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A. OVERVIEW OF RESEARCH GOALS
tj The research supported by this contract has been directed
— toward improving our understanding of the turbulent convection
that is present below the solar surface and of the penetration of

hi . these motions into the solar atmosphere. The dynamics of this

convection has a critical role in determining the magnetic
activity of the Sun and thus is fundamental to all studies of

a. solar-terrestrial relations. The work during the first two years
of effort as Part I of this contract concentrated partly onlthe

development of nonlinear anelastic and Boussinesq modal ecquations

E;‘ to describe solar and stellar convection. The solution of such

highly nonlinear equations required the use of major computing

WAIAN |

facilities and of asymptotic analysis. The research dealt with

observational studies of supergranular scales of convective

e

.y

motion over a broad range of heights in the solar atmosphere. It

Syl ey

alsoc lead to the discovery of apparently a new discrete scale of

ke

convection on the Sun called mesogranulation. The coordinated

P
cmatient

ground-based and satellite observations utilized the Sacramento

v
Y

Peak Observatory (SPO) diode array and the Orbiting Solar

C—— Y, ¥
iend .

.

Observatory 8 (0SO-8) satellite's ultraviolet spectrometer. T

The work during the next three years of effort as Part I1

Lol

turned to coordinated observations of persistent flows ranging

ASED S SRR S N

L . from the photosphere to the transition region using the Solar =

Y

Maximum Mission (SMM) satellite's UVSP instrument and the SPO
y;t diode array. The studies dealt with supergranular and

| J mesogranular scales of motion within and outside magnetically

active regions. The height variation of the flow amplitudes,

3
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their correlation with magnetic structures, and the degree of
isotropy were of primary concern. A major effort was also
initiated to use the five-minute oscillations inherent in our
Doppler velocity data sets to search for the presence of large
scale, spatially periodic flows (akin to giant cells) below the
solar surface. The oscillation studies required the development
of inversion procedures to be able to deduce the variation with
depth of giant cell flows. The continuing theoretical work on
anelastic modal descriptions for solar convection concentrated on
the time dependence achieved when multiple modes are introduced
into the representation, and dealt with the essential issue of
implementing subgrid modelling of the turbulence. Such
theoretical modelling of convective flows in the subphotosphere
yielded predictions of mechanisms that serve to prevent the
largest scales of convection from roaring into the atmosphere.

It also predicts that strong horizontal flows may well be present

at relatively shallow depths below the surface.

B. RESEARCH ACCOMPLISHMENTS

The research work supported in substantial part by this
contract has resulted in 20 published papers in refereed
scientific journals, the cover pages of which are attached as
Papers A to P. A further 18 published abstracts of talks at
national conferences have also been cited in the quarterly
reports, and there have been over 22 other seminars given
describing aspects of the research. Of equal importance are the

6 Ph.D. theses (Theses A to F) that have been completed at the

tiniversity of Colorado under the supervision of the PI's of this
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contract; this is of considerable significance to the long-term

development of such research endeavors in solar physics.

The Ph.D. thesis studies supported in part by this

contract are entitled:

Thesis A. "Mesogranulation and Supergranulation in the Sun",
L.J. November, 1979.

Thesis B. "Internal Gravity Waves in the Solar Atmosphere“,\
B.R. Mihalas, 1979.

Thesis C. "Convection in Rotating Layers with Thermal Winds
and Applications to Jupiter", D.H. Hathaway, 1979.

Thesis D. '"Mesoscale Entrainment Instability as the Cause of
Mesoscale Cellular Convection", B.H. Fiedler, 1982.

Thesis E. "Oscillating Probes and Direct Observations of Solar
Convection”, F. Hill, 1982.

Thesis F.

"Nonlinear Compressible Convection with Penetration",

N.E. Hurlburt, 1983.

The published research papers that serve as the primary

reporting of the scientific results from this contract are

conveniently reviewed by considering four groupings of the papers

and the theses:

GROUP 1. (Papers A to D; Theses A,E)

Observations and Interpretation of Large-Scale Persistent

Velocity Fields in the Solar Atmosphere:

Coordinated SPO, 0OSO-8 and SMM Observations

v - - . .- . . . - e e ‘.-“.
R T S R S S ., it o st PR DRy YR Uy

T X
" .J'_zl_l.‘m

Sl
el
PR}

« v 7

(AL

."l'
N

i ' A
Talalx_Aa b

?.‘ '. -.'-’; - .
N




- T C < Eautuard S AF gt S IR SR PG S AR
el Sl 'S A 4 " i\ dna e A A RANTD G B~ Aua ke MAe At Sl Wi Ml S S R A L T v - AT eTAY .

The calibration of theoretical models of solar convection

. . . 3
requires high quality data about the variation with height of g
| §

persistent flows in the solar atmosphere. Since observations may
well lead such theory, we believe it essential that there be a =

close interplay between these two disciplines and therefore have

accordingly organized our research programs. Thus we have sought

[ TR

to measure and interpret the manner in which convective flows are
I able to penetrate upward into the photosphere, chromosphere and
transition regions. Velocity observations in the upper portions
of the atmosphere have required the use of ultraviolet 4
spectrometers aboard spacecraft like 0S0O-8 and SMM. Doppler
measurements being made simultaneously from the ground at SPO
permitted us to link these flows to ones in the photosphere and ;
nea~ “he temperature minimum, thereby yielding a coherent

- sampling of the velocity fields over a broad range of heights.

nmand

i Papers A and D, and Thesis A, showed that persistent
fiows of supergranular scale can be traced all the way up to the

transition region, with such velocity patterns able to penetrate

¥
1
<
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well over 11 density scale heights. The character of the flows
has changed with height, with horizontal rms flow amplitudes
increasing from about 400 m/s in the photosphere to over 1500 m/s
in the middle chromosphere. A distinctive change also occurs in
th flow structure: although horizontal flows predominate in the

photosphere, the flows become increasingly isotropic with

height. These properties suggest that supergranulation
experiences strong braking of vertical momentum in the
subphotosphere, while the horizontal shearing flows in the

chromosphere must be shear unstable and a source of internal
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gravity waves. Thus convective flows of large horizontal scale

:
A

have a remarkable ability to penetrate into the atmosphere, and

hardly have a benign role there.

Paper E reports studies with SMM of persistent flows in

o L B
. . LT
Pl f.~ PSP v

the transition region, revealing that their spatial rms increases

I
)
PRy

to over 4000 m/s as sampled in C IV. There is a striking

correlation between intensity and vertical velocity acrcss the

N

field of view that often shows two distinct branches when these
variables are plotted against each other: the sites of strongest
emission in the UV often possess vertical velocity amplitudes

substantially lower than those on the primary branch. This led

Y i A

us to discover that such a signature is associated with regions
of emerging magnetic flux. This will serve as a means of 7
predicting sites that should show substantially enhances soft
X-ray emission known as X-ray bright points, and such

observations will be a key aspect of SMM operations after the

repair of the satellite. We should emphasize that all of the ?
coordinated observations have been very demanding, requiring ‘

extensive development of procedures and calibrations on both the

e 'r T pat

0S0-8 and SMM satellites and their spectrometers, along with -
considerable improvements on the SPO echelle spectrometer and
diode array.

The study of persistent flows also requires careful -
filtering out of strong contributions from five-minute
oscillations. We devoted considerable attention to this
question, and as a consequence discovered a new scale of -
convective flow, with its horizontal scale of 7 Mm being

intermediate Letween that of granulation and supergranulation.
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.
Papers B and I, and Theses A and E, discuss the properties of J
such mesogranulation possessing spatial rms vertical velocities j
of about 60 m/s. Mesogranulation my represent the missing scale
of convection driven largely by the He+ ionization zone. j

.

4
Paper A. ﬂ
November, L.J., Toomre, J., Gebbie, K.B., and Simon, G.W., 1979, 4
"The height variation of supergranular velocity fields determined 1
from simultaneous 0SO 8 satellite and ground-based observations"”, ,
Astrophys. J., 227, 600-613. 1
Paper B. ]
November, L.J., Toomre, J., Gebbie, K.B., and Simon, G.W., 1981, -
"The detection of mesogranulation on the Sun", Astrophy. J. =
Letters, 245, L123-L126. 5
Paper C. 1
Gebbie, K.B., Hill, F., Toomre, J., November, L.J., ]
Simon, G.W., Gurman, J.B., Shine, R.A., Woodgate, B.E., Athay, -
R.G., Bruner, E.C., Rehse, R.A., and Tandberg-Hanssen, E.A., -
1981, "Steady flows in the solar transition region observed with .
SMM", Astrophys. J. Letters, 251, L115-L118 (1981). g

)
Paper D. ]
November, L.J., Toomre, J., Gebbie, K.B., and Simon, G.W., 1982, .

"Vertical flows of supergranular and mesogranular scale observed
on the Sun with 0SO 8", Astrophys. J., 258, 846-859.
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GROUP 2. (Papers E and F; Thesis B)

Internal Gravity Waves in the Solar Atmosphere:

Theory and Observational Consequences

This work represents a detailed assessment of how
internal gravity waves (IGWs) propagate through the solar
atmosphere. Paper E and Thesis B describe the first rec:arch
effort to calculate IGWs within a realistic model of the vertical
stratification, and thus clears up many misconceptions about
partial reflections and diffractions that arise when modelling
the solar atmosphere as a sequence of slabs with abrupt changes
in properties. The paper provides explicit predictions about
wave amplitudes and relative phases betwen velocities and
thermodynamic fluctuations. Further, it discusses criteria for
the nonlinearities that must come about as the waves travel
upward and increase their velocity amplitudes (due to
conservation of momentum). These criteria lead to estimates of
heights at which IGW with differing horizontal wavenumbers and
frequencies may be expected to break and thus deposit their
energy. Paper F expands the analysis to include effects of
radiative dissipation on such waves, and reveals that IGWs may
survive the cooling effects of H- ions as they propagate upward,
provided the waves are either produced by shear instabilities in
the photospherce or provided their wavelengths fall within a
specific range. Thus our work, contrary to previous predictions,
strongly sugaests that IGWs should be a substantial component of

velocitw fields within the nhotosphere, chromosphere and

: L3P s I e e Tt T e w e
T T e eubesel e e e e s T T

-
tdiaind

l'

-
e

.
O

Ao

1
[P AP e

hoa vl e

‘e o L8

g

RS SR |



= A s e B A saie SUll e e ele S v b AR And ol St st S Aot A A Ml S e A A A R

10

transition regions. However, explicit observations of such waves
through Doppler measurements of spectral lines may well be
inconclusive, since 1IGWs often have vertical wavelengths short
compared to contribution functions for many lines. This leads to
line broadening rather than simple shifts; phasing relations in
thermodynamic fluctuations further produce asymmetries and
skewness that may confound spectral line measurements. The IGWs
are likely to be one of the main causes for the observed line
broadening, and thus micro/macro-turbulence may largely be a
superposition of many wave modes that are just not being
resolved. Further, the breaking of these waves over a r e ol
heights in the chromosphere may provide a significant f'.=tion of

the mechanical energy deposition needed to sustain the

chromosphere.

Paper E.

Mihalas, B.W., and Toomre, J. 1981, "Internal gravity waves in
the solar atmosphere. I. Adiabatic waves in the chromosphere”,
Astrophys. J., 249, 349-371.

Paper F.

Mihalas, B.W., and Toomre, J. 1982, "Internal gravity waves in
the solar atmosphere. I1. Effects of radiative damping"”,
Astrophys. J., 263, 386-408.
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GROUP 3. (Papers G to P; Theses C, D, F)

Development of Nonlinear Modal Descriptions for Solar

and Stellar Convection:

Theory Incorporating Effects of

Penetration, Rotatiom, Stratification

w2 have carrvied out a broad collaboration cn the

devolopment f nonlinear convection theory that has inv vedd

Drs. Jean Latour and Jean-Paul Zahn from Observatories of Nice

ant Pic An Midl at Toulouse, Edward Spiegel from Columbia

Uriiversity, Doualas Gough and Nigel Weiss from University of

Camtridge, Peter Silman from HAQ/NCAR, and Daniel Moore from

lmperial College. Since the salaries of our collaborators are

torne laraely by thelr home institutlons, and because we have

i rinel access Lo large computers without explicit charges to

See oontract, we pelleve this major aspect of our research

proyviram has been esmecially vost effective.

In Papers G and H are considered the development of

o
{

aniary conditions for convection penetrating into stable

surroundings, and the consequences of this on loss of angular

momeontum.  Papers 1 and J discuss the major issues of what occurs

whern convestive motions are explicitly treated as being

Coampressihie. The roles of rotation, curvature and north-south

R AS SR UG L O B!

it the preferred forms of convection

cils oare conreiddere»l 1n tapers K and L. This work is vital in

1o, i ther the atant cells on the Sun should be

oty oy banasoa modes

ios allgned with the rotation axis, as

vroaxisvinetrio rolls aligned in the east-west

o oo chan soant e realyzed on Jupiter. Papers M, N, O and
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PAPER [,

CUTTN G EROMOTHE CONVECTION ZONE AND THEIR ROLE IN

Jurt Toonmre

Departnent of Astro-‘leophysics and Joint Institate for
. .

L

cancralory Astrophivsics, University of fnlorado and “acioea!
Burear of dtondards, Boulder, CO 80306, U.S.A.

1. INTRonICTIon

Chromoapter- s and coronae In stars appear to require vijgorons
conve. fiuva coues fust helow the surface. If we wish to understand how
various dvpasica. sastabilities contribute to the mechanica! “wating
that [« vegoired te nradoce chromospheres, then we must be concerned

bath with 7 0id «orions in the atmosphere and with the navure of their
drivin, b v T sarfice. Une cannot really separate these rfwo sub-
jects., Iy ier v emphasize this lirk, we will raise some basic gucs-
tiovae shoat corsnecrive flows in a stellar envelope and of their pene-
tratisw inro che oaoephore. The significant puz?les betweon what is
obse RN rhanretically explained should serve ' indi-

o the jusues that need to be pursued. We will concentrate on
he San in our discussions:  the observations here are sufficiently io-

tailed "o prowvide v weuplicit rhallenzes to theory unavailable in noat
nther stars. r will also turn to A-type stars to illustrate o
theoretical rocedure for ddescribing convection that mav do brtroer than

the micine~-"cogth approach in predicting the vertical structure in these
flows,

P

i)

2o DVNAMIO O URLING OF THE CONVECTION ZONE WITH THE ATMOSPHERY

Mie solar ars sphere and the convection zone are linked by a nuaber

Py

a's 2 a.

of dvaamic 4 mavaetic processes that have the potential for deposit- N
ing erer,g G0 e Chromowpheres The principal couplings are provided '
by: d) wree st ap magaetic dynamo action deep within the convection
zone st e v oo it le tor aroducing and shaping the observed mapnetic J
e ey a. A varietv of associated magnetic instahilities -
Cowdr creeemae wives have a major role in locallv heating the ;
Lt are tpable o predict theoretically how wmgnetic -
Jar uriace roally come about or what controls then, N
Fabed wolar dvnaro nodels are still bevond our o prasp. —
v il orians which now have heen identitied .o wrand-
s i v erweiope and largely evanescent waves in th M
crioee Lttt ostrong Link between these two regions. :
571 .
Porrr 6 4 W S oesin ks ot trenamny, Vol 5,871 S80. )
foz s D ' [P
o T . At s T epprnetire and selt this report.
Vo PR Fopess ar cea L b b atiers st be ghtatned from -
s el e el et m A a P . Ao Ao B Fem - s
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PAPER Y.

Geuphix Asirephye $lund Diaamics, 1978 Vol 9 pp 241233
© Gurdon and Yrcach SWienwe Pubinhers L. 1978
« Prntad in Gioat Botam

On the Angular Momentum Loss of
Late-type Stars

B. R. DURNEY
National Center for Atmospheric Research,t Boulder, Colorado, U.S.A.

J. LATOUR
Joint Institute for Laboratory Astrophysics, Boulder, Colorado, U.S . A.
and Observatotre de Nice, Nice, France

(Received June 23, 1977)

The observed surfuce anvular veloctty of main-sequence stars shows a sharp decrease at about
spectral type Fo We supeest tnat stars more massive than Fo cannot experience an appreciable
angular momentum loss because therr convection zones tannot sustan a magnetic dynamo:
without a macnete ficld the anvular momentum foss is very small. Theanlluence of rotation on the
convective mutians b easentidl for the existence vl d solar type dynamo. Rotaton caninfluence
these convective motons unly il the typicat coavective tme 1s iarger than the rotation ume. e if
lu, > LA whees o and Lare typacal values of the convectine veloaity and minng lenpth in the
lower part of the cotveLtion zone wnd (215 the s1ar's anguiar vejocity. For main-sequence sturs of
diflerent masses and chenucul compositions we esaiudte the dimensioniess parameter 1, 0 [and
show that (t inorewses very sharply tor sty whose mass, M. exceeds that defined by
log(M, M 1= 01482, and V' are the sun’s angular voieaty and mass. respectiveiv). Thus even
for large anyular veiocities, magnetic dyaamos are aat {easiole d logt M M ) appreciably exceeds
0.1.

i. INTRODUCTION AND THEORY

Figure | (from Kraft. 1969y <hows the vanation of averagz angulur momentum
density with steflar mass for main-sequence stars (4.7 ; 1s the average anguiar
momentum, assuming sohid hody rotation, of mam-sequence stars with a 2iven
mass, divided by the star’s mass, Moand L% = MM~ ). The extrapolated line,
(T yoc.d ¥ was added by Diche 119704 The strihing feature about Fig. 1 s
the sharp decreasen <2 L for stars fess massise than about 1.3 M, Schatzman
11962) attnbuted this hreuk an </ 3 to the angular momentum loss
experienced by stars with convection zones according to the following
conception: the surlace Livers of convection zones are efficient 1n penerating
sound waves which propavate upwards, shock, and deposit thair energy in the

tThe Natinval Center for Atmosphenic Research s sponsored by the Nauonal Scenge
Foundution
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On the Boundary Conditions
Imposed by a Stratified Fluid

JEAN LATOUR!t

Joint Institute for Laboratory Astrophysics. University of Colorado and
Nationa! Bureau of Standards, Bouider, Colorado 80303

and

JEAN-PAUL ZAHN
Observatosre de Nice, B.P. 252, 06007 Nice, France

(Receited November 2, 1977 in final form February 27, 1978)

Genetalizing the results obtained by Sux (1970) and by Whitehead (19711 we present the
homogencous boundary conditions that are 1mposed by a fluid of statle but otherwise
arbitrary stratification. These penetrative condittons are strictly vahd only 10 the hmut of
steady hineanized flow, but under some condittons they can also be applied to nonlhmcar
problems. An cyample of lincar penetrative consection is treated in order to iilustrate the use
of these boundary conditions.

1. INTRODUCTION

In many problems encountered in geophysicai or astrophysical fluid
dynamics. the unstable region which gives rise to the motions is relatively
small compared wnh, for example, the whole atmosphere or the whole
star. When one deals numerically with those motions, one 18 therefore
temptcd to describe them only in the unstable region and its immediate
vicinity. This howcever raises the question of what conditions are to be
imposed at the boundaries of the computational domain,

Since the motions are damped w the stable region, one might ry to
compute a numerical model en a domain large enough, so that the
amplitude of the solution would be very small on its boundaries. This
could be achicved with a computational domain encompassing several e-
foldiny distances of the solution i the region of stability. Stress-free or
rigid boundary conditions could then be apphed at these points, but with
the shortcommy of imposing physical constraints that arc qualitatively
different from thosc prevaihng in the stably stratified fluid, where no

tOn lcave of absence hom Ohservatowre de Nice, Nice. France
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INTERNAL GRAVITY WAVES IN THE SOLAR ATMOSPHERF L
I EFFECTS OF RADIATIVE DAMPING -
4
BarBara Wrisir Mg as -
Advanced Study Preeram, Nationai Center 1o Atmaospheric Research ! )
and Departiment of Astro-Geophysies and Joant Iestute tor Laboratory Astrophvaies.” 1
University of Colorado '".:
AND o

Jurt TooMRE T

Department of Astro-Geophisies and Jomnt Institute for Laborgtory Astrophysics,” Y
University of Colorado . i
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ABSTRACT

Raduanve damping of internal gravity waves in the solar atmosphere is considered ina hnearized
approximation with a height-dependent Newtorian cooling ume. A lincar fit v made (o St
damping times for the photosphere. and tins mear refation 1s sumply extended into the chromosphere
Imtial encrgy tiuxes of 10 107, and 10° ergs em - s ! are assumed for monochromatic gravity
waves with a wide ranee of frequencies and honzontal wavenumbers. 3

Itis found thit damping has the least etfect on waves with small vatues ol the vertical wavenumber .
For such waves energv fluxes of 10° 10" ergs em ™7 57! can reuch the temperature mmnmum .-
from an initial flux of 107 10* ergs cm s ' in the low photosphere. The energy flux of these h
gravity waves at chromospheric heights appears to be limited by development ot nonhnearnities 4
more than by rudiative dumping. 1

Gravity waves have lurger honizontal than vertical velocities: radiative damping causes the rano

of the velocities to increase and the velocity amplitudes to diminish with height from the low - :
photosphere to the temperature mumimum rewion. These waves may plav an important role i the s
broadening and strenutheming of photospheric spectral hnes: bike granulation 1ows, the center-to- 1
imb vaniauon and the height dependence of the velocities have the same sense as those deduced o
from observations. ]

Phase lags between vertical velocity and the pressure, temperature, and density perturbations 4
are strongly affected by the damping. Ao altered are vertical wavelength. group veloaity. and ray 1
path. Amphitudes of the thermodynamic perturbations change refative 10 one another and to the 4

velocity amplitudes. These effects are discussed both in terms of the comparison between adiabatic
and damped gravity wases and in relation to the etfects of waves on spectral lines, 4
Subject headings: gravitation Sun: atinosphere -~ Sun: atmospheric motions

Sun: chromosphere

f. INTRODU CTION exponentially with hetght: its scale height s about 60 ki,

In the solar photosphere. temperature fluctuations
assocrated with acoustic-eravity wanves masy be rapidly
smoothed by the transter of radiation between hotter and

cooler reytons In addition, hieh enmissivities n the to be greatest low n the ph(\[(hph\,‘fﬂ L nder the ___.}
presence of an open bonndary  allow l'dpld loss of sxmphl‘_\lng assumptions that the g;lﬁ N Opllc.l“\ thm.

rddl,lllnn toy space, with hotter revions Rldldlln‘,’ more hmroplc‘ and othermal IS[‘ICQCI I‘)\’. Stiv [970) one ‘:

strongly than cooler rowons Phe most important con- obtumns damping tmes that are mverseh proporiional 1

tnibutors to the hich opacits and cmbsivity in the low to the opacity and thus increase rapidiy with hientht 1

photo.phere are proceaes mvoiving the H o on, Radiative damping s o dissipative process that acts )

prnmarnly sunple di-socanion and recombimation with directly to dimmish the maemtude of the temperature }

accompanving abscrption and cmission ol continuum perturbation associated wit' the wave Inodome <ot ]

radiation  The opaaity in the photosphere decreases decreases the winv e amphitude and thereby the eneres oy )

as well. Because the Newtomuan cooling tern et new )

NCAR T aporerad M0 e ] S e F o bairon terms to the hncanzed cnerey cquation danpiny ]

A see e e b o Cob o e modifies the dispersion relanon and all hneer o lens )
Neatiodal Boceanof St e among perturbation quantiies i particular ot alicrs the

IK6

1

9

1

and thus about half the density scale herght Simee the
rate of energy toss s directhy proportional 1o the
emisstvrty, the effects of radrative dampmg aie evpected

el s K - A e
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INTERNAL GRAVITY WAVES IN THE SOLAR ATMOSPHERE.
I. ADIABATIC WAVES IN THE CHROMOSPHERE

BARBARA WFIREL Miliaras
Advanced Study Program,
National Center for Atmosphene Research,! and
Depiariment of Astro-Geopivvies )
and Joint Institute for Laborators Astrophysigs.”
University of Colorado

AND Co
Juri TOOMRE

Depatiment of Astro-Geophasics 7
and Joint Insutute for Laboratory Adrophysics 2 o
University of Colorado
Received 1981 November 26 uccepted 1981 April 3 [ ] 1
ABSTRACT
Properties of adiabatic and linear internal gravity waves propagating in a solar model are presented
and discussed. Nonlinearity criteria unigue 1o gravity waves are employed to estimate wave-breaking o
heights, and the results are used to deduce information on the possible role of gravity waves i the J
chromospheric energy balance. b
We find that in the photosphere and low chromosphere the ratio of horizontal to vertical velooity s i ‘T
large.and thus hine-of-sight velocities of gravity waves are much greater near the solar mb than at disk
center. Thus ratio. which s approximately proportional to the Brunt-Vasali trequencey divided by the
wave frege ey, hecomes much smaller and may approach unity in the upper chromosphere, where
the Brunt-%.sala frequency s vers small. This probably implies much stronger center-to-limb
variation of ine broadening low in the atmosphere than in the mid-chromosphere. Maximum vertical .
velocity amplitudes tor griavity waves are estimated to be of the order of 2 km <« or less. and ]
maximum horizontal veloeny amplitudes are around 6 km s~ ' or fess, while temperature perturba- 1
tions may be as Jarve as TOO0 2000 K. Substantial phase Lugs exist between the Hued velocity and the X
temperature and density perturbations, and the height variatons of these phase lags cicaily show an o
interference pattern that results from parual retlection. k
We estimnate that gravity waves with an incident energy fux of 10° ergs ¢m 5™} can propagate -
upward to a mavimum height of around 900 1000 km at ove the visible surtace before ronlincanties .4
fead to wuve breahing, while those with an energy flux of 10 ergs em”™ < v ! can attian mavmum 9 p
hetghts of around 1400 1600 km. Comparison with estimated energy losses indicates that gravin -
waves could contribure steniticaintdy 1o the energy balance i the tow and mud chromosphere, butre T
not likely to be an important source of heating at greater herghts, g
Suhject heudings  pravitation  Sun' atmosphere - - Sun: chromosphere j
4

L INTRODUCTION the propagating acoustic waves that first recenved atten-
tion. largely because they appeared to be capable ot
transporting mechamcalenerey upward and depositinmye it
i the chromosphere and tansion revion fe o >chaise
man 1949, Llmschnedder 1971, 1974 Stemand T abacher
1973) 1t now appears that the steepenime of thee <hort
pertod wates mto shocks may indeed seve to feat the

The acousthic-oravity wave spectrum n the solar atmo-
sphere comiprises wanes with freguenaes that permit free
propagation i the atmmosphore, waves that are evane-
scent throuchout much or ail of the atmosphzre. and
propagatinge woes that e redectedan the chromospnere

Lt L

and thus may ot e swnves Fhe oo e wanes

lower chromosphere but that they cannot provide tie [ ]
(pmodes) are e e the hicher treguosctes and necesany heanme higner mthe atmosphere fdordae 177 : TI
nternal vras il wieos o tnode ) at the doeer ones Botn Craom 1977 Athiy and White 1978 !
classes of wase e be evated o by the turbualent More recenthy, entensive stads of ey anescent tos st |
convechion belas the wncthce aad by the penctration ol wanes hes been ;I\\[‘lf!:tl by observations ~how e that the *
those motiop inte the overhane ~abie atmo phere Hos Samnute oscrllations have ndee structares i thor ot .
and temporal {hoer) power opectta (Deabner 160N 1
SR e U e eme b Rhodes, Ulnich, and Simon 1977, Deubner Uloch and ! .-
TUIUN v e e e o o g the Rhovies 1979) The nidees sueeest dispersion relatnons oo
Nate b Mo e that are consistent with longer peniod acotstic mo e -
349 o
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VERTICAL FLOWS O SUPERGRANULAR AND MESOGRANULAR SCALE OBSERVED

ON THESUN WITH OSO N

—
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ABSTRACT

Steadv flows have been ohserved at disk center on the quiet Sun using the University of Colorade
Ultrasiolet Spectrometer on Q80 8 and the diede-arrav imstrument at Sacramento Peak Obsenvaton
Simultanceus ebservations e Fe b ASSTo, Mg 1 ASITI and Seonn AN T allow as o compare
ume-averaged Doppler veloainies over a nerzht range of 1400 km from the photosphere to the middie
chromosphere Te s shown that patterns of steady vertival veloviiy wath the tareest spatiel scales of
superaranubaton are present in the meddle chromospheres where they correlate weil swath those seen
lower in the atmosrhicre Such patierns are seen to persist tor at least ¥ heo with downow sencrally
occurnne in reccons s bonbanced renstee s and uptlow cnthe darkher arcas Obsenved with T8 - 2o

spattal resolutien, e spatial res veloaty amphiudes ncrease fromabout 20ms o Ferand Mo
to ahout S0 s i S Hizher patal resolution reveals that varravons on smadler honzontad
scales of abour oot e also presentan the St i ovelodiny data, althoaeh these de ot correlaie directiv
with the mesoctanulanon seen in Boe tand Mo 1 Witk 27 < 207 resotution, the spatial rms ot the
tme averaged scdects o about T compared with about Jms o be b and S me on ]
Mgy
Subyect heading, San atmosphenic motons Sunc chromosphere Sun granulation )
ultraviolet spectra j
" -
LoINTRODUCTO" possible conversion mnto wave maodes thioueh inataly i
The overshontne of conve e metions inte the solar tes Theoretical selutions for convection suzcest that b
photos; here Chovenoerbor and tranaton reson pro coeliatar motens withe the Larze horzonoal scoios of 4
wides o derect conp s netween the St piere it e porstanulation creeaatc deeper o the oo aned :
VT tarRaien s el e arbace The heoont de penctrate hother into the statie attmosphere wom those y
pendonce of Goh e o nns meton . b atte ted with the smualler scaie ol gianulaton W th th - onomend. v
both the verts al vrat toaton of thie stable st phere we huve carried outa prestam b ebeenvations o studs X
and the nature o the tore s v the subp b toernere In the pencticbon o peraranaiar tows over g broad :‘
prncple fawe conid reoaire tie herehit deg ondenec ot ranze of hewditomothe solu atme prene St boe )
the sertoad and b eontd D anpenenty o) e manon i plorvclocies are determaned from obsen oo oS 7
the atee jhores we gl Se dhle o poace constnants Hospectral bone uving the University of Corerado U )
on the nerare b e o g How s e b Lartaee vicletSpectemeter cn the Orbape Sl 00 s o -
Inaddiren o sbealdt be o nie e trinte the e oSO oy satetlite aend beor and Ma Lo Cotn -
chanmrcal coers tranport 0 b those et and s Sodearre o ttument ono e vacunnn e o v
Naciamentes Peak Oibcepvatory oSPoy The i o .
Hh‘ ' . . ¥ ‘ A v b formation of the ¢ peatrad e o abwent Gio o .
G e o . N T neariv P dinene wale heches trom the phet e s ;
Sttt the muddle chiomes phae i
-:,'".[."‘, R ‘\‘ "\‘ R ' The traditonal viesw of sap e anuiator 'on '
IV . o R photone b obocrvaeom ot b o ey )
\ ) ‘ RN e e e donrna s b contal selee o th e i
T about Jody gy Fxten o0 v ]
-1
LI 4
1
1
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STEADY FLOWS IN THE SOLAR TRANSITION REFGION OBSEFRVED WITH SV Vs

Karuarist B Ginsn 7 FRask Hitnr, asp Jurt Toosey -
Department of Actrocticophyvacs, Unmiver civ of Colorados National Bureau of Standards, and Jomt Tnaotuie tor D aboraton
Astrophas o, Uncversity of Cdorado, Ml € ode 330 Boulder, Colurado soion

LAURIENGE S NOVEMIE R aND Grorot W Sivon:
Sacramento Peak Ohservatory? Sunspot New Mexoo xn 349
Josten B GUrMaN
Aprbed Recarchiand Sesteme, NASA Goddard Space Flight Center. Code 308, Greennds Mandand 20778
RICHARD A SHINE aND Brivcr B Woonaatt
NASA Croddurd Stone Flheht Center, Code tay, Grireenbelt Marviand 207
R. Gravr ATHay
High Alnead Oneerc oy Nanonad Center for Atmosphere Reseanot”™ 80 Box 3000, Boalds o Colorado w007
E1mo € BrRUNER,JR aND Roopn A REHst
Lockbhoed Palo Al Research Laboratory . 328 Hanoser Strect, Pade Alto, Culiform 9430k
AND
EINAR A TANDBIRG-HANSSEN

NASA Muarshall Space Fionht Center, Code BESet Hunnwlle, Alabamy 368102
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ABSTRACT

Steady Dows oo the gquiet ~olir transiton region bave been observed with the Ultraviolet
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4
Spectremeter aind Polae oo sUNVSE) expeniment on the Solar Mavumum Mossion oS MAfy satelhite
l The persatens vertical e ons seen at ek center hase spatiad nims amphiudes o8 b d kms o the )
Cuhne, 30k s St and S 2 km s o Coay The amplitudes ot the more honzontal flows *
seen towas bere Lnt tend toohe somewhat mzher Plots o steady vertical velodity sersus intensia -
seen at Jdisn center oo Seooand Oy show two distindt nianches. -]
Subgect head won san aunosphene motons  Sun. chromosphere Sun: corona b
E FINTRODUCHION chromotphere We have now extended these obaervy ’
The tesults rorernd becs Tor the lansihon region tons of steady flows into the lower tranvinon recion
werc ob g aed dor s L et Zraen g ned e Ko, using the UVSP expeniment on the S Ay
to studs the hoeobn der aionee of creany lows 'n the satellite: The results presented here were obtaitied trom )
quict Sun and near oot v rogion s TR carhier obser chsenvations in C AL 0 2= 0% Koo S AR ;
ttons were mide s nattancousty n the Fe b AS4, C~ % 10T Ky and Oy AMS4aR 1 - 10 Ky
[ ) ASSTOH, Me b ASTITR ind Soar NIt aectra) nes, uaane Previcus measurements of steady flows in the traea . '
the Sacramente Pod O cpe v - 0SPOY Goode array ton resion have been made by Lates ef o (1970 e
) istrument aned te Uonnaer e Coborde Ulltrasolet the Ultraviolet Spoctrometer on OSO S Tane averasaed
Spectrameier on e O8N0 < e e oNovember e veloarty imaees Sty A3 obsernved with oo
1979, 19y«iy The hosnt w0 Camaon of those bines - can spataal reseiution, revealed persistent metions waith
about 1404 ki foan the phoios Bere to e maadle dvnamic range of S kme s JUo 0 the quiet San —
Nonstetdy Doppler velodties i the trananen res on
o NSO Morer Ouaet ot 1 e W have been studied by Doschell Feldv o and Bodin
Sturdard. (1976), Chipman (1977 Bruechner ¢l 0 and Athay
S TVURCN CUPE IV B VAN L T T AR A A I et al (19%0)
Sraff Mo e N e | I AT
SOperancd oo N
Astronem. I L L N I ORSERVATIONS AND REDUCTION
[N
® d'l*‘r{:w T T P P P ) o Our obsersations are made with the spectionn 1o ’
by the Mo o 1o s ‘ operating .noats Dopplergram mode, moowhich rwe
[ils
®
_ e —————————— e
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THE DETECTION OF MESOGRANULATION ON THE SUN

Lavrexce 1. Noviamer,! Tort Tooure, aap Kaiiakise B Grsnns?
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ABSTRACT
3 Time averages of velocity measurements at disk center on the quiet Sun reveal the presence o o
) fairly stationary pattern of cellular tlow with a spatial scale of 3 10 M. Such esogranaiation s
| ) a spatial rins vertical velocity amplitude of about 60 ms t superposed on the larger <cale sijer
: granular lows. The Hictimes of mescrranules appear to be at ieast 2 hr.
' Subject headingy: Sun atmospheric motions — Sun: granulation
.
-
g, I. INTRODUCTION svstematic cellular flow at disk center have been
. . . ;yn-‘ Ji~t111 tes o avnh i
One of the striking properties of the oheerved con- ln;dx()u;;;(»;nlu.ﬂx}‘ Il: 1 !\ll NI ] Iodov o o
) . : , . T3 “h, et e e
<. vective miotions on the Nua s the dizerere spectrum of or krl '””I ”\; veI e e v b |
their horizontal ~cales. Granules hove seales of order 1 ‘.”'l'ri" e \l”"n?‘ VO rezions of chiliaiiced et
) _ ) . - . FoThe-r 1o . O ETTRES
Mm (100 ke supergranles of order 30 My, and giant fekdss l.”',“"\ > "”\“‘“"v\ ”"l'”l ‘“"'\”‘ ‘l‘r'f ““l i
: 3 1 S Ui P R Sl Sl * ath
. cells may be of order 130 Mmoor greater. Although the ;1’ i "’(‘ [“ (;(l)'('?) ( l_"“"” ”1[()_“‘ “;l”‘ noe ll o
. ¢ | | . foa NPATE FRRAY SET YR LIRS TTR R NP
_ cellular patterns of both cranulation and <iperoranula- 1’\:9&“ ;) ‘] )l‘).'l r\(“ i ] ' l\\ i .f}'_‘ [ !
N . X . ) . . . . . N ( Yy
' tion show @ range of sizos. thetr charanctenstie scales L vubner A7 L ;r' ‘l” Hn I” ! ‘” Hoe ‘ 1'
. N PN . L . i . s rothe laree <owle boe oo v e
v differ by a factor of 300 The oxisience of giant cells ts CHETY (I MEsunng. the arme sale, ot i
v verttoal tlows associated with SUPCTErAt Lo e s i

much tess certain, being inferred nanly from iagneti
field patterns and possiblde vartonons in diferentiad
rotation.

We report here recont observations of steady vertieal
velocity that <haow strong evidence for et another

thev overiap in both tine and spoce vitho i a0 e
tion and 3 minuwe osallat ns.
about an order of macnitude tareer. Oar oy s
of vertical velocite, time averaved aver Go sy

el hnove s

scale of convective motion interniediate hetween gran periods, 5"'}“ clear evidence af e s o osunerer s tar .
ulation and supereranulation. Tire averaced Doppler sl s revealing tor the nest e the presenee .
measurements made at di<k center with the Sacramento of mesogranudation. -
Peak Observatory l.\l"’wli:uf«‘ ATT R IDSITERCD T Teve 1. ORSERVAIONS =
a fairly uniform pattern of motion that alternates o ) o )
sign on a <patiad scde of 310 M and persists for at Phe SPO diode arrav operates ar the esie s or the b

least 2 hr. These structures, which we ave called echelie spectrograph attached 1o the vacira tower
mesogranules, correlate ol hetween velooity imates teleseope thunn, Rust and Spence 197480 Dot ol k
n a photospheric Fer line and o chromespheric Moo Bridees 19730 For our observations at dise contan, the g
) line formed Just ahove the tonpersture ninmurn. Arrad s divided mto seven strings wl.‘(:l drade~wath 17 R

s The results presented hore for mesosranulation were spacing arranged parabiel to the siic Paars o dide :

'l obtatned in thie course of o proveen S coordinat el Slrings are lm..!«-(l_xn_ the Tnaenet .lH\_ RAARIEETAY l o -]
ground-based and O8O N g dire ahiservations ained at Addsd and Me r ASIT spectral hines: for the 1o e, x

'. determining the heipht deprendorioe o T Tarre- e the strings are centered at A, GO9S\ o 7Sy
. steady thow s ~ontod e ~hperan nuhtton N ovenn - masks, for My, lhv} are ot 000G N o vy -4
ber 1979 Noversber of al o 19790 e trediionad vies masas The Fer ane allovs s to meased T o R
) of supergrannlicion inothe plrote e ottt s a velonttes tn the lower photo-niiere CN trocis o IR J
. . ) ST \ , L
s cellular motion dorsinated by horizentad volootio, atie the My e is ropresentaive of fne tes per ot ]
5 amplitudes of whonr 1000 s Foxtonstve soarchn s tar it renon S\ ook and Coantedd 1900 -0 - g
. o N enbanced ragnetic noldan the photospliorne o i x

. N 1 . . - B . Voo . R
\ “”;‘ ’\';“ T"‘” Memiur ”;” et ok Oerviton ned from a third poar of deede simmes bc e A
Stal ‘mber, Ou. Aston, N : : .

) . of \:‘:"V':’m er, Qluyantum Phivaics ITnwa e, s ationa iirrau ”\ilL’Jl('“(.lH\ SEhstlive [(_’ AN “')\ lll]" | T Cinee —y

: YOper e d S the A st F e et g I b sty of diodes o ed to o map the g TR
[ e . " S nttira o (AT ST . fe e b . . .
. L TN TRTICR VUV e er contraet watde the Seatioria criitsston tetvorh in the vinter o G A 3! .
Science fout den Two-dimensional mmten-itv, ooty e ot ~
-
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THE HEIGHT VARIATION OF SUPERGRANULAR VELOCITY FIELDS R
DETERMINED FROM SIMULTANEOUS 0SO 8 SATELLITE AND g :
GROUND-BASED OBSERVATIONS )
LaureNce J. Novemarr, JURI TOOMRE, AND KATHARINE B. GEBBIE®* "1
Department of Astro-Geophysics, Untversity of Colorado: and Jomt Institute for Laboratory Astrophysics, —
University ol Colorado and Nawonal Burcau or Standards ] 4
AND -
GEORGE W. Simon T
Air Force Geophysics Laboratory, Sacramento Peak Observatoryt j
Received 1978 June 5; accepted 1978 July 20 B
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ABSTRACT - A
Simultancous satellite and eround-based observations of supergranular velocities in the Sun b -]
were made using the Uninversity of Cotorado UV Spectrometer on OS50 8 and tiie Sacramento o
Peak Observatery diode array instrument. We compure our observations of the steady Doppler -
velocities seen toward the jimb in the middle chromosphere and the phoetosphere: the observed )
Sinn AIS17 and Fe i A5576 spectral lines differ in height of formation by about 470 km.

. The striking results of these observations are that supergranular motions are aki: to penetrate :

- at least 11 density scude hetghts and that, in doing so, the motion increases trom about SO0 m's ~* i -

o . - = A . . N .

g in the photosphere to 2t least 3000 m s ! in the middle chromosphere. Further, 2 distinet chanpe . 4
appears to occur in the tlow structure: whereas the horizontal component ot the velocity pre- R
dominates in the low photosphere, sucgesting strong braking of verucal momentuni, the motions )
higher in the atmosphere are more 1sotropic. These observations tmplv that supergranular
velocities should be evident in the transition region.

The strong horizontal shear lavers in supergranulation must produce turbulence and internal L
gravity waves. Those smaller scale motions have bearing on chromospheric heatingz and non- i ‘
thermal linc broadening. _

Subject headingy: convection -—— Sun: atmospheric motions — Sun: granulation — .
Sun: spectra — ultraviolet: spectra S

ra '.’,;H—'v "

I INTRODUCTION the region of greatest convective driving in the Sun, as
determined by the Rayleigh number based on the local
superadiabatic gradient and the density scale hereht.
The details of the convection muy be fairly senswve

Observations of velocity ficlds originating deep in
the solar interior would vreatly aid theoretical models
of solar convection and puagnetic dynamos, If mixing-
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fength descriptions of comvecnton are any guide,
convective ractions with the largest Aenzenal scales
originate deepest in the nterior. This suceects that
observations of the velocity tields of mant ceils and
supergranules wouid be particutarly usetul. the tormer
being of global scaic and the latter havine hornzontal
scales of ahout 10,604 L. The mant celis and asso-
ciated variations in detizrental rotation on the Sun
have proved dithcult to ohaerve Pecause of ther very
low velocaity amplitnde. Surereranuiar velocnty helds,
which have at lea-t rentold” Lireer ampiitudes, are
more reacdily measurad and toas are pood candidates
for detaited observations

Supergranuiar motione e probably ariven mainly
by buoyancy torces in che cond wntzaton zone of
helium at 4 nonind depth o 176590 km. This 1s aiso

® Stafl Member, Natoonal Horearr of Standards,

t Operated by the v L o Plaover e tor Research
in Astronoray, Iac o wn tor oot eath the Natronal Scoienee
Foundation
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to the structure of the layer between this depth and the
suriace, and supergranular motions may therefore
serve as a probe of this intervening region as welt. bor
such probing to be etfective, measurements of supei-

granular velocities are needed over a broad ranve of

heights in the solur atmosphere, requiring bath around-
bascd and satelhte observations in a number of spectral
lincs, The vertical vanauon of the velocities and the
intensity fluctuations could then be used as beach-
marks ayainst which to calibrate the functional torms
that may soon become avallable from advanced
theories of convection, based for instance on atelastic
modal equations (Toomre er al. 1976; Nelson and
Musman 1977, 1978).

Supergranular motions are also of considerable
interest  for theories  of chromospheric  ncating,
Theoretical solutions for convection suggest that
cellular motions with the large hornizontal scale
typical of supcrgranulation should penctrate much
higher into the stable atmosphere than those with the
smaller scale (ubout 1000 km) of granulation. It s
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Paper R.

Gough, D.O., and Toomre, J. 1983, "On the detection of
subphotospheric convective velocities and temperature
fluctuations", Solar Phys., 82, 401-410.

Pager S.

Hill, F., Toomre, J., and November, L.J. 1983, "Variability in
the power spectrum of solar five-minute oscillations", Solar
Phys., 82, 411-425.

Paper T.
Hill, F., Gough, D.O., and Toomre, J. 1984, "Attempt to meassure
the solar subsurface velocity", in Proc. Conference on Solar

Oscillations, (ed. G. Belvedere and L. Paterno), to appear,
(Univ. Catania Press).
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GROUP 4. (Papers Q to T; Thesis E) ;75
Solar Five-Minute Oscillations as Probes of Dynamics i:%
and Structure in the Subphotosphere: Observationsvand i,:
Theory o
I '

Our work with the five-minute oscillations of the Sun has S

sought to use these wave modes to probe the structure or large

a convection cells and of differential rotation below the surface L

1
, of the Sun. The necessary Doppler velocity data sets have been a :

natural adjunct of our observational work on the persistent

T
o P
F SN A

flows.

The results to date appear very promising, for we believe 5.1

we have been able tce detect strong flows below the surface that
may be evidence of giant cells there. The results of the }
I
observations are reported in Papers Q, T and S, and in Thesis E, | I

and the necessary thecretical analysis of the advection of waves

by large-scale flows 1is discussed in Paper R. This will be a

PRI
BERANFANE) ,
T et
A )
PN W )

major area of inquiry in solar physics, and we have enjoyed being B

present at its beginnings. However, there is a great deal of

L

work to be done with inverse theory to help interpret the rapidly

improving observations, and thus this subject is also one of l

r'V.;

long-term research investments, much like convection theory

4 itself. o
: »
Paper Q.
t1ili, ¥F., Toomre, J., November, L.J. 1982, "Solar five-minute
oscillations as probes of structure in the subphotosphere”, in i
Pulsations in Classical and Cataclysmic Variable Stars, (eds. =
r J.P. Cox and C.J. Hansen), pp. 139-146, (JILA).
.
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; Paper O. oA
Zahn, J.-P., Toomre, J., and Latour, J. 1982, "Nonlinear modal =4
B analysis of penetrative convection", Geophys. Astrophys. Fluid ’ i
} Dynam., 22, 159-193. 4
g Paper P. S
lLatour, J., Toomre, J., and J.-P. Zahn 1983, "Nonlinear )
anelastic modal theory for solar convection”, Solar Phys., 82, —
387-400. L
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medium below the solar convection zone. This has major
implications for magnetic dynamo models, for it may permit dynamo
action in this region and thereby overcome many of the

dAifficulties with magnetic buoyancy of the evacuated flux tubes.

Paper G.
Lat~ur,J., and Zahn,J.-P. 1978, "On the boundary condi'i1ons

imposed by a stratified fluid", Geophys. Astrophys. Flui.l Dynam.,
10, 311-318.

Paper H.
Durnev, B.R., and Latour, J. 1978, "On the angular momentum loss

of late type stars", Geophys. Astrophys. Fluid Dynam., 9,
241-245,

Paper 1.
Toomre, J. 1980, "Overshooting motions from the convecticon zone

and thelr role in atmospheric heating", Highlights Astron., 5,
571-58C.

Paper J.
Zahn, J.-P. 1980, "Stellar convection theory"”, in Stellar

Turbulence, Proc. IAU Collog. 51, {(eds. D. Gray and J.L. Linsky),
Lecture Notes in Physics 114, pp. 1-14 (Springer).

Paper K.

Hathaway, D.H., Gilmam, P.A., and Toomre, J. 1979, "Convective
instability when the temperature gradient and rotation vector are
oblique to gravity. I. Fluids without diffusion", Geophys.
Astropuys. Fluid Dynam., 13, 289-316.

Paper L.

Hathaway, D.H., Toomre, J., and Gilman, P.A. 1980, "Convective
instability when the temperature gradient and rotation vector are
oblique to gravity. II. Real fluids with effects of diffusion",
Geophys. Astrophys. Fluid Dynam., 15, 7-37.

Paper M.

Latour, J., Toomre, J., and Zahn, J.~-P. 1981, "Stellar
convection theory. III. Dynamical coupling of the two convection
zones in A-type stars by penetrative motions", Astrophys. J
248, 1081-1098.

Paper N.

Toomre, J., Gouwigh, D.O., and Spiegel, E.A. 1982, "Time-dependent
solutions of multimode convection equations”, J. Fluid Mech.,
125, 69-122.
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P tackle the highly nonlinear descriptions of solar and stellar
convection using modal equations, and are essential ingredients
in the development of our theoretical approach that promises to
unravel the flow structures with depth in the solar envelope.
These constitute a wide series of papers, and it may be
best to summarize the main results of our theoretical work to
date. Firstly, compressibility yields considerable asymmetries
between upward and downward velocities within three-dimensional
convection cells. The fluctuations in pressure, ignored in
Boussinesq and nearly incompressible treatments but not here, can
even lead to buoyancy braking near the top of a supposedly
unstable layer. Thus penetration upward, as into the stable
atmosphere, can be either impeded or sharply diminished, whereas
penetration below the convection zone can be very strong indeed.
The role of buoyancy braking should lead to the lateral
deflection of rising motions within the giant cells as they
approach the He++ and He+ ionization zones at depths of about 20
M and 7 Mm below the surface. Thus we may expect to find strong
horizontal motions there, and possibly only very feeble
counterparts in the atmosphere itself. A similar lateral
deflection of supergranular flows would occur at shallower depths
below the surface, and thus a greater horizontal velocity would
be evident in the photosphere. Our work has revealed the very
nonlocal character of nonlinear convection, unlike what has been
assumed within mixing length treatments. We also find that
penetrative motions are much more vigorous than predicted by
linear theory, and can serve to modify the mean stratification

very significantly over the extent of penetration, such as in the
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STELLAR CONVECTION THFORY

— Jean-Paul Zahn
Observatoire de Nice

06300 Nice, France

1. INTRODUCTION

This meeting, which deals with turbulence in stars, opens with a review on ther-
mal convection. There is no better way to state from the start that among all insta-
bilities that are likely to arise in stars, it is thermal convection which is the
wost firmly established as a cause for the turbulence that we observe on their surfoce.

Our confidence in this comes mainly from the theoretical preaiction that convective

w

instability sets in whenever the demsity stratification becomes superadiabatic, as i
expected in late type stars whose outer layers are very opaque, due to the ionization

of the two most abundant elements, hvdrogen and helium._dnd, in these stars at least,

thermal convection occurs close enough to the photosphere to influence, be it indi-
rectly, the profile of spectral lines.

A whole TAU colloquium has been devoted three years ago in Nice to the topic of
stellar convection, and one finds in its proceedings an extensive account of what

wvasg the state of the problem. Some progress has been accomplished since then, and

naturally T will spend most of my time describing recent work, and even work in progess

k)

that I an aware of. But on the assumption that some of you are not too familiar with

3
g
b the subject, let me first recall some generalities.
€

h-
L
'®

. 2. A HIGHLY NONLINEAR PROBLEM
; ) Thermal convection is described by a set of well-known equations, which state the
o conservation of miss
d ¥ 4 gy =0 m

o at - ’

that of momentum
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Convective Instability when
the Temperature Gradient
and Rotation Vector are
Oblique to Gravity.

I. Fluids without Diffusion

DAVID H. HATHAWAY

Department of Physics and Astrophysics and Laboratory for
Atmospheric and Space Physics, Unriversity of Colorado, U.S A.

PETER A..GILMAN

High-Altitude Observatory, National Center for
Atmospheric Research, U S At

JURI TOOMRE )

Lepartrnent of Astro-Geophysics and Joint Institute for
Laboratory Astrophysics, Umversity of Colorado, ULS.A.

(Recewed Decomber o 1975)

We carry cut a hnear stability analysis of fluid lavers under umform rotation which possess
both vertical und horizontal temperature gradients. In order to represent various latiwudes
with thiese plane parsilel lavers we use a rotation vector which is generally obhique to griavity
We consider idea! flunds without diffusion within a Boussinesy approximauon. This simplified
copfizuration 15 uwed 10 acess the preferred convective modes as a function of latitude on a
planct hke Jupiter The plied rotation vector mtroduces a preference for roll-hike distur-
bances with north-south oftentations, while the honzontal temperature gradient produces 4
thermal wind shear which fasors convective rolls oriented parallel 10 the flow in an cast-west
direction With both these effects present we find that the hornizontal temperature gradient
necded to produce a preference for the axissmmetnie or cast-west rolls increases with
increasing rotation raie and decreasing latitude  The results also indicate that shells with
warm-equitors have 4 much stronger preference for east-west folls than do shells with cold
equators. In additon we find that the tited rotation vector serves to make the symmetric

tThe Natonal Center for Atmospheric Research is sponsored by the National Science
Foundation

289
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. Fhe bnear stubility anatvis of Hathaway, Griman and Toemre (1979) therealter referred 1o

- . as Paper 1) s repeated for Boussinesg husds wath viscous and thermal diffusions As o Paper

b I the fluid - contined hetween plane parallel boundaries and the rotation vector s obliyue to
4

gravity  This Glted rotation vector introduces a4 preterence tor robl-ishe disturbances whose
axes gare onwnted northosouths the preference s particulariy strone i the cquattonal reeon
The presence of o latitudinal temperature sradient prodeces o thermal wind shear which

—

favors avsvnimetne covsoattve olls b the pradient exceeds come oniteal vajue, bor
b ¥

sanishiiely smol dittestotos the vaue of this transiion temperature pradient approaches

——v—y

the invisad alue tound o Paper 1 Bor Locer dafusaties dareer wradients are reguired

® particularty i the Jueh batitudes These resalts are arcely ondependent ol the Prandt] -
:'" number Inthaaon tends to stabilize the faree wavenumber rolls with the reaait that aounigey
r wavenumber can beorenad at windh the cresth tate omavmeed These preterred rohis hase -

. widths comparable to e deptn or e Leer and rend oo be broader near the equator The B

; AUV IINCIT s e santiar o maey cespeets tothe choud hands on Jupiter provaded thes 7 Yy
extend te o depth ol ahoat ) Sov Ky J
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STELLAR CONVECTION THEORY . TIL DYNAMICAL COUPLING OF THE TWO CONVECTION
ZONESIN ACIYPE STARS BY PENETRATIVE MOTTONS

Jean Latorr
Observators of Nece U onoorse iy of Nice, and Joont Insutute for Lahorators Astrophysies,” University of Cologado
JUurt TooMmiy
ahotaion Astrophyaes! Department of Astro-Guephyaics, University of Coloradeo
AND
JEAN-PAUL ZauxN
Observatory of Nice, Univeraity of Nice
Received 1980 Decembor [ accepied 1931 March 4
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ABSTRACT

Anclastic medal conectons are used o examine thermal consection occurning over many density
scale hetghts i the entire outer envelope of an A-type star. encempassing both the hvdrogen and
helium convectvels unstuble zones. Sinzic-mode anclastic solutions tor such compressible convection
display stionz overshoctinz of the motons nto adjacent radrative zones. Such minving would
preclude ditfuvie separanien ot clements n the supposediy guiescent reaion between the two
unstable zones Ind

ced. the anclastic solutions reveal that the two zones of convectve etabiliny are 1
dynamicaliy coupled by the evershooting motions. The nenlinear single-mode cquations adnit twe .
solutions for the ~ame horzentad wavelenzth, and these are distinauished by the sense of the verncal
veloaity at the wenter of the three-dimensional ceil. The upward directed flows experience large )
pressure cffecis when they penetrate into regions where the vertical scale herght has beoome smull ]
compared te thor horzontad seale The fluctuating pressure can modify the density fluctaations o P
that the sense i the huovaney foree s changed, with buovanoy braking actually achieved near the 1
top of the convection zone. even thouzh the mean strauticaten is sull superadiabatic: The prossurn,
and buorvanoy werk thore senves to decelerate the verncal monons and deflect them later i leadine k
o steong horzontad brarng notens Thus the shatlow but hughly unstable hvdrozen tonanon zong
may serve to provent consection weth g horzental scale comparable to superzranulation rroem 2etting
throagh inte the aimesphere with amy comsiicant portion of it onzmal momentum. Thr o sazosts -- :
that strong honzentat Jear flows should Be present just below the surface of the star, and swailatly @ 1
that the luczs scade oovons extending o the stable atmosphere would appear mainly as honzontal ]
flows
Subject headinay, convection - stars atraospheres --- stars: intenors stars: metalhe hine
d
1. INTROLUC TTION about 6% of the total flux, a value about two orders of - «
Typically A type S1ars posscss 1w canvection zones, magnitude greater than i most movne feneth models ® 1
one directhy belosw the curbace driven sredommantly in (Latour 1970y, though mixing-lensth reprosentations can :
the omzat on o bndioson aed enothor decper down be adjusted to vield comparable flaves (Bohim Vitease "
driven by the sceond »ovzation of hebum According to 1977, Nebon 1978y These anclaste solatons tarte -
mo.t mevinglen st edels, thew two unsiable zones are reveuled that the conveetive motions drsen by e .o
separated boa e cont peredy radiative zore We banve are not just cenlimed to the rezion ¢ unstable et B
stadied i Poaper 1ol conre ool 11760 the vconaectine ture gradients Ruther, the flows penctiate severad vaie e
motions i the dec o0 o the e zone sz anclasti heights both upward and downward inte the tabie :
modal Cgaatten i e s version todescebe the matenal surrounding this regon and even di s ascie
dvnannes  Our wocrin ne aore substantolis acfforemt of countercells We concluded that comvective meton, :
frome those boood v nnane leneth rrearments the 1 from the duvper unstable zone weald extena ot
unurm conve tive i i the cccend convectinn zone wis overlying hvdreaen convective zone. altherh i biiter
was not exphatty included o the analssis Thes soncdy
UHCA perand ot s of ©aboradand the suggests that the two convective zones i an A ivpy tar .
Natonal Bure w ot Sty far are dynamically coupled, a result contrary to mest ny .
1021 o
®
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Time-dependent solutions of multimode
convection equations

By JURI TOOMRE,

Jomt Tostitute for Laboratory Astropbysies and Department of Astrophysteal, Planetary and
Atmaosphene Sciences Universaty of Colorada, Boalder, Colorado sosou U7 sy

D. 0. GOUGH

Institute of Astronomy and Department of Applied Mathematies and Theoretienl Physies
University of Cambridge. Silver street, Cambndge CB3 9EW . Fngdund

AND E. A. SPIEGEL

Department of Astronomy. Columbia University, New York, New York 10027, U.S A
(Recerved 31 March 1981 and in revised form 6 July 1932)

Truneated modal equations are used to study the time evolution of thermal
convection 1o the Boussinesq approximation these nonlinear equations are ohtained
by expanding the Huctuating velocity and temperature fields imoa finite st of
planforms of tii horizontal coordinates. Here we report on numerical studies dealing
with two or three modes with triad interactions. We have found rich time dependence
in these cases periodie and aperiodic solutions can be obtained. along with varous
stcady solutions. Three mode <olutions reproduce the qualitative appearance of
apoke pattern convection as observed in experiments at high Prandt] numbers.
Though the vialues of the periods of the time-dependent solutions do not agree with
thosc of the experiment< ther vanation with Ravieich number compares tavourably
Except at the highest Ravicgh number we have considered (107), the theoretical
Nusselt numbers avree well wath experanent.

i

|

|

1

|

|
L ol

1. Introduction

In the predecessars of this paper we attempted ta desenibe the gross features of
a conveeting thud by a simple i crude approximation procedure (Gough - Spiegel &
Toomre 19750 hercinatter reterred 1o as 1 Toomre. Gough & Spiegel 1977, !
hereinatter 11 We expanded the tuctuatimg temperature and velooty in terms of

the plantorm tanetions of binear theory and Kept onlyv a tew term-. or muodes as we
shall eall them o boared Howe desoribed calealitions ain which only onc mode was
kept.and we ~olved the resultines eouatoons for the vertical stroctare with aceurate

oy
'

a g

PR AT Y

.

vy

numerical ~cheres OF course. the chowee of planform eemains arbiteiary. but

‘ neverthele-< it was encouragnye to dearnoan [T that a choee exists that feads to g .

DU U

a4

tolerably cood vepre cntation of the mean properties of Lchoratorny convection,
Inthe case ol imngde mode convection the solutions alwas s evolved to steady stares,
which <atits the vatem of cquations Brst siven by Roberts (1966) However,
laboratory trode « of convectim bocanmne trme depennt ny at foeh enonch Ravlewsh
number ael we wondd hlke 1o konow whether and how well the modal approach
representsthi~ bodecd own and throe mode <tudhes we have found sustamed time '

L g 2En §

TA e . -

dependence both pernodie sovd aperidie. and we report here an these resnlt s S
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Nonlinear Modal Analysis of
Penetrative Convection

JEAN-PAUL ZAHNT
Observatory of Nice, University of Nice, FO6007 Nice Cedex, France

JURI TOOMRE

Department of Astrophvsical, Plaretary and Atmospheric Sciencest, »0d Jome
Institute for Laboratory Astrophysicsy. Umversity of Colorado. 8 -ulder,
CO 80309 U S.A

and

JEAN LATQUR?

Joint Institute for Laboratory Astrophysic. University of Colorado. Boulder
CO 80309, U.S.A. and Observatory of Nice. University of Nice. FO600, Nice
Cedex, Frarce

(Recewred Junuary 13, (982 in final form June 25, 1982)

The modal expanston procedure hds been used 1o analvze penetrative convection that arises
when a thin unstanle fayer s cmbedded between two stable regens The Boussinesy
approumauon s applied i whicn the effect of compressibility and stratficanion e
neglected. Various culeulations have heen made, with one and two modes, for Ravieigh
numbers ranging from the crineal value to more than 10° tumes c¢rucal. The eflect of
decreasing the Prandtl number has also been myestigated

It is found that in the nonliseir regime, the convective motions penetrate substantially
into the stable repions. The Nux of Knctie energy plays 4 crucial role in such penetration,
and its existence puts some regquiremients on the motions: 1 the single-mode case. they need
to be three dimensional. The extent of penetration amounts to about half of the thicknes of
the unstable Liver on each side of 1t when the deeree of instability and that ot stabihty arc
comparable in the two domans, itncreases as the stabihity of the outer repion s lowered
The penetration Jdepth appears to be independent of gl other parameters defining the
problem

tPresent address Observatery of Pic du Mids, F6S200 Bagneres de Bigorre, France
shormerly Depucaent of \sro-Geaphyaacs

WA s opergted jomeh by the University of Colorado and the Natonal Burcau of
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NONLINEAR ANELASTIC MODAL THEORY FOR SOLAR
CONVECTION®

(Invited Review

JEAN LATOUR
Jount Imvutute for { aboratory Astrophvacs®® Conersuv of Colorado, and Observatore de Nwe, BP2S2.
FOOut™ Nice CEDEX. Fram?

JURI TOOMREF

Depariment of Astrophisecal Planetary and Atmosphence Sciences® and Jomt Instinte tor Laboratory
Astrophyvsica®®, Unneraen of Colorado. Boulder. CO 80309, U.§ A

and

JEAN-PAUL ZAHN

Obsersatiure du Pio-du-Midt et de Towlouse. FAS200 Bugneres de Bigorre. France

Abstract. Profuninars sobar envelope models have been computed using the single-mode anclastic eguaations
as d deseniption of surbualent conmvection This approach provides estimates tor the vatiation s gopth of
the largest convective cetintar flow s akim o mant celis, with horizontal sizes comparable to the total depth
of the convection zone These modal nonimeidr treatments are capehte ot describing compressible motiors
accurnmg over maen densy seale derrhts Single-mode anciaste secauons RBave been constructed tor o
emvelope whose nean strar ations nearh adianatic over most ofiis vertical exeent because of the entialm
(or convectved Hun ovpliathy carrted by the iz ceil, a subgnd ~cale representation of turbatent heat
transport s incorporaiod mto the teatment near the surtace The sinsle-mode equations admit two solutions
for the same horzontal waselength, ard these are distinguisiea by the sense of the vertical veleaty ot the
center of the “ree aumensienal cedl Boas stekeme that the upsward directed Hows expernience taree prossure

etfects when thes ponetrate into restons where the sertical scate techtbas become small compared to then

honzonty! ~or o The hactustg prescare can modith the densin thictanons so that the sense of the
bucovancy torce s Chanead, sath buovancy prahing actuaiy achicved near the top ot the convection zonc
The prossure it Puovanoy wora in the shaliow but unstabte Hoand He o sonzation regions can serve
to decelerate the ool motions and detlect them jateralls feadine trstrong honzontad ~hearime motions
[t appears thar such dynamical processes smay explm why the amplitudes of flows related to the Lirgest
scales of corvocnion are o feeble in the solar atmoesphere

1. Introduction

The structure of the solar atmosphere is determined largely by the convection just below
the surfuce and the waves that it can eenerate. The coupling of these turbulent motions
with mapnetic tields must cause most of what s observed on the Sun. However,
theorctical understanding ot the dynannes of the solar convection zone and associated
motions i the atmosphere s sull very incomplete. For instance, no detailed theoretical

S Procectiis e sbe cnn IAL Colloguiany P lenny on Sodar and Stellar Ovadlationy, held at the Cnimean
Astrophn o Oy an LSS RO S Septmner, 19N

N e by thie Ureccrars of Colorado and the National Bureau of Standards

*

Formorty Diepoae or o0 Ao Greopdiesaes
tONOW at Obeers stonie o Pic du-Nadi et de T ouiouse.

Sodar Phoogo s B2 003 37 a0 a0l gois 1 ge 22 3x7502 |0
Copurieht o s b0y Kecded Prbingos o Dot Hollund, and Boston, U8 4
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SOLAR FIVE-MINUTE OSCILLATLONS AS PROBES OF STRUCTURE IN THE SUBPHOTUSPHLKE

Frank HILL, Juri TOOMRE
Department of Astrophysical, Planetary and Atmospheric Sclences,
and Joint Inst{tute for Laboratory Astrophysics,
Un{versity of Colorado, Boulder CO 80309

and

Leurence J. NOVEMBER
Air Force Genphvsics Laboratory and AURA, Sacramento Peak Observatory,
Sunspot, NM 88349

ABSTRACT

Power speatra of solar five-minute oscillations display prominent ridee
structures In (x,«) space, where k is the horizontal wavenumber and 'w {s the
temporal frequencv. The positions of these ridges in k and w are sensitive to
large-scale velocity and temperature fields over a range of depths below the
surface. We have compared observatlions on separate davs to search for shifts
fn the ridge centroids that can be related to different velocity and
temperature patterns having been brought into our sampling region by solar
rotation. The results suggest that we may have detected convective flows with
scales akin to giant cells. Comparison of ridge centroids on two ohserving
days separated by 27 days, or about one solar synodic rotation period, show no
signiricant ridge displacements. Other pairs of days generally displayv
measurable differences {n ridge centroids, with these corresponding rouphly to
changes in horizontal subphotospheric velocities of order 50 m s~!'. our
limited data sugpests that the horizontal pattern scale of the celis is about
5/27 of the solar clrcuaference, or about 800 Mnm.

INTRODUCTION

Twoc~dimensicnal power spectra of high degree (100 < & < 1000) solar
oscillations possess striking ridge structures. Such concentrations 1in power
for the five-minute oscillations appears to arise because these acoustic modes
are resonantly trapped in the convection zone (e.g. Ulrich 1970; Leibacher and
Stein 1971; Deubner 1975; Rhoades, Ulrich and Simon 1977). As reviewed in
these proceedings by Christensen-Dalsgaard (1982) and Gough (1982), the
observed horizontal wavenumber k and temporal frequency w of the modes
contributing to such ridges provide information on the mean stratification of
the Sun; they can also serve as probes of large—scale velocity and thermal
flelds in the subphotosphere. Iandeed, Doubner, Ulrich and Rhodes (1979)
sought to probe how solar rotation varies with depth by using the five-minute
oscillations ot high degree, thourh Gough (1978) cautlons that the inversion
of such data Involves considerable delicaicy. Here we report on some aspects
of our ~ontinuing program of observations designed to search for variations in
the position of the ridges that may be due to different large-scale
subphotospheric convectlon patterns being brought into view of our observing
window hy solar rotatfion. We shall show that the possible presence of glant
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PAPER R,

ON THE DETECTION OF SUBPHOTOSPHERIC
CONVECTIVE VELOCITIES AND TEMPERATURE
FLUCTUATIONS®

D O GOLGH
Ititate of Ueronemy and Deportment of Apphed Mathematos and Theorenca? Pinovges Unversiy of
Cambridge
and
J TOOMRE

Joint dnvniee tor Lab et serapiaoacs and Deparoment of Avrophysical Plaretar and Aunosphers
Sciences University of Colorado, Boulder, Cole U8 4

Abstract. A procedure s catined e estunaun e thesttience of Lirpeesoale comvectne eddies on the wanve
patterns of bve mimate osallatons of hooh deeree e method s apphied 10 adiabatic osailationswaih

frequency onid wase numberhoof s plane-paralc poly tropre aver vpo whichs pupesed a o amphitude

copsentine o The distortion (o the & - orrelation has tvo constituents one depends on the horzontat
component of the contectine selocty and has aosanowhich depends on the s ot o b the other depends j
on teniperatare Suctuations and ondependent of the senot -0 40 The maemtade of the distortion s rust
atthe it o present obsrsational sensitiats Thus there s reasonable hope that it st be possbie toreseal

some aspects of the faree-seale fiow an the solar convection zone

]
-

. .4

1. Introduction ]

['he structure of the waves that produce the five-minute oscillations of the Sun depend >
principathy on the mean vertical stratification of temperature. That strautcanen deter- ]
mines a burhy well defined sequence of relations between the frequenay and the horizontal B
wave number of the osalations, This has been exitbited for the real Sun i power )
spectra of Doppler micasurements te o, Deabnerer af 1979 and compared sath theon 1

to deternune the adiabatin the isentropic part of the convecuon zene (e.g.. Berthomieu
et al 19800 Lubow e ol 19N0) However, these relauions are not pertecthy mantaned
frequency s not precisely aeternuned because the modes do not persistindetinately o and

the wave patterns are distorted by rotation and the inhomogeneries assocated with A
convection. Itis the parpose of thins paper to report a preliminary theotretic ad assessment ‘1
of the mugnitude of the distortions, with a view 1o the eventual measurement of the
velocity and temperature Huctvations m the convection zone. Inan accompanyme paper A
(Thll ez af., 1953y observaticoal evidence for such distortons s presented ]

We restrict our attention to modes of high degree. In that case the owallations are p
trapped i a shallow wave cuide just beneath the photosphere. the base of the trappine . —

region ts at depth of about o 'R Owhere nand are the order and degree of the mode

* Procecdines of the Al [AU Colinguiuns Probfems i Sedar and Steflar Ovadtations held atthe Come,
Astrophsoweal Ob cators. USSR -5 September, 1981

Solar Phwns B2 01063 0] 10 ond i <3 0% di s <o
Coprrght + P DY RewddD Pkl Coo D ovdvecin Hedland - ana B8 ton (G|

The UJ.5. Government s authorized to reproduce and sell this raport.
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VARIABILITY IN THE POWER SPECTRUM OF SOLAR
FIVE-MINUTE OSCILLATIONS®

rInvited Review)

FRANK HILL and JURT TOOMRF

Decwrren oo A b oad Flonewary and Aimospheric Sciences®™ and Joou Disitete o horaton

c Unversuy op Colorado Bowdder (0 SO0y, U S 4

Asiophusi
and

LAURENCE J. NOVENMBLER

Ao Doce ooy Paborarerc and AURAL Saucramento Peal. Observaiory, Sumpor, NM Sa iy U S

Abstract. Too (o

AL o spave, were A s the onzonia] wavennmber and o s the temporal frequency The positons o
2

st aer spedtra ol solar Ave-mmauate ssaollations display promunent nds ncturey

mseondaes o Lo can peasad 1o probe temperature and veloaity stractuzes mnthe subphotosnherne
Mo have boeon ca ing Sut g contintn e proerant of ODNCrVations of BLe-minute osciiations wild b oy
ACTUS LG

Lthe LU Loser teiescope at Sacramento Peak Ohsenvatony (SPOS M e wa e

to establ-h wbaner p wpectr tuken onoseparate davs show smitts i ridge locations, these mo aree

from differont ~or s and emperature patterns having been brouzht mto our sampling regnn vy solar

rotaton Poawver spoct aonane heen ebtamed for sy davs of observatiens of Doppler velog [REITR AT

Myt 178 an bor s 3338 spetrel imes Bach data set covers X to P hr m ume and sample. . reonon
I3 i 1

2% TG gty

fowath g spatia! resolution of 20 and temporal samplog of 65 0 W b

derecton vrons hetween cectan datd sets which are statnticalls siemiticant The character
ob these dovbccs S waen anahuzad i terns ot eastware sond westward propagating swaves amphios tha
chanps e o oy : sand horzentat veioaty nelds underiving our observee s cadow
Woresties v e ade o the el chanees to be on the order of 100 m s ' we mas be doetecting

the whoct o e scele comvecton gk to ant cells

1. Introduction

Ridee stavoesare endentin opatial and temporal (AL ¢)) power spectra of the observed
. i
he Sunteg., Deubnerer ol 1979), Such ridges in power arise

five-nunare o cilations o
becatse adons o wes trapped in the thermal structure below the solar surfuce posscss
a farrly spect relonionsinp between their frequency ¢ and horizontal wavenumber &
Since the choracter o7 the oaallatons s determined largels by the vertical stratification

of temperature ebe e solar sertice, the observed positions of the nidges could be
compared wirlh theers o determine at least the adiabat in the isentropic part of the
convection o te e Berthonueu eral 0 19507 Tubow eral.. 1950). However, the
dronces i eiatoes ik B oand e il be perturbed by temperature and veloeny

tructures

cied b the convection, and so oo by differential rotation. The
it rese of thy ah v ational stady s to attempt to deteet shitts in ridge positions that
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ATTEMPT TO MFASURE THE SOLAR SUBSURFACE VELOCITY

FRANK HILL

National Solar Observatory, Sunspot, NM 88349, U.S.A., and
Joint Institute for Laboratory Astrophysics, University of Colorado,

DOUGLAS GOUGH

Institute of Astronomv, University of Cambridge, Cambridge, CB3 OHA,
England, and Joint Institute for Laboratory Astrophysics,
University of Colorado

and

JURI TOOMRE

Departrent of Astrophysical, Planetary and Atmospheric Sciences, and
Joint Institute for Laboratory Astrophysics, University of Colorado
Boulder, CO 80309, U.S.A.

ABSTRACT -~ The five-minute oscillation modes will be advected bv
Brorizontal velocities below the solar surface, and thus can be used as
probes thoere of rotation and large-scale convective flows. Results of
iverse thenry applied to observations of high~degree modes carried out
“in <vparete davs Teveal variations in horizontal velocities with
destn oty oday ot as that mav be the result of glant convection cells,
‘ im ti« data ravss this interpretation somewhat tentative.

1. INTRODUCTION

This paper reports a preliminary attempt to determine the sub-
photospheric velocity field from the positions of the ridges in the
(¥ ,u) prwer spectra of five-minute oscillations, where k 1s the hori-
zontal wavenumber and w is the temporal frequency. An optimal averag-
lug taversion procedure, used originally by geophvsicists and which was
suxgesred by the work of Backus and Gilbert (1968,1970), is applied to
the perturbations to the ridge positions that we believe are induced bv
large-scale horizontal flow. The motion is composed primarily of
depth-dependent rotation and possibly a contribution from giant
convection cells.

Previously Deubner, Ulrich and Rhodes (1979) sought to determine
from the ridee pocition how solar rotation varies with depth. Similar
analvsis annlied tn subsequent observations (Rhodes, Harvev and Duvall
1983) failed to reproduce the earlier results. Hill, Toomre and
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