 
ticularly ilarrow and strong at the western side 
of ocean basins and in a belt around Antarc- 
tica. Many ocean properties such as tempera- 
ture, salinity, dissolved oxygen, and biogeo- 
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chemical tracers have local maxima in the 
cores of strong currents. Consequently, a 
proper representation of transports of these 
properties involves not only the meails of 
individual variables but also relatively small- 
scale correlations with velocitv. Furthermore, 
significant changes of the cur;ents and prop- 
ertv transnorts occur in resoonse to lnodified 
surface fo;cing, and the correct simulation of 
these responses is crucial to sol\,ing a variety 
of problems ranging from understanding the 
history of the Earth systeln to predicting fu- 
ture climates. These are the challei~ges for 
ocean modeling. 
An early paradibm. A first s~gi~if icant  

modeling effort extended over the  decade of 
the  1960s at the  Geophysical Fluid Dynam- 
ics Laboratory (GFDL) (now located a t  
P r i i~ce to l~  University and operated by the  
National Oceanic and Atmospheric Ad- 
ministration). Brvai~ built an  ocean inodel 
that was to be uskl with atmospheric mod- 
els to  studv climate. In rauid succession, h e  
and co-woiker Cox de\,elbped a 2D model, 
a 3 D  box model, and the11 a inodel of full 
circulation, with variable density as well, 
for the world ocean with its complex coast- 
line and bottom topography (6) .  

The models used space-centered expliclt 
finite differencine. and the last version used a u, 

variable nulnber of vertical levels to represent 
the complex geometry. All of the lllodels used 
an assumption known as the "rigid lid" ap- 
proximation to eliminate high-speed external 
gravity waves and allow a loi~ger time step: 
the uooer surface was held fixed but could 

L L 

support pressure changes related to waves of 
lower soeed and currents of interest. As a 
result, ocean tides and other waves having the 
speed of tsui~alnis were filtered out. Use of the 
rigid lid created an  ancillary 2D equation at 
every time step to obtain the vertically aver- 
aged component of the currents. Bryan's 1969 
model used partial differential equations, for- 
mulated in rotating spherical coordinates, for 
horizontal velocity, temperature, and salinity, 
plus hydrostatic balance, incompressibility, 
and an empirical equation for density. Pro- 
cesses occurring on scales smaller than the 
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