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ABSTRACT. The development of model atmospheres from the 'classical' static but deductive models 
to present-day dynamic but inductive models is sketched. The main problems facing theory are 
denned in terms of the need to produce a post-classical inductive model. Attention is focused on 
the most promising tool available today, the computers able to realize simulations of astrophysical 
systems. The direction of progress in the areas of radiative transfer, convective transport, waves 
and oscillations, and MHD is reviewed. It is concluded that the major outstanding radiative and 
hydrodynamic problems are likely to be elucidated in the foreseeable future, especially if there is a 
suitable commitment by the international community. However, the understanding of the behaviour 
of magnetic fields and their associated activity will require a longer, but no less urgent, programme. 

1. Introduction 

It is a curious fact t h a t t he first recorded use in t he English l anguage of t h e word ' a tmo-
sphere ' is a reference in 1638 to t h e vaporous surroundings of t h e Moon! Bu t by 1677 the 
word h a d gained i ts commonest connota t ion , t h a t of t h e body of air a round the E a r t h . To 
most people today , t he a tmosphere means t he ter res t r ia l a tmosphe re , not t h a t of the Sun. 

Ear ly last year there was a meet ing in C a n b e r r a of t he I G B P , t h e In te rna t iona l Geosphere-
Biosphere P r o g r a m . T h e a im of this p rog ram is t o 'describe and unde r s t and the interact ive 
physical , chemical and biological processes t h a t regula te t he t o t a l E a r t h sys tem' . I t is of 
course t he impac t of h u m a n society on the ter res t r ia l env i ronment which has given the 
I G B P i ts impe tu s and i ts urgency. Not much interes t was displayed a t t h a t meet ing in the 
Sun, a l though it will have an inexorable effect on h u m a n society in t he long t e r m if not the 
shor t . 

For tuna te ly , t he influence of h u m a n act ivi ty does not yet ex tend to t he Sun, bu t many of 
t h e physical processes opera t ing in t he a tmosphere of t he E a r t h ope ra t e also in t he a tmo-
sphere of t h e Sun. Whi ls t there is a l ready a great body of knowledge abou t these processes, 
they ' a re so highly in teract ive [in t he ter res t r ia l context] t h a t an adequa te quan t i t a t ive syn-
thesis of t h e m is essent ia l ' (Tucker (1988)) . T h e real challenge of the P r o g r a m is to make 
t h e synthesis quan t i t a t ive . 

Exac t ly t he same comments apply t o t he current s i tua t ion in solar physics. If we test 
our unde r s t and ing by demanding t h a t we should be able t o m a k e quant i ta t ive ly accurate 
predict ions of t h e behaviour of the a tmospheres of o ther s t a r s , t hen we would have t o admit 
t h a t we have not advanced very far in the last 70 years . 
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Theore t ica l foundat ions were laid a round the t u r n of t he century wi th t he work of Lane 
( leading up t o E m d e n ) on equi l ibr ium strat if icat ion, of Schwarzschild on radia t ive equilib-
r ium and of Milne on local t h e r m o d y n a m i c equi l ibr ium. Over t h e following 60 years the 
equa t ions governing these th ree processes allowed the const ruct ion of model photospheres 
which increasingly resembled the empirical one as t he frequency d is t r ibut ion of the opacity 
was t r ea t ed more accurate ly (Kurucz (1979)) . I shall refer t o these as 'classical ' models . 

As a simple model of t he photosphere , t he classical model is qui te impressive. Moreover, 
t h e calculat ions can be extended t o any o ther s ta r (Kurucz (1979)) and so our unders tanding 
of t h e a tmosphere a t th is level meets our pract ical t es t . 

Unfor tunate ly , th is is not qui te t r ue . If t he assumed equil ibria are tes ted for physical 
consistency th roughou t t he model , t he cri terion developed by Schwarzschild himself reveals 
t h a t hydros t a t i c and radia t ive equi l ibr ium cannot be sus ta ined in and below the contin-
u u m levels. A new process, t h a t of convection, had to be in t roduced . To cope with the 
modifications t o the energy and m o m e n t u m balance resul t ing from the convective motions, 
an ae rodynamic descript ion of t he process was developed by Bie rmann and Siedentopf in 
t he early 1930s. This changed the n a t u r e of t he model of t he solar a tmosphere . Before, 
it h a d been buil t on knowledge and insight abou t t he sys tem of concern; wi th t he adop-
t ion of t he mixing-length descript ion of tu rbu len t convection, t he model had to draw upon 
observat ions . I t required t he empir ical de te rmina t ion of pa r ame te r s and drew heavily on 
l abo ra to ry exper iments wi th turbulence . T h e models changed from being 'deduct ive ' to 
' i nduc t ive ' (Karp lus (1977)) . 

In pract ice this has m e a n t t h a t all solar models now contain adjus table pa rame te r s of one 
sort or ano the r . To quote Tucker (1988) again, 'empir icism is required t o develop analogs 
for some component (processes) and t o generally " t u n e " t he models , somet imes in an arcane 
way ' . T h e removal of t he adjus table components is an ou t s t and ing problem of theory. 

We are more fo r tuna te t h a n the I G B P modellers in t h a t we can wri te down the equa-
t ions t h a t govern t he behaviour of stellar photospheres . T h e fluid equat ions and radiat ive 
t ransfer equat ions can be used (wi th just if ication) below the level of the t rans i t ion region. 
Kinet ic effects can be produced in the electron d is t r ibut ion in t he non-LTE regions of the 
chromosphere (Shoub (1977)) bu t any dynamica l consequences are not of immedia te con-
cern in t he photosphere . T h e classical model was a consistent solut ion of these governing 
equa t ions in s ta t ic equi l ibr ium. T h e convective models were not consistent solutions be-
cause t he ac tua l t e rms in t he equat ions were replaced by model t e rms const ructed from 
empir ical knowledge. We have still t o unde r s t and wha t t h e full equat ions will yield under 
c i rcumstances appropr i a t e t o the Sun. 

I m u s t stress here t h a t a t least as i m p o r t a n t as t h e equat ions themselves are the boundary 
condi t ions and on this poin t I echo the concern expressed by T h o m a s (1983) abou t t rea t ing 
model sys tems as isolated sys tems. T h e const ruct ion of physically consistent boundary 
condit ions is pa r t of t he theoret ica l task . I t does not t ake us outs ide current physical 
theory. I confess t o being in T h o m a s ' words a ' speculat ive theor i s t ' . We should unders tand 
wha t t h a t theory really tells us abou t stel lar a tmospheres before appeal ing t o new physics. 

2. T h e w a y a h e a d 

Let us look first a t t h e tools a t our disposal . Since direct exper iment is impossible, we have 
t o pursue indirect invest igat ions . Tucker (1988) enumera tes t he possibili t ies: 
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1. m a t h e m a t i c a l analysis of t h e governing equa t ions , 

2. exper iment wi th min ia tu re analogue sys tems, 

3. exper iment wi th numerical s imulat ion. 

Analysis is t he classical avenue bu t it has proved inadequa te as far as t he full set of 
equat ions is concerned. However, analysis has produced an enormous corpus of knowledge 
about individual processes, gained by isolat ing and adjust ing t e rms (i.e. t he physical in-
terac t ions) unt i l a m a t h e m a t i c a l sys tem of sufficient simplicity emerges . Truesdell (1980) 
claims t h a t th is style of invest igat ion or iginated in t h e s tudy of t he rmodynamics in the 
19th Century . I t results in wha t can be called 'scenario physics ' . If t he scenario could be 
realized, we would unde r s t and the physics. But scenarios are generally compet i t ive , what 
one assumes is cont rad ic ted by ano ther . In t he Sun, t he processes are mixed and modified 
by thei r in te rac t ion . To unde r s t and the Sun, we have simply got t o address this problem. 

Some of t he consequences of t he in te rac t ions , certainly more t h a n have been elucidated by 
analysis , can be demons t r a t ed by the second tool , analogue exper iments . However, because 
l abora to ry c i rcumstances are so different from those in t h e solar a tmosphere these experi-
men t s are rarely of direct relevance. O u t s t a n d i n g exceptions are t h e ' ice-water ' experiment 
of Townsend (1964), which produces convective overshoot , and the Spacelab 3 experiment 
which produces convection in a ro t a t ing , stratified med ium (Har t et al. (1986)) . Al though 
l imited in n u m b e r and scope, such exper iments are t h e only means by which the ideas t ha t 
guide t h e development of scenario physics can be tes ted in a controlled manne r . I hope 
t h a t ingenui ty will cont inue t o be expended on devising more of these exper iments . 

However, I th ink t h a t t he means of breaking out of t he s t ra ight jacket of t he past few 
decades in provided by the th i rd avenue, t he development of t h e high-speed computer . It 
is t he only tool t h a t we possess t h a t can in principle br idge t h e gap be tween the labora tory 
and t h e Sun. Since 1940 each decade has seen a phenomena l g rowth in t he power of com-
pu te r s , abou t half due t o improvements in h a r d w a r e and abou t half due t o improvements in 
software. C o m p u t e r manufac turers claim t h a t th is t r end will cont inue over t h e next decade 
and are confident t h a t massively parallel sys tems will m a i n t a i n t h e m o m e n t u m in to the 
decades beyond . In 1984 Nordlund wrote t h a t detai led numer ica l s imulat ions using the full 
set of magne tohyd rodynamic equat ions were ' ( a t least margina l ly) feasible wi th present day 
compu te r s ' . I t will clearly not be long before t h e caut ious qualification can be removed. 

I should like t o s t ress , t hough , t h a t numerical s imulat ion is a form of exper imenta t ion . 
T h e n u m b e r s ob ta ined should be regarded as t he ou tcome of an exper iment , an experiment 
designed t o d e m o n s t r a t e physical processes t h a t require t o be under s tood . This has two 
consequences. Firs t ly , if t he result is not in te rpre ted in a m a n n e r t h a t increases our phys-
ical unde r s t and ing , t h e exper iment has no value. Here scenario physics finds a legi t imate 
ra t iona le . I t provides t he bui lding blocks of cause and effect which allow the results to be 
expressed in t e rms of physical processes. T h e s imulat ion sifts out t he relevant scenarios 
from the i r relevant . An admirab le example of this approach is set by t he work of Nordlund 
(1984, 1985a, 1985b), in which close a t t en t ion is given t o e lucidat ing t h e physical processes 
under ly ing the model resul ts . 

However, the re is a s tep beyond th is . As t he theoret ica l j igsaw s t a r t s t o fall i n to place, we 
should begin t o recognize t he quan t i t a t ive impor t ance of t h e in ter re la t ionships so t h a t the 
full-scale model can be broken up in to quasi - independent c o m p a r t m e n t s . This is precisely 
t h e oppos i te direction t o t he analyt ical p a t h in which the p a r t s are s tudied before the 
whole. Only when we know to wha t ex ten t t he c o m p a r t m e n t s influence one another , can 
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we const ruc t simple self-consistent models of t he solar a tmosphere beyond the classical 
level. Only then can the resul t ing theoret ical s t ruc tu re be applied wi th confidence t o stars 
o ther t h a n the Sun. Only then will discrepancies really poin t t o 'new physics ' . 

T h e second consequence of the exper imenta l n a t u r e of s imulat ion is t h e need for ap-
p ropr i a t e a t t en t ion t o t he exper imenta l procedure . Exper imen t s should be reproducible 
and should be repor ted in sufficient detai l t o allow t h e m to be reproduced. This requires 
specification of 

1. t h e governing equa t ions , 

2. t h e a lgor i thm used t o solve t h e m , 

3 . t he physical bounda ry condi t ions , 

4. t he implementa t ion of the bounda ry condit ions. 

T h e majo r a rea of uncer ta in ty in as t rophysical s imulat ions lies in t he bounda ry conditions 
a t t h e inner and outer l imits of resolut ion. I shall r e tu rn t o th is subject below. 

To i l lus t ra te these po in ts I want t o look briefly a t four areas of solar physics in the order 
in which I believe progress will be m a d e , rad ia t ive t ransfer , convective t r a n s p o r t , overshoot 
and waves, and M H D . 

3 . R a d i a t i v e t r a n s f e r 

In th is case b o t h t h e governing equat ions and appropr i a t e upper and lower boundary con-
di t ions are well es tabl ished. T h e development of theories of rad ia t ive energy t r anspor t has 
differed essentially from t h a t of hydrodynamic t r an spo r t in t h a t t h e nonlocal n a t u r e of the 
process was recognized from t h e ou tse t . T h e rad ia t ion field is ob ta ined by solving self-
consis tent ly along all r ays , t ak ing explicit account of any inhomogenei ty and anisotropy of 
t h e sys tem. 

Faced wi th th is need, a great deal of effort has been expended on devising efficient 
a lgor i thms and ones which exploit t he abil i ty t o do paral lel compu ta t ions along different 
rays a t different frequencies. These are the subject of a recent monograph (Kalkofen (1987)). 
T h e need t o incorpora te a realist ic model of t h e 'microphysics ' has also been accepted and 
calculat ions can be m a d e using non-LTE where necessary. 

T h e problem of resolut ion has a l ready been ment ioned and it has been overcome, as com-
pu t ing resources have improved, by increasing t h e n u m b e r of po in ts a t which the frequency 
is sampled . Indeed, a t th is poin t t he subject has progressed t o t he s tage of looking for 
recipes for simpler models t h a t cap tu re t he behaviour establ ished in more detai led calcula-
t ions . T h e represen ta t ion of t he opaci ty d is t r ibut ion in frequency by s ta t i s t ica l sampling or 
d i s t r ibu t ion functions (Kurucz (1979), Ca rbon (1979)) is a s t a r t in this direct ion. Nordlund 
(1982) has suggested source function averaging. 

I would suggest t h a t the re are no ou t s t and ing theoret ica l problems as far as t he radia t ion 
physics of t he photosphere is concerned, t hough the t r e a t m e n t of non-LTE transfer in 
rapidly moving s t ruc tures in the chromosphere m a y produce significant effects of some 
sub t le ty which do not form a pa r t of our in tui t ive th inking a t present . T h e accuracy 
of t ransfer calculat ions is generally l imited though by the despera te shor tage of accurate 
a tomic d a t a , par t icu lar ly of collisional cross sections. 

https://doi.org/10.1017/S0074180900044491 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900044491


4 9 3 

4 . C o n v e c t i v e t r a n s p o r t 

Convection is t he next most i m p o r t a n t ingredient in t he photospher ic sys tem. It governs 
the m e a n s t ruc tu re of t he lowest levels and modu la te s t h a t above . I t also underlies, in 
one way or ano the r , t he ent i re hor izonta l s t ruc tu r ing of t h e pho tosphere (a classical s ta t ic 
a tmosphere has no such s t ruc tu re ) . 

Here t h e governing equat ions are well known. T h e anelas t ic approx imat ion has been 
extensively used (e.g. Nordlund (1982 et seq.)) because it allows an explicit a lgori thm 
to be used t o s tudy convective mot ions wi thou t inducing sound waves. However, efficient 
implicit schemes now allow the full compressible equat ions t o be solved (Chan and Sofia 
(1986)) . Th i s becomes essential when the magne t ic field is included. 

Also well known are t he various processes implicit in t he equat ions—buoyancy, pressure 
grad ien ts , rad ia t ive ' conduct ion ' , kinet ic energy transfer by t h e nonl inear iner t ia l t e rm and 
viscous diss ipat ion. Bu t we do not unde r s t and how they in te rac t t o de te rmine t he s t ruc ture 
of convective flow in a highly stratified tu rbu len t med ium like t h e ou te r p a r t s of the solar 
convection zone. C o m p u t e r s imulat ions are a l ready proving the i r value as an exper imental 
tool . Progress is not direct because no compute r can (or is likely to ) encompass the range 
of scales from global ( 1 0 8 m ) down to viscous (less t h a n a m e t r e ) . 

Moreover , t he compu ta t ion cannot be simplified by reducing t h e n u m b e r of dimensions. 
Ast rophysical convection is tu rbu len t and is t hus an essentially three-dimensional phe-
nomenon . Artificial two-dimensional models have qui te different charac te r i s t i cs -a cascade 
of energy t o large scales, for ins tance . Two-dimensional s imulat ions are no subs t i tu te 
for three-dimensional s imulat ions . W i t h hindsight and a secure knowledge of t he three-
dimensional sys tem we m a y at some future s tage be able t o justify t he use of models of 
lower dimension for some purposes , bu t not a t present . 

Since we are in teres ted pr imari ly in scales in t h e range 1 0 5 - 1 0 7 m our models must 
account for t he fact t h a t t he largest and smallest scales are not present . Per iodic boundary 
condit ions in t he hor izonta l p lane ensure t h a t t he model is embedded in a larger system 
and t h a t the re is no special t r e a t m e n t of side walls t h a t migh t d ic ta te t he geometry of the 
flow. A car tes ian geometry then guaran tees t h a t the re is s ta t i s t ica l uniformity and isotropy 
in t h e hor izonta l p lane . Simulat ions in cylindrical geomet ry (e.g. Steffen (1987)) cannot 
avoid in t roduc ing anisotropy. 

T h e upper bounda ry condit ion will be discussed in t he next section. T h e lower boundary 
condi t ions are a t present problemat ica l . They mus t be set wi th in t he convection zone as 
there is no hope of extending a surface s imulat ion down t o t he b o t t o m . T h e solution 
adop ted by Nordlund and Steffen is t o allow 'free' flow in to and out of t he boundary , i.e. 
t he vert ical velocity gradient and the pressure f luctuat ion are set t o zero. In each case the 
model flows s t r eam in and out of t he lower bounda ry and show no signs of closing. Thus 
t he proper t ies of the sys tem outs ide t he model should control t h e t r ue behaviour of the 
flow jus t as much as those inside. Yet t he model flow is de te rmined entirely by the internal 
p roper t ies . T h e d i lemma migh t be resolved if t h e vert ical flows were an art ifact of the 'free' 
b o u n d a r y condi t ion having no dynamica l significance, in which case a bounda ry condition 
enforcing a circulat ion (e.g. the vert ical velocity being set t o zero) would have l i t t le effect 
over most of t he box . Alternat ively, t he flow might be localled controlled a t t he level of the 
lower boundary , somewhat in t he spirit of mixing-length formulat ions . Or any resemblence 
be tween the isolated model results and the behaviour shown by the same model embedded 
in a much larger sys tem m a y be for tu i tous . 
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The answer can be provided definitively only by looking at the embedding problem 
more carefully. Here is there is a long-out standing theoretical problem. Despite its obvious 
fundamental importance, even the basic form of convection in a stratified medium is not yet 
known. To date there are just two three-dimensional simulations—that of Graham (1977) 
and that of Chan and Sofia (1986). In the former the dominant mode is a quasi-cellular 
pattern extending the whole depth of the unstable layer whilst in the latter the vertical 
velocity structure loses its coherence over a pressure scale height. The models differ in 
many respects. Graham's model had a low Rayleigh number (ten times the critical value) 
and a Prandtl number around unity so that the flow was just turbulent. The degree of 
stratification was also small, just over one pressure scale height. The models of Chan and 
Sofia were more highly turbulent (only an effective Reynolds number of 300 is quoted) and 
extend over 4 -5 scale heights. Because of this, Chan and Sofia had to model the scales 
below the level of numerical resolution, the so-called subgrid scales. 

The standard treatment is one adopted by terrestrial modellers, in which it is assumed 
that the smallest resolved scale lies within the inertial regime of the turbulence where 
there is neither significant driving nor dissipation only a transfer of kinetic energy from 
large scales to small scales via the nonlinear inertial term in the equation of motion. The 
plausible assumption of isotropy and homogeneity then yields a Kolmogorov spectrum. 
The contributions of the unresolved motions to the momentum and energy equations can 
then evaluated as an eddy viscosity and an eddy conductivity (Rogallo and Moin (1984), 
Eidson (1985)) . This formulation has been tested for incompressible turbulent flows for low 
Reynolds number Re < 40 by Clark et al. (1979). For compressible flow, most authors 
(e.g. Hurlburt et ai. (1984)) model the subgrid heat diffusion as 

{KVT),G = £VT, 

where μ is the subgrid eddy viscosity and Prt is the turbulent Prandtl number, taken to 
be about | . Chan and Sofia (1986) argue that in a stratified fluid it is the entropy gradient 
which drives the subgrid diffusion 

V T - VAI - V p 

the second term arising from the adiabatic gradient V a £ j . Since the entropy varies much 
less strongly than the temperature across a stratified convective layer, the subgrid heat 
transport is much smaller than previously estimated. The resolved motions are therefore 
more vigorous and appear to break up in a statistical sense over a vertical scale height. 

Chan and Sofia describe careful tests of their algorithm and the parametrization of their 
model. Some unanswered questions remain though. 

1. Their choice of upper and lower boundary condition reflects acoustic waves. A trans-
mitt ing boundary would be more appropriate. 

2. The rigid upper and lower boundaries also force the heat in their immediate neighbour-
hood to be carried by the subgrid motions. Yet the basis for their treatment breaks 
down when isotropy is broken by the influence of the boundary (Eidson (1985)). A 
narrow stable layer added at the boundaries would remove the possibility that un-
realistic boundary effects propagate into the bulk of the system. They would also 
facilitate the implementation of transmitting boundary conditions. 
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3. Does the numerical resolution really reach the inertial range so that the subgrid eddy 
viscosity is a valid estimate? A great deal of progress has been made recently in 
deriving parameter-free closures in statistical turbulence theory. Yoshikawa (1988a) 
offers a method that can yield subgrid models that take account of buoyancy. He finds 
that the turbulent Prandtl number (for passive scalar diffusion) is not constant but 
varies with the square of the ratio of the velocity to scalar variance dissipation times. 
Subgrid models may be tested against full resolved simulations of Rayleigh-Bénard 
convection up to Rayleigh numbers of 4 χ 1 0 5 (Grotzbach 1982). 

4. Finally, the way in which the models are discussed needs to be systematized. The 
flow visualizations, i.e. instantaneous plots of velocity vectors, tend to focus attention 
on the coherent motions, whilst spatially averaged cross correlations between the 
velocities at different vertical heights reveal that much of the motion is disordered. 
Clearly, convective plumes of limited spatial extent coexist with random motions. 
We really need to know how much heat is carried in each, and this requires more 
sophisticated statistical methods. Adrian (1977) gives a full discussion of how higher-
order moments and conditionally averaged statistics can be used to interpret coherent 
structuring in turbulent convective flows and Kerr (1985) describes skewness and 
kurtosis factors in numerical turbulence simulations. 

I think the organization of motions in stellar convection zones is close to being a solved 
problem. We would then be able to investigate one of the most enigmatic features of the 
photosphere, the supergranulation. Nordlund (1985) has suggested how the model might 
be set up; it should decide whether or not the supergranulation is a direct manifestation of 
convection zone dynamics. 

5 . O v e r s h o o t a n d w a v e s 

Overshoot has been the subject of the most detailed dynamical modelling to date. Nordlund 
(1982 et seq.) has elucidated many of the properties of the granulation by this means. In 
particular, an understanding of the heat exchange between the flowing gas and the radiation 
field emerged only from these simulations. On average heat is extracted from the radiation 
field to heat the gas which cools as it expands into the stably stratified region. The mean 
temperature of the atmosphere is depressed below the radiative equilibrium values and the 
model closely matches the empirical structure. 

Better knowledge of the convection zone dynamics would allow the lower boundary con-
dition described above to be improved. The upper boundary condition can be formulated 
in some detail by fitting appropriate wave-like solutions in the stable region. Nordlund 
(1982) found this unnecessary for anelastic modelling but will be more important for fully 
compressible models. 

A fully compressible treatment is the next step and will yield the first reliable estimates 
of the acoustic energy flux produced in the upper parts of the solar convection zone. These 
will provide a crucial test of our ideas concerning the mechanical heating of the solar 
chromosphere. 

Global acoustic modes will be modified or suppressed by finite box models so any coupling 
between oscillations and convection would be revealed only by an iteration between global 
scale simulations with parametrized convective scales and convection models with impressed 
global motions. 
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Convective mot ions overshoot ing in to s table layers d is tor t t he grav i ta t iona l equipotent ial 
surfaces and genera te in te rna l gravi ty waves in l abo ra to ry fluids. However, solar observa-
t ions show no s t rong gravi ty wave field despite considerable convective overshooting in the 
g ranu la t ion . Nord lund has explained thei r absence in t e rms of his model . Convective pres-
sure d is turbances can pene t r a t e far in a s table layer of decreasing mean pressure and drive 
an ex tended circulat ion r a the r t h a n an oscillation in t he photosphere . Gravi ty waves can 
only be excited higher in t he a tmosphere . 

T h e mos t uncer ta in aspect of photospher ic dynamica l modell ing mus t lie in the subgrid 
scale mot ion . Nord lund (1982) modelled t he subgrid viscosity heuristically. In reality, the 
t r ans i t ion from tu rbu len t t r an spo r t processes in t he convective layer t o wave t r anspo r t in the 
s table is likely t o be complicated. Fernando (1988) s tudied t h e development of turbulence 
in a s tab ly stratified layer in t he labora tory . A locally genera ted p a t c h of turbulence grows 
by en t r a inmen t of non tu rbu len t ma te r i a l unt i l t h e vert ical mixing is l imited by negative 
buoyancy forces. Thereaf ter an interfacial layer develops separa t ing t he tu rbu len t region 
from t h e overlying non tu rbu len t ma te r i a l . Turbu len t d is turbances a t t he interfacial layer 
genera te in te rna l waves above . As t he waves break small regions of turbulence are created 
above the interface which eventual ly merge and are incorpora ted by the tu rbu len t patch, 
the reby slowly raising the interface. 

6. M H D 

T h e incorpora t ion of t he magne t ic field in to t he hyd rodynamic sys tem is wi thout doubt 
t he mos t i m p o r t a n t ou t s t and ing theoret ical problem. W i t h o u t it we cannot answer the 
quest ions 

1. Does the hydrodynamic convection organize t h e field on the granular and supergran-
ular scales or might t he field organize t he s t ruc tu re on the supergranula r scale or is 
t h e s t ruc tu re due t o a subt le process of self-organization? 

2. W h a t is t h e s t ruc tu re of t he field in t he photosphere , why is there s t rong field and 
weak field? W h e r e do the electric currents flow and wha t is thei r s t rength? 

3 . W h a t is t he spec t rum of dynamic d is turbances exhibi ted by the photospher ic field? 

These are t he quest ions crucial t o under s t and ing the whole a tmosphere of the Sun and 
o ther s ta rs above the photosphere . T h e dynamic behaviour of t he field and current system 
in t he photosphere and below provides the driver in electro dynamic theories of the outer 
layers of s t a r s . 

Simulat ions such as those of Nordlund in m y opinion now provide more ccura te es t imates 
of t he spec t rum of g ranu la r dynamics , the roo t -mean-square values being repor ted as 

(vz) = 2 k m s " 1 , (vh) = 3 k m s - \ (6p/p) = 0.5. 

These are much higher t h a n the observat ional ly derived values, which still suffer from lack 
of spa t ia l resolut ion and ambigui ty of in te rp re ta t ion . Since t he s tudy of magnet ic field 
s t ruc tures requires even higher resolution and more complicated diagnost ics , experiment 
seems unlikely t o provide meaningful informat ion of t he current sys tem (for which gradients 
of field s t r eng th mus t be measured) or of dynamica l d is turbances (for which the distort ion 
of t he field s t ruc tu re mus t be measured) . Numerical s imulat ions seem t o offer the only hope 
of subs tan t i a l progress here. 
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Nevertheless, the theoretical problems are immense. The grid size required to resolve a 
magnetic field element adequately is so small that the size of the simulation box must be 
reduced correspondingly. Subgrid modelling is complicated by the fact that nonlinear effects 
can operate either from large scales to small-like the hydrodynamic kinetic energy cascade— 
or from small to large in an inverse cascade. Yoshizawa (1988b) has recently proposed a 
subgrid model for MHD turbulence based on statistical theory. However, looking at fully 
resolved hydrodynamic (Kerr (1985)) and MHD (Meneguzzi et al. (1981)) simulations at 
quite moderate Reynolds number (Re < 100, Rm < 100) for fluids with Pr ~ 1, one 
is struck by the spatial intermittency of the vorticity and magnetic field on the smallest 
scales. Moreover, Meneguzzi et al. point out that the field concentrations do not coincide 
with the vorticity concentrations. It is perhaps well to remember that statistical ensembles 
may not model an individual subgrid volume, even when spatially averaged. 

The problem of modelling the embedding of the box in physically realistic surroundings 
is also that much greater. This difficulty is compounded by the fact that the magnetic field 
cannot be isolated, even conceptually, within the box as can, for example, an eddy of the 
flow. The field must leave the box at top and bottom so that we require magnetic boundary 
conditions. These are best thought of in terms of the equivalent boundary conditions on 
the current system. Where there is field at the boundary, mass flow and current flow are 
ducted in an out of the box. Clearly these are no locally determined properties of the 
system. They adjust in response to the need to evolve the whole magnetic structure. 

At the upper boundary it may be possible to establish a form of equivalent circuit for the 
coronal connections using the theory of Ionson (1982). At the lower boundary the circuit 
cannot be continued. The structure of the field elements below the surface is unknown—do 
they collect together in larger units or are they uniformly dispersed? An iteration between 
high-resolution and low-resolution models, as in the case of convection modelling, might 
yield a heuristic solution but its implementation seems a long way off. 

7. Prospects 

In summary, I think the prospects for solving the problems of the hydrodynamic behaviour 
of the solar photosphere are good. We are almost at the stage where the structure and 
dynamical effects in a stellar atmosphere can be calculated without recourse to empirical 
scalings. It remains to be seen, though, to what extent the physical insight provided 
by complex simulations allows the computations to be simplified. On the other hand, the 
continued increase in computational power might overtake the need to simplify substantially. 
Within a decade we may all be able to run off the models on cheap massively parallel 
computers. In either case, present work should have physical insight as its main aim. 

Of course, the immediate future lies with big and expensive machines, available only 
to few. The time seems ripe for an organized international effort dedicated to astrophysi-
cal convection simulations, perhaps along the lines of the summer program at the Center 
for Turbulence Research at NASA Ames Research Center and Stanford University (Hunt 
(1988)) . 

But we should be also be planning the attack on the MHD problem. To return once 
again to the IGBP. Its ambitious program will cover at least a decade starting in 1990. 
However, little interest was shown at the Canberra meeting in the influence of the Sun on 
the variability of the Earth system in either the short term or the long term. In the short 
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term, it is solar magnetic activity which affects us on Earth the most. The IGBP will not 
be complete without an understanding of the MHD behaviour of the Sun. This is controlled 
in no small part by the processes at the surface and in the immediate subsurface layers. 
The understanding of these is the outstanding theoretical problem of the next decade. 
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