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ABSTRACT

Almost all that is known about the velocity fields in the solar
atmosphere pertains to mean quantities based on long periods of obser-
vation. Relatively little is known about short-term variations in both
space and time which apparently exist and, according to some, ought to
be basic to the maintenance of the solar general circulation. Only re-
cently have theories which consider these variations to be energetically
important been advanced to explain the solar circulation.

Evidence that short-term space and time variations do exist in the
solar velocity fields is increasing; the primary source being the high
resolution line-of-sight, Doppler derived velocity measurements made on
a daily basis at Mt. Wilson Observatory. In the present work, these
measurements from a two week period in 1972 have been utilized to pro-
duce nearly instantaneous horizontal streamline patterns depicting the
large-scale flow in the solar atmosphere. The technique utilized is
based on the assumptions that the flow is nondivergent and two dimensional.
Included in the description are the various data processing and technique
development experiments which led to the version ultimately selected.

The preliminary results from this analysis contain wavelike pertur-
bations which persist for several days and rotate at nearly the solar rate.
Additionally, the patterns resemble flows which are observed to occur in
the earth's atmosphere as well as in laboratory simulations of flows in
rotating fluids. Stronger evidence for accepting the reality of these flow
patterns as first approximations of the actual flow in the solar atmosphere
is provided by a significant correlation found to exist between meridional
velocity components obtained from the flow patterns and from daily
sunspot displacements.

Three pilot studies which serve to illustrate‘potential uses for these
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data are discussed. An insufficient sample of data prevents reaching any
definitive conclusions, but the results suggest the following: the existence
of a loose relationship between calcium plages and small-scale flow
features; a tendency for cyclonic vorticity to be found in the vicinity of
active regions; and a tendency for the large-scale flow to transport mo-
mentum polewards and for this transport to be correlated negatively with
the mean zonal velocity between 1300 latitude. Whether these results
remain valid when applied to a larger data sample remains to be seen,

but it appears that when perfected, daily maps of the solar velocity fields
will represent an important new source from which to study the energetics
of the solar circulation.
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1. Introduction

1.1, The Solar Differential Rotation and Efforts to Explain It

Prior to 1964 the only documented variation in the solar rotation
rate was a function of latitude. This 'differential' rotation was first
observed by Carrington in 1863 and refined over the following nine de-
cades culminating in the form obtained by Newton and Nunn (1951).
Their result was based on the interval between successive central merid-
ian passages for long-lived, recurrent sunspots from six solar cycles
and essentially confirmed Carrington's initial finding -- the solar rota-
tion rate was solely a fqnction of latitude.

Newton and Nunn were aware that their particular subset of sun-
spots produced a result which differed from those obtained from other
subsets, but they judged the long-lived recurrent spots to be the most
reliable tracers of' the photospheric motions. Velocity profiles obtained
using spectroscopic methods (Plaskett, 1952, 1954, 1959; Kinman, 1953;
Hart, 1954, 1956; Adam, 1959) while agreeing with the sunspot rotation
rates in the mean, contained the suggestion that the solar rotation rate
was not as longitudinally invariant as the accepted profile would suggest.

Theories attempting to explain the differential rotation which had
evolved concurrently with the observations were generally based on this
axisymmetric picture and reproduced the observed equatorial accelera-
tion. Such theories appeared to be adequate when considered in a mean

qualitative sense, but were deficient in most quantitative aspects.
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A new approach to the subject was suggested by Ward (1964, 1965a)
who viewed the mean solar rotation as the largest of a continuous spec-
trum of size and velocity scales. Scales of motion smaller than this, he
asserted, should not be viewed as noise to be averaged out; x:ather they
are fundamental to the energetics of the solar circulation. Ward postu-
lated the existence of a hierarchy of eddies in the solar atmosphere
ranging in size from a fraction of the solar radius to a few hundred kilo-
meters and sufficiently organized in space and time to maintain the mean
circulation.

Citing results from laboratory expériments and analogous situa-
tions in the earth's atmosphere, Ward argued for the existence of a
Rossby circulation regime in the solar atmosphere. As corroborating
evidence for this contention,‘ he analyzed the daily proper motions éf
sunspots for one solar cycle and obtained positive correlations between
deviations from the space and time averaged meridional and zonal com-
ponents of these motions. Such a correlation, Ward concluded, implies
a horizontal transport of angular momentum up the angular velocity
gradient (towards the equator), a phenomenon known to exist in the
earth's atrhosphere (e.g., Starr, 1968). The circulation pattern associ-
ated with such a transport requires a solar rotation rate which varies in
space or time or bdth.

Starr and Gilman (1965a, b) utilized Ward's findings in addition to

maps  the photospheric magnetic field to infer the direction and
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magnitude of the angular momentum transfer as well as to speculate on
the shape and orientation of perturbations in the zonal flow field. Such a
process could be similar to those which maintain the circulation of the
earth's atmosphere and generally cause marked deviations from mean
conditions in both space and time. They further speculated that hori-
zontal Maxwell stresses converting the energy of the mean flow into the
energy in the large scale magnetic patterns were acting to retard the
equatorial acceleration. The net transport represents a balance between
competing processes-.

Since then, the evidence to support the contention that the solar
rotation varys in space and time has been accumulating fx;om other
sources, e.g., magnetic field data (Wilcox and Howard, 1968; Wilcox
and Colburn, 1969; Stenflo, i972) and velocities obtained from Doppler
shifts (Plaskett, 1966; Howard and Harvey, 1970; Howard, 1971,

1972, 1973).

Despite the recent evidence to the contrary, therg are those who
continue to maintain that the deviations from the mean solar rotation are
not basic to the underlying energetics. These variations continue to be
ignored even though their magnitude approaches that of the differential
rotation itself. Such theories continue to rely on an axisymmetric circu-
lation regime but unlike similar theories in the past, the meridional cir-
culations are not constrained to conserve angular momentum. These

models are based on the asumption that motions experience certain
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anisotropies in basic properties, e.g., eddy viscosity (Kippenhahn,
1963; Cocke, 1967), conductivity (Durney and Roxburgh, 1971). These
anisotropies as modeled produce meridional circulations transporting
angular momentum towards the equator. However, all are cilaracterized
by an eddy viscosity and require negative viscosity coefficients at some
point to produce consistent energetics (Gilman, 1974). Some parameter-
izations introduce into the mathematical model the necessary effects of
eddies while not fully exploring the physical implications. The resul-
tant pitfalls of this approach have been discussed recently by Starr (1973a).
Other recent attempts to explain the maintenance of the solar differ-
ential rotation are based on investigations of the full eddy regime. These
theories tend to be more quantitatively well developed than the axisym-
metric type. Two mechanisﬁs are considered; the distorting effeth of
rotation on ''giant'' convective cells (Kato, 1969; Busse, 1970;
Davies-Jones and Gilman, 1970; Yoshimura, 1971; Gilman, 1972;
Heard and Veronis, 1974) while the other considers the presence of
baroclinic instabilities (Gilman, 1969; Kato and Nakagawa, 1969, 1970;
Suess, 1971). Both types successfully reproduce the observed equatorial
acceleration and transport angular momentum towards the equator. For
the assumed geometry and physical parameters, both mechanisms pro-
duce large-scale fe;a.tures with dimensions in general agreement with

those inferred both from Doppler velocity measurements (Howard, 1971)

and from photospheric magnetic fields (Starr and Gilman, 1965b). The
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particular shape (longitudinal rolls) of this large-scale feature suggested
by the Doppler velocity measurements presently favors the giant cell
models (Piddingtdn, 1971; Gilman, 1972) although Suess (1971) has inter-
preted these same patterns in terms of Ross(by—type waves. Observed
whole sun magnetic variations, e.g., field reversals, have been modeled
with some success utilizing a dynamo based on Rossby wave dynamics
(Gilman, 1969; Gordon, 1972).

Encouraging as the results of such models are, they are not without
their shortcomings. 'Generally the assumptions made in order to solve
the complex systems of equations place restrictions on the character of
the solutions to the extent that their applicability to the sun is uncertain
at best. More explicitly, the models either assume or produce certain
features which, if present, 6ught to be evident from the available obser-
vations. One example of such a feature whigh pertains to both theories
is the presence of an equator to pole temperature gradient. The Rossby
wave theories usually assume the existence of such a gradient to provide
the energy for the resulting instability (Gilman, 1969) while the giant cell
theories produce such a temperature gradient (Davies-Jones and Gilman,
1970; Gilman, 1972). - The gradient in either case is approximately 50K
and most recent measurements fail to confirm its existence (Altrock and
Canfield, 1972; Canfield, 1973). Durney (1972, 1974) maintains that the
pole-equator difference in flux produced by the convective models would

occur deep in the convection zone but would be unobservable at the
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surface due to a reduction by a counter cell higher up rising at the poles
and sinking at the equator. At least one Rossby wave model exists (Kato
and Nakagawa, 1969) which does not assume the existence of a tempera-?
ture gradient. Instead, the waves are considered to be perturbations
relative to a system rotating at a constant rate.

The mean meridional circulation characteristic of the giant cell
models presents another discrepancy; most models contain a mean equa-
torward flow (Gilman's is poleward). The observational measurements of
mean meridional velocitigs either from sunspot data (Ward, 1964, 1973)
or Doppler velocity data (Howard, 1971) have not yielded such circula-
tions although the Doppler measurements are not sufficiently precise to
detect motions of the magnitude required (~3m - sec_l).

Clearly, all the theprie‘s proposed to explain the energetics of the
solar general circulation cannot be entirely correct. Some combination
is likely, for example, with convection in the interior producing a baroclin-
ically unstable layer at the surface (Starr, 1973b). Such a system would
combine a pole to equator temperature gradient (in this case at some level
below the visible surface) produced by the giant convection cell theories’
with the non-axisymmetric flow characteristic of baroclinic instabilities.
This particular combination would not violate any observations as they are
presently accepted.

1.2. Contribution and Scope of the Present Work

As pointed out in the previous section, each theory developed to
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explain the solar general circulation contains one or more features which
has not been observed in the solar atmosphere. Unfortunately, the mea-
surements of solar features are not themselves without difficulties.
Efforts to observe a pole to equator temperature difference are made
more difficult by the lack of assurance that the optical solar limb is also
a surface of constant henl‘iopotential. Alternatively, if a 'dynamically im-
portant temperature difference exists in the solar interior, direct obser-
vation will be impossible.

One of the major problems still é#isting is the lack of sufficient
observations of the motions (particularly meridional) which exist in the
solar atmosphere. Even the mean rotation rate, first observed over a
century ago, is no longer a sufficient description of motions in the photo-
sphere much less the entire sun. There is probably no one rotation rate
which canbe applied to the sun as a whole since the mean conditions appear
to vary with depth in the atmosphere (Wilcox and Howard, 1970). Even
less well known are the short-termvariations in latitude, longitude and
time (Livingston, 1969; Howard and Harvey, 1976; Howard, 1971, 1972,
1973) which are relatively recent determinations.

Instantaneous horizontal velocities can be obtained from motions of
visible tracers and (at least theoretically) from Doppler shifts of spectral
lines due to mass motions along the line-of-sight. Each technique has its
own shortcomings which contribute to the uncertainty of the results. The

difficulties encountered when attempting to determine instantaneous velocity
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fields from sunspots are more acute than when determining mean motions.
These include the lack of a sufficient number of tracers at a given time,
non-random distribution of sunspots in the flow field and the probable re-
tardation of sunspot motions due to the presence of a magnetic field and
the interchange of matter between sunspot and flow field. Further com-
plexity is introduced siﬁ;:e the degree to which sunspots fail to be ideal
tracers varies with solar cycle and the stage of sunspot development (for
a more complete discussion see Ward, 1965b; 1966a, b; 1967; 1973). Ve-
locities obtained spectroscopically aré free from these limitations. How-
ever, the technique is accompanied by its own particular difficulties
(Howard et al., 1968) which will.be examined in more detail in following
sections.

The lack of sufficiently well determined motions in the solar atmo-
sphere has contributed to the variet); of solar circulation theories which
have emerged. The basic difference between the non-axisymmetric the-
ories and those based on primarily axisymmetric flows concerns the relé-—
tionship between space and time deviations from the mean solar rotation
rate and the underlying energetics. Proponents of the axisymmetric the-
ories minimize the importance of deviations, providing mechanisms to
maintain the equatorial accelerations from mean circulation regimes. On
the other hand, proponents of non-axisymmetric theories accept the exis-

tence of significant space and time variations in the solar rotation rate and

assign to these deviations major roles in maintaining the mean circulation.
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The energy associated with these variations in the rotation rate are orders
of magnitude greater than that associated with other available forms, e.g.,
magnetic energy. If such variations are fundamental to the energetics of
the solar circulation, there will be detectable relationships w’hich exist
between the large-scale flow pattern and other observable features.

The scope of the work described herein is to obtain for the first
time instantaneous large-scale flow patterns in the solar photosphere as
they are inferred from daily Doppler line-of-sight velocity measureme nts.
A description of the analysis technique, the preliminary data processing
and the experiments performed to bridge the gap from theory to practice
are contained in the following two chapters.

Daily flow patterns for a two week period in 1972 are presented and
discussed in the fourth chapter which also contains more quantitati\;e
judgments of their overall validity based on comparisons with observa-
tions of other solar phenomena. Estimates of the momentum transports
associated with the flow characterization are related to the observed
variations in the daily determined mean rotation rate. The implications
of these results as they pertain to the energetics of the solar general cir-

culation along with suggestions for future research are the topics of the

final chapters.
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2. Obtaining Photospheric Streamlines from Solar Observations

2.1, Technique

Velocity fields in the solar atmosphere may be obtained by measur-
ing Doppler shifts in selected Fraunhofer lines. These Doppler shifts are
due to motions within the line forming layer along the line-of-sight and as
such render invisible cbﬁponents of the motions which are normal to this
direction. When viewed from the earth, purely horizontal and vertical
solar motions are undetectable at the central meridian and limb respec-
tively. Alternatively, the line-of-sight velocity contains an increasing
portion of a purely horizontal velocity field as the observation approaches
the solar limb.

A technique to infer the continuous horizontal flow field from this
type of photospheric velocity measurement has been suggested by Gilman
(1971). Basi(;ally, the procedure assumes the flow along the solar sur-
face to be horizontal, two-dimensional and nondivergent. Momentarily
setting aside questions concerning the applicability of such assumptions,

the horizontal divergence can be expressed, following Gilman, as:

AV + B(V.Cose) -

e
SA 30 1)

i

where V is the velocity and A and © denote the solar central merid-
ian distance and latitude respectively (see Figure 1). A streamfunction ¥

may be defined such that
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Sub-earth
point

Figure 1. Solar coordinate system.
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_ Y AV
VA- 26 ) v9=Cose YN (2)

The line-of-sight velocity, Vl , is related to VA and Vg by:
V, = —SInAVy—sine cosa Vg )

or

) -4 A4
V!l: sin 7\'3—9— - tanecoskﬁ-‘

(4)

which upon integration becomes

Y= ¥+ §Vds (5)
S
The paths of integration are such that
cosS A coS e. = constant (6)
which for the sun are circles centered on the sub-earth point.

In equation (5), the constant of iﬁtegration % is unspecified and
differs for each integration path S . In order to produce a continuous
solution for the entire solar disk, these arbitrary constants must be re-
lated to one common but still unspecified constant. Gilman suggested as
a first approximation that Y, be set equal to zero along the equator.

Such a stipulation prohibits flow across the equator,
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A test of the technique was performed on terrestrial wind data by
Fischer (1971). Utilizing six month summertime mean wind components
for the half of the northern hemisphere centered onthe Atlantic Ocean,
he computed the line-of-sight velocity component apparent to an extrater-
restrial observer and used Gilman's technique to infer the streamline
pattern. T

Direct application of the procedure resulted in small non-zero
values for ¥ at the termination of each integration path (semi-circular
in this case) and were attributed to th‘e'presence of a small divergent
component, cross-equator flow or both. It was not possible to estimate
the contribution due to each but their effect was removed by subtracting
the mean wind from the data. Overall agreement between the actual mean
wind field and the flow patterns produced by the technique was favorable,
encouraging its extension to an analysis of solar velocity fields.

2.2. Solar Data Utilized

Forming the basis for this work are instantaneous line-of-sight
velocities inferred by measuring Doppler shifts in the neutral iron line
(Fel) at A5250.216 formed in the solar photosplere. Daily whole disk
measurements are made at Mt. Wilson Observatory and have been de-
scribed in a series of papers‘(Howard et al, 1968; Howard and Harvey,
1970; Howard, 1971, 1972). These measur.ements are configured in a
rectangular grid 135 points wide, 108 points high of which approximately

11,000 points actually sample the solar disk. Resolution at each grid
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point is approximately 0. 17 seconds of arc while the distance between
grid points is roughly one and a half degrees of solar latitude.

Doppler shifts when observing a solar spectralline from the earth
occur whenever relative motion exists between the observing instrument
and the volume of gas in which the line originates. Not all motions which
contribute to the observed shift originate in local velocity fields on the
sun. The rotation of both the earth and sun as well as the orbital motion
of the earth contribute to the observed Doppler shift. In addition, the
I;eddening of a solar spectral line as it is observed progressively limb-
ward contributes an apparent shift as do a variety of instrumental effects.
A complete discussion of the instrumental contributions appears in Howard
and Harvey (1970) and will not be considered here. However, it is instruc-
tive for a better understanding of the streamline patters being sought to
review briefly how these and other contributions to the observed Doppler
shift are removed before the resulting motions can be attributed to the
solar atmosphere.

The line-of-sight velocity V* obtained from the observed Doppler
shift in'the Fel line is assumed to be the combined effect of relative
motions (real or apparent) between the line-forming layer and the observ-
ing instrument and are accounted for by Howard and Harvey (1970) as the

sum of individual contributions in the following manner:
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A

78 TN
Vp = (a+b sinte +c sinY@) R cose cos B, SInA

® @ o 9 o
e . A M———z
+f6-335|| sin H coss-f2‘7.137 sm(Lo-D +d+ e(l-—cos g) + Vs';" (M

A description of the origin of each term follows.
@ Contribution from the mean solar rotation
The mean solar rotation is one of the quantities under current inves-
tigation at Mt. Wilson Observatory. It is determined on a daily basis
along with several other parameters by evaluating the constants a , b ,
and C from each day's measurement. The long term value is the mean
of the individual values for the period of determination. The functional
form for the latitudinal dependence is guided by the differential rotation
profiles obtained from sunspot motions. Term @ in Equation (7) repre-
sents the component of the mean solar rotation in the line-of-sight. Other
quantities previously undefined are R , the radius of the sun and B, ,
the heliographic latitude of the sub-earth point.
@ Contribution from the earth's rotation
If the observation is taken prior to local noon, the rotation of the
earth produces a slight component of motion towards the sun. Observa-
tions made after local noon contain the reverse effect. The appropriate
component in the liﬂe-of-sight is proportional to the well known astronom-
ical constants H , the hour angle at observation time, and S the

declination of the line-of-sight with respect the ecliptic plane. Knowing
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the date and time of the observation as well as the geographic location of
the observatory are all the quantities necessary to calculate this compo-
nent of relative motion. Sufficiently precise determinations of this com-
ponent are obtained by basing all calculations on a mean sidez"al day.
@ Céntribution due to the orbital motion of the earth

Both ecliptic plane components of the orbital motion contribute a
relative sun-earth motion. The earth-sun distance varies throughout the
year resulting in a small day to day relative motion. Over the 90 minute
interval required to take an observation this motion is below the limits of
detectability and is ignored. The tangential component represents the
difference between synodic and sideral rotation rate of the sun and is
represented by term @ with L, and L the celestial longitude of the
center of the solar disk and line-of-sight, respectively. The earth"s
orbit around the sun is assumed to be a perfect ellipse with the sun at
one focus. Other minor effects which have been neglected are the sea-
sonal variations in the linear sideral velocity of the earth in its orbit and
the celestial latitude of the line-of-sight, B . This latter effect would
be represented by an additional factor, €o$ B , interm @ . However,
since B is always near zero degrees, cos B is assumed always to
equal one. As was true for the preceding term, the relative motion
befween the earth and sun due to the earth's orbital motion can be calcu-

lated from known astronomical quantities and is not determined as a

result of the observation.
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@ Reference level

In its present version, the Mt. Wilson instrument measures the
wavelength shift in the Fel line only. If this shift was entirely due to 10'—
cal motions on the sun (after accounting for the other known e,ffects), the
absolute velocity between the plasma and the observer would be directly
proportional to the observed line shift. Unfortunately, the shift as mea-
sured contains unknown contributions from the terrestrial atmosphere and
instrumentation. These effects must be removed before the velocities in
the solar atmosphere are estimated. This removal is accomplished by
determining a reference level, term @ , which represents the aforemen-
tioned effects on an observation of a stationary sun. The individual mea-
surements are then reckoned with respect to this reference level.

To be effective, this reference level should remain constant over
the span of time required to make the observation. The overall contribu-
tion to the noise attributable to mechanical components, e.g., backlash,
ought to be near zero due to the boustrophedonic nature of the scan. More
troublesome may be a net drift in this reference due to changes in atmos-
pheric pressure during the course of an observation. A change of
0.1 mm Hg in pressure produces a drift in the reference of nearly
60 m - sec-l. This effect would tend to produce a random noise com-
ponent in studies dependent on averaging many measurements over a long

period to determine, say, the long term mean rotation rate. Since these

observations were made with such long term determinations in mind, no
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pressure correction was made and its effect on daily measurements is
unknown.

A future improvement which will allow a direct determination of the
portion of the line shift which is not solar in origin is the simultaneous
monitoring of a nearby spectral line which is formed in the earth's atmo-
sphere. Any shifts ‘in the wavelength of the telluric line is then attributed
to atmospheric and instrumental effects. A corresponding correction is
applied to the solar line at each point which removes all non-solar contri-
butions from the measurements and allows absolute velocities to be
determined.

® Red shift contribution

It is.well known that the wavelength of a solar spectral line shifts
towards the red as the observations are taken at points progressively
nearer the limb. This center to limb variation (which is actually a blue
shift towards the center) was originally thought to be due to preferential
sampling of warm convecting elements. Such an explanation requires a
center to limb variation proportional to ( | —cos @ ), where § is the
central angle. Observations, however, did not support this contention.
Instead, Adam (1959) found the best fit was obtained assuming a parabolic
proportional to ( \—¢oS ¢ )2' . This functional form is used in the
Mt. Wilson data reduction technique to predict the degree of red shift to
be expected in the data. The unspecified constant, € ,like those pre-

7/

ceding is determined by the daily data.
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The entire limb reddening variation is ﬁndergoing a careful
re=examination by Hart (1974) utilizing the vast amount of data resulting
from the Mt. Wilson observing program. A new theory is being tested
which contends that the line shift observed is due to the combined effect
of Van der Waals and Lennard-Jones potentials. Such an effect is propor-
tional to the density :)i:t;e environment in which the line originates and in
the case of the sun would produce a shift to the blue at the center of the
disk since the radiation originates from deeper and therefore denser
levels. The wavelength variatias from éenter to limb predicted for se-
lected spectral lines have produced better agreement with the observations
than the ( | —cos ¢ )z form presently used.
® Motions in the solar photosphere
The final term, VSM , represents the velocity component due to

deviations from the daily profile of the mean rotation, If the daily zonal
velocity field, W , is decomposed into its mean value L1 and
deviations (‘) , i.e.,

w=Lul + w/ (8)
term @ represents the w/ component, Cul already being accounted for
by term @ in Equation (7), Also included in Vgp are the line-of-sight
components of any meridional and vertical (radial) motions which may be
present.

The daily array of observations is analyzed by a least squares tech-

nique with V._W| treated as a residual. Once a solution is obtained and
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the daily values for constants @ through € determined, Vg, is cal-
culated for each grid point. The daily data obtained from Mt. Wilson

Observatory consist of values for Vgu at each grid point as well as for

the constants @ , b ,C ,and @ . Solutions are obtained determin-
ing the rotation rate constants for the northern and southern hemispheres
independently as well a;s»snfqr the disk as a whole.

A data reduction technique of this type is well suited to a study of
the mean rotation rate but has certain disadvantages when subjected to a
day by day analysis such as that at enibted by the present study. Since

Vsn is treated as a residual, it also contains any noise components,

random and non-random, which remain if the foregoing considerations
have been .insufficiently precise. Any unconsidered effects traceable to
variations in atmospheric transparency and instrumental sources would
probably alter the reference level in a uniform manner and produce little
effect in the data for a given day. |On the other hand non-random contri-
butions, for example, the drift in the reference point due to changes in
atmospheric pressure, would produce a slightly inhomogeneous data set
during the 90 minutes it takes to obtain a complete disk scan. The mean
of such a variation would become part of the reference level but a small
non-random component could remain behind.

2. 3. Applicability of the Technique té the Solar Case

Before proceeding further with a description of the steps involved

in producing daily flow patterns from solar line-of-sight velocity
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measurements, a consideration as to the applicability of the technique to
the solar case seems appropriate.

At first glance the assumptions upon which the technique is based,
namely horizontally two-dimensional and nondivergent flow a;ppear
vastly inadequate to faithfully represent motions in the solar photosphere.
1t is well accepted that the solar photosphere is primarily a convective
layer from which radiation is being lost to space so rapidly that energy
must be transported by convective rather than radiative processes. The

theoretical criterion for stability against convection (Aller, 1963) is

(dinT) ) d(InT)
LdCinP) J < 4P “

PHOTOSPHERE ADIRGATIC

From models of the photosphere (c.f., Allen, 1963) this criterion
is generally met only for the uppermost layer of the photosphere between
optical depths T ~ 0.004 (defining the base of the chromosphere) and
0.8 (~280 km below). It is in this thin, stable layer where the Fraunhofer
lines are formed.

Undoubtedly, the actual conditions are not as orderly as a model of
the photosphere would suggest. Convection from below most likely pene-
trates the underside of the stable layer and induces vertical motions
within it much like tropospheric convection penetrates into the stratosphere.

While the density is not discontinuous at the to;; of the photosphere,

it falls off rapidly enough throughout the lower layers of the chromosphere
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to enable the surface of the sun to be treated as a free surface with no
flow across it. When dealing with sub-sonic motions in.the solar photo-
sphere, the flow may be treated as incompressible (Nakagawa and
Priest, 1973).

Expanding the vertical component of motion in terms of a mean
taken around latitude circles ( L] ) and deviations therefrom ( 7)), the

continuity equation becomes

/
AU oV ow
3 Ty Y T (10

since [w] %0
If motions on the scale of the convection are being considered,

Equation (10) would have to be applied as written. However, the intent
of this analysis is to depict the large scales of horizontal motion assum-
ing that there is no ordered vertical motions with so large a scale. The
additional assumption is made that if the scale of the substantive convec-
tion can be identified, the data representing an area occupied by several
cells can then be averaged ( A ) such that the resulting value contains
very little contribution from the smaller scale convection, i.e., C\:' ~ 0 .

,/Thus, if the radiation yielding the measurements originates fairly
high in the photosphere near T~ 0,004 the assumptions that the flow is

horizontally two-dimensional and nondivergent are generally good ones.

On the other hand if the radiation originates in deeper layers near the top
14
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of the convection zone ( T~ 0.8), the forcing by the strong underlying
vertical motions may weaken the validity of those assumptions if the
measurements are capable of resolving the convection.

A mean optical depth T, canbe defined such that one-half the
radiation emerging from the surface originates above and one-half
below this level. For z;grey atmosphere, et =1/20r t.~ 0.69.
Therefore, most of the radiation observed by the instrument originates
slightly above the top of the convective zone and probably includes mo-
tions influenced by the underlying convection. The success of the tech-
nique in representing the large-scale velocity fields in the solar photo-
sphere will depend inlarge measure on successfully removing the effects

of this smaller-scale convection from the mean line- of- sight velocity

data ultimately used to calculate the streamfunctions.
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3. Producing Solar Flow Patterns

3. 1. Introducing a Solid Body Reference

The intent of this analysis is to construct large-scale flow patterns
for the solar photosphere analogous to those depicted on constant pressure
charts representing flow in the terrestrial atmosphere. This similarity
is desirable to facilitate the interpretation of the results, especially with
an eye towards identifying any structure which may exist in the space and
time variations from the mean solar rotation rate which these Doppler
data seem to contain. In order to achieve such a product, it is necessary
to refer the velocity fields in the solar atmosphere to an underlying solid
body rotation rate.

_ The‘measurements as obtained from Mt. Wilson Observatory rep-
resent the line-of-sight components of velocities in the solar photosphere
except for that component arising from the daily mean rotation rate.
However, this mean itself changes from day to day (as the daily variation
ing , b , and ¢ indicate) and in doing so contributes to any varia-
bility present. In order to achieve the stated objective a common refer-
ence must be selected.

At first glance, the rotation rate of the Greenwich coordinate sys-
tem appears to be the obvious choice. However, this coordinate system
reflects a mean rot;a.tion rate characteristic of recurrent sunspots which

differs somewhat from that obtained by spectrographic methods. Rather

than use a reference characteristic of another level, it was decided to
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utilize the long-term mean rotation rate determined from the spectrosco-

pic data themselves. This mean rotation rate is (Ho;;vard and Harvey, 1970)
E-’:J = 27869 =351 (16") site-4.4300" si*e  sec!  (11)

An overbar (~ ) will be used to denote a time average. As an under-

lying reference, the angular frequency of rotation corresplonding to -1-200

was selected

fewom] = .73 (6%  sec” (12)

The Vsn , data were then adjusted point by point to re-introduce
the line-of-sight component AVI due to the difference in the daily and
long term mean rotation rates. This adjustment was straightforward

AV, = R (\'_m{[-[ww]) 00s © sink cos By,  m-sect (13)

Adhering to the Mt. Wilson sign convention, A\, is negative for

approach and positive for recession. Defining solar velocities in this

manner produces in the mean westerlies equatorward and easterlies

poleward of TZOO heliographic latitude. Directions here are reckoned
in a terrestrial sense, i.e., zonal velocity fields in the same sense as
the rotation are referred to as "westerlies'. As will be discussed in
more detail in sections to follow, the solar rotation rate for the period
analyzed is greater than average resulting in a substantial poleward
displacement of the boundary separating easterlies and westerlies.

3.2. Minimizing the Effects of Small-Scale Convective Motions

In section 2.3 it was concluded that if a suitable area could be de-

fined which would include more than one of the underlying convectioncells,
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the line-of-sight velocity data within this area could be averaged and the
mean value contain little, if any, contribution from the vertical motions
organized on the smaller scale. Prior to exploring the scale size of the
convection present in the solar atmosphere, a determination of how best
to uniformly represe\rﬁ»_y«arious portions of the solar surface must be made.

Ideally, the solar surface should be uniformly sampled to avoid
over-representing one portion of the hemisphere while neglecting others.
Clearly this ideal goal is unattainable since the geometric realities of
observing a sphere from a fixed point‘iﬁ space will always provide more
direct access to that portion of the surface directly beneath the vantage
point. For example, the half of the surface area lying limbwards of 60o
central angle is represented by slightly less than 25% of the area of the
solar disk (the apparent area covered by any earth-based measurements).

Furthermore, the Doppler measurements suffer from an additional
asymmetry. A given line-of-sight velocity contains a more direct mea-
surement of actual horizontal motions when obtained near the limb than
it does near the center of the disk. Therefore, the chance for contamina-
tion by vertical mot‘ions is greater at the center than towards the limb.
When representative line-of-sight values for the large-scale motion are
being produced, more data points should be used to compute the mean
near the center per unit surface area than near the limb to obtain values
with similar residual effects. So the initial step in the averaging proce-

dure is to decide how best to produce homogenous means which represent
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roughly the same surface areas.

A practical consideration to the ultimate averaging technique was
the circulatr geometry required to calculate the streamfunctions. It was
necessary to provide mean values for the line-of-sight velocities on circu-
lar paths centered on the sub-earth point. Such a final configuration is
directly achieved byzwdmg the disk into annular rings, then the rings
azimuthally in some regular fashion and assigning the mean value of all
data within each sector to the sector center of gravity. Alternatively,
primary averaging could be accompliShed maintaining a rectangular grid,
then values obtained along circular paths by interpolation. Both approaches
were tested and yielded similar results for identical integration paths.
The purely circular method was preferred since it weighted each data
point equally in producing the mean for the sector it represented while for
the rectangular technique it was not clear how this could be accomplished
while maintaining a truly independent procedure. Additionally, the circu-
lar method is easily related to the fraction of the surface area falling within
each sector, a distinct advantage in the analysis which follows.

Once having decided (albeit somewhat arbitrarily) on the geometri-
cal form the averaging procedure will assume, the question concerning
how best to represent the entjre solar surface can be pursued. It has al-
ready been stated that while most desirable, strictly uniform sampling of
the solar atmosphere for the entire solar hemisphere is unattainable.

However, this does not prevent one from dividing the solar surface into
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equal portions and utilizing the measurements which happen to fall
within the projection of each to provide a mean value for each equal
portion. This approach would assure that a large number of data'points
were averaged over segments near the sub-earth point while fewer
would determine the mean near the limb. This approach need not pro-
vide a realistic representation of motions towards the limb since the
distribution of data points results in over-sampling the portions near
the center of the disk while those portions near the limb are sparsely
sampled or occasionally sampled not at all.

To be more specific, Table 1 contains, for the data distribution
used in this study, the number of measurements per unit surface area
as a function of central distance. The unit surface area was defined by
dividing the solar hemisphere into ten annular rings concentric about the
sub-earth point (numbered one to ten from the smallest) such that the
area of each annulus was equal to its number times the area of the in-
terior circle (the unit surface area). The projection of these segments
onto the solar disk results in concentric circles with radii as indicated.
The total number of data points within each annulus also appears. An
examination of Table 1 makes obvious the fact that this approach over-
samples portions near the center of the disk while near the limb the
sampling rate decliﬁes drastically.

An attempt to temper the goal of equal area representation with

the production of homogeneous means utilized an approach similar to the
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Table 1. Sample distribution of data points within annular rings repre-

senting multiples of equal surface area.

¥

Ring No. Ring Radius as Projected No. Points/Unit
on Disk Surface Area
1 0.17 610
2 0. 34 871
3 0.45 ‘ 529
4 0. 57 498
5 0.70 ] 447
6 0.79 245
7 . 0.88 172
8 0. 94 o7
9 : 0.99 8

10 1.00 0
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Table 2. Sample Distribution of Data Points Within Annular Rings

Representing Multiples of Equal Disk Area.

Ring Radius on No. Points/Unit Area of Solar Sur- No. Points/0, 01

No. Disk Disk Area face Per Unit Part Surface
Disk Area Area
1 0.134 . 380 0.0090 422
2 0.234 383 0.0095 403
3 0. 330 354 0.0098 361
4 0.424 - 329 0.0100 329
5 0.523 318 0.0108 294
6 0.618 271 0.0111 244
7 0.717 243 0.0127 191
8 0.809 183 0.0135 135
9 0.904 129 0.0180 71

10 1.000 30 0.0430 7
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previous one, namely dividing the solar disk into equal area segments.
As ’i‘able 2 indicates the number of points per unit surface area declines
more slowly as the limb is approached.

An additional attempt was made to lessen the decrease in the
number of data points\qer: unit surface by setting the widths of the annular

rings equal. Comparable data for this configuration appear in Table 3.

The term equivalent sector will be used to denote the basic subdivision

of each annular ring, i.e., 1, 2, . . . 10. Unit area is no longer
appropriate since the sectors are no 170<nger of uniform size with respect
to either the surface or disk. The fraction of the solar surface repre-
sented by each (equivalent) sector varies by a slightly larger amount
than in the arrangement represented by Table 2. However, the number
of data points per unit surface area decreases at a slightly slower rate
in the vicinity of the middle rings. |

The last method (see Figure 2) was adopted to preliminarily divide
the data into sectors which when further subdivided into a given number
of equal parts would produce homogeneous mean values. The remaining
question to be explored concerns the further subdivision of these equiva-
lent sectors to adequately remove the convective motions while attempt-
ing to retain any structure which may exist in the flow.

While performing the foregoing analysis, it was discovered that a
systematic center to limb variation existed within the line-of-sight data.

Figure 3 depicts the difference between adjacent annuli of the mean value
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Table 3. Sample Distribution of Data Points Within Annular Rings of

Equal Width.

Ring Radius on No. Points/Equiv- Surface Area/Equiv- No. Points/0.01

No. Disk alent Sector alent Sector Part Surface
Area
1 0.1 202 0.0050 404
2 0.2 323 0.0075 i 430
3 0.3 335 0.0087 385
4 0.4 332 0.0093 357
5 0.5 311 0.010 311
6 0.6 283 0.011 255
7 0.7 247 0.012 206
8 0.8 202 | 0.014 144
9 0.9 139 0.018 (i

10 1.0 33 0.044 8
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Figure 2. Distribution of equivalent sectors over the solar disk.
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for the entire period of all points within the ten concentric circles. The
pronounced increase in the mean line-of-sight velocity limbwards of 0.8
central distance indicates that on the average the limb is receding with
respect to the remainder of the disk, clearly not a physical occurrence.
There are similar txglds near the center of the disk on certain days,
most notably on 01, 09, and 14 July. However, since the center of the
disk represents a continuous area, it is possible that there is some
coherent motion in this area which results in a different value for this
annulus average. This is almost cerféiﬁly the case on 01 and 09 July
when sunspots occur near the sub-earth point. (Howard observes pre-
dominantly downward motion over active regions.) However, in the case
of the outer rings there is such a wide range of latitudes and longitudes

, represented that it is difficult to imagine a dynamic cause for a systema-
tic recession of the outermost rings.

It is suggested that the limb reddening discussed previously con-
tributes to this relative motion. The study by Hart may lead to a more
precise accounting for this phenomenon which could reduce this systema-
tic effect. Future improvements notwithstanding, it was decided to
utilize only that portion of the data out to a central distance of 0.8. The
data in these rings were normalized by subtracting the annulus average.

Having reached a decision on how best to represent the solar. sur-

face with the data at hand, it remains to determine how finely to divide

eachequivalent sector to eliminate unwanted effects. Since there isnoway
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a priori to decide when all the effects of convection and other random
noise have been removed, establishing the size of this optimum area
depends as much on the appearance of the final product as on the physical

’ .
dimensions of the most prevalent convective mode. The preliminary
streamfunction calculations necessary to resolve this question were
accompanied by their own peculiar set of problems which required solu-
tion before any final judgments were possible.

3. 3. Mechanics of the Analysis

According to Equation (5), the difference in the streamfunctions
between any two points along the path of integration is the integral of the
line-of-sight velocity along the path length connecting the points in ques-
tion. In order-to apply this result to the present study the corresponding
finite-difference approximation to Equation (5) |

Viu = Vi + Uegy 25 (14)
is used. The variables Y(i.u) and Y are the streamfunctions at
successive points {+| and ( separated a distance A$ measured along
the arc over which a mean line-of-sight velocity \7,. is observed.

There is no stipulation contained within (5) which restricts the man-
ner in which AS$ is defined. The result should hold whether AS is large
or small and ought not depend on a regular spacing providing the mean
value for V, is a faithful representation of the actual distribution of Vj
along ds . In the case under consideration, the foregoing analysis deal-

ing with the most appropriate data averaging technique provides mean values
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.at regular intervals aroundeach circle, the final spacing dependent on the
number of subdivisions of the equivalent sector. Future results may suggest
an advantage tobe gained by nonuniform spacing between mean data pointsbut
none is apparent now and the present study will not consider such a case.

As mentioned, all streamfunctions are determined to an additive
constant and the success of the procedure in producing a continuous field
of values lies in being able to relate all streamfunctions to one common
(but still unknown) constant. The absolute values are not necessary since
the velocities are proportional to the streamfunction gradient.

As Gilman (1971) points out, one procedure which yields a continu-
ous field of values (referred to in what follows as ''closing' the technique)
is the specification of the streamfunction along a curve which cuts all the
integration paths. This immediately establishes a common reference for
all paths, resolving the problem directly. Specifically, Gilman's sugges-
tion that .% be set to zero along the equator (consistent with no flow
across the equator) was adopted as a first try at closing the analysis tech-
nique. This specification was used by Fischer when testing the technique
on terrestrial data. While his ultimate result comparedfavorably with the
flow pattern analyzed directly, some adjustment was required to insure
that ¥ vanished identically when a semi-circular integrationpath (simi-
lar to that between points A and B in Figure 4) was traversed. The
source of the residual was not readily apparent; possible contributions

included inadequate representation of data due to a coarse grid, the small
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cross-equator flow present in the sample and the divergence and vertical
motions associated with convection. Since these processes have the
potential for even greater impact on the outcome of the solar analysis,

it was not entirely unextpected when the identical procedure proved to be
inadequate in the trial run which follows.

A trial analysis was performed using the solar data with the equiva-
lent sector divided arbitrarily into eight subdivisions. Since the stream-
functions were to be calculated beginning on the equator, the subdivisions
were chosen to assur;e that no resulting data would lie directly on the
equator. The calculations were performed beginning at the equator in the
eastern (left) hemisphere and proceeded ina clockwise direction. Both
choices, i.e., point of origin-and direction, were arbitrary and as later
comparison will show, other choices produced similar results.

A typical result of this analysis is contained in Table 4 which lists
the values of the streamfunctions for the equator in the western and east-
ern hemispheres respectively as well as the m;aximum value of W cal-
culated along each path. Recall that the calculation began in the eastern
hemisphere with an assumed value of VYo =0, then proceeded in a
clockwise direction. If the assumption that Y5 = 0 along the equator
were essentially correct, the values tabulated in Table 4 should be in the
vicinity of zero. Even allowing for imperfections in both technique and
data, this is clearly not the case. It is immediately apparent that there

is a discontinuity in the flow pattern at the equator resulting ffom the
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Table 4. Values of the streamfunctions at the western and eastern
hemisphere equators which result after completing half an

integration path assuming ¥, = 0 on the equator.

r West East |Max V|
0.05 103.2 -89.2 103. 2
0.15 83.6 -87.2 817.2
0.25 8.4 -5.9 100.0
0.35 16.3 -21.8 164.9
0.45 21. 3 -19.8 . 195,2
0.55 27. 3 -32,0 217.7
0.65 50. 2 -50. 8 243.0

0.75 44.1 -42.8 236.7
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assumed constancy of the streamfunction there (see Figure 5). The
pattern in low latitudes for both hemispheres strongly suggests that flow
occurs across the equator on the sun. Questions regarding the reality of
such flows, or more generally of the entire pattern, will be s:at aside

until a more realistic appearing result is obtained.

- The qualitative assessment of these initial results suggest the form
of the next attempt, but more positive justification can be found in an
examination of the calculations performed along each integration path.
Note that the sums of the streamfunctions at the equator in the western
and eastern hemispheres contained in Table 4 are relatively close to zero
suggesting that mass continuity would be maintained along the horizontal
surface when the net flow across closed circular paths is considered.

As was the case when testing the technique using terrestrial déta,
the value obtained at the completion of the integration is not precisely
equal to that assumed at the start. Comparison of each residual (the sum
of ¥ on the equator in both hemispheres) with the maximum value encoun-
tered along each path gives an indication of their relative magnitude. With
the sole exception of the innermost circle, the residuals represent less
than 5 percent of the maximum value. The larger value associated with
the innermost circle may be due to the presence of an active region in the
vicinity of the sub-earth point on this particular day. A positive residual,

if real, would indicate a net outflow of mass across the circle. This may

very well be the case when an active region is enclosed since Howard (1971)
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Figure 5. Sample flow pattern which results when VY, is

assumed to be zero along the equator.
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observes a downward motion at this level in the vicinity of active regions.
If such motions represent material descending from above, a net flow
across a closed path could occur.

To avoid the discontinuities which these residuals would introduce
into the flow patterns, the line-of-sight velocities were adjusted to elimi-
nate net flows across the closed paths. This adjustment consisted of
subtracting Vf from each mean line-of-sight velocity around the
respective circle, where Vl* the mean correction is defined as

. A

Vfr- 'ﬁ"z‘; (Vy.)n 1 (15)
Generally, such corrections were quite minor, ~ 5m - sec , although
for the innermost circle in the example given Vfw 30 m - sec *. With-
out exception the highest corrections occurred on the innermost circles
where the component of horizontal velocities in the line-of-sight is small.
Thus, the chance for contamination by spurious effects and net vertical
motions is greatest.

Relaxation of the constraint prohibiting flow across the equator,
while allowing calculation of continuous streamfunctions for each circle
independently, leaves behind a more serious problem. There is no longer
any a priori justification to specify the position of a streamline within the
flow and, as a result, no direct relationship exists among the streamfunc-
tions on each characteristic circle. It is mathematically correct to pro-
ceed as before, i.e., assuming "ﬁ = 0 on the (eastern) equator, but the

resulting flow field would contain a barrier across which no flow may
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occur. Clearly, there is no physical justification for this result, requir-
ing that an alternative approach be sought to close the technique.
A solution to this problem can be found within the original definition
of the streamfunction. In heliographic coordinates the components of ve-
locity in the meridional ( @ ) and zonal ( A )directions are given in

terms of the streamfunction, Y , by

Y LY
Va=—35"; Ve= Tose 3 (16)

If the heliographic coordinates are transformed into a new system,
ol and § , where O is the azimuth angle about the sub-earth point
and § is the central angle, the velocity components in the & and 9

directions can be obtained (see Appendix A):

2 3Y __ oY
Ve =1 5 ; V« =~ 33 (17)

Since ds=rd® and Vo= ¢ Vg , the relationship defining
is the differential form of Equation (5) from which the streamfunctions
were originally defined. It follows then if Vx could be determined along
paths of constant X , the variation of ¥V with § would be specified
and a continuous field of ¥ for the entire disk produced. Unfortunately,
Vx is everywhere perpendicular to the line-of-sight and is undetectable

making a point by point determination of B‘P’/a? impossible.
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However, it is possible to arrive at a closure method (albeit a less
restrictive one) by considering the ensemble of streamfunctions along
each path.
If radial differences in streamfunctions are representative of the
velocities in the azimuthal direction on a point by point basis, the sum of
these differences ar;;d\adjacent circular paths must be proportional to

the net velocity within the annulus. The sum of these tangential velocity

components represents the circulation C in the annulus

C = g Vx () dS (18)
S
If the tangential velocities are uniformly distributed along ds , then

C=V«Sd$ = 2 r Vg
S

(19)
for the situation under consideration.

A mean tangential velocity for each annulus can be defined such that

* |
\/o( = _‘\Tg (Vd)N (20)

The circulation around the annulus then becomes

C:Z’l‘f!“\/:

(21)
and by virtue of the definition of V.,L and its average
* *
3¢ 3¢ . (22)

Recalling that the annular rings are all defined with respect to the
sub-earth point and that the location of this point is determined by the

sun-earth geometry and always lies within j’?o of heliographic latitude of
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the solar equator, the assumption is made that no net circulation exists
about the sub-earth point. In light of the high zonality of the flow within
the solar atmsophere, this assumption would appear to be a valid one. It
would be difficult to imagine flow patterns existing which would produce
an appx:eciable circulation in the outermost annuli which include the higher
latitudes of both hemis;t;eres as well as widely separated segments in the
equatorial regions. It would not be difficult on the other hand to have
real circulations completély enclosed by the smallest circular paths.

From the assumption that no nef /circulations exist in the annuli it
follows that the mean values of the streamfunctions for each path of inte-
gration be equal. It should be recognized that while this assumption
might be completely valid for flow in the solar ‘photosphere, establishing
such a relationship among the various mean values of the streamfunctions
will result in an azimuthal smoothing of the resulting patterns.

The foregoing anaiysis is strictly correct only when the sub-earth
point lies directly on the solar equator ( Bo = 0°%. For other positions,
a small, but real, circulation will be present in the annular rings. This
circulation is due to the component (¢ Sin By ) of the solar rotation
axis which is enclosed by the annular rings. Since all velocities have
been defined relative to the solid body rotation at -_F20° latitude (based on
Howard's long term mean profile), this ciréulation must be defined like-

wise. A more exact determination would result if the daily profile was

used since appreciable excursions from the mean have been observed.
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However, since B, is limited to values between -—‘-70, the overall differ-
ences are small and it was deemed adequate for the present purpose 1;0
base this correction on the mean differential rotation profile.. The mean
velocity component around each annulus was calculated and the corres-
ponding difference in the average streamfunctions determined for the
range of B, (see Appendix B). The results appear in Table 5. Since the
tangential velocity between any two points is otherwise determined by a
constraint on the average velocity around each annulus, no attempt was
made to reproduce the actual tangential velocity distribution due to this
effect even though it was known. Denoting the difference between the mean
streamfunction on a given circle and the mean chosen as the reference as
A"lr* , individual streamfunctions were adjusted in the following

manner: ' *
1Il;mm = Teme * AY (23)

This closure procédure ought not to be dependent on the integration
path used as the reference. Only the numerical value of the streamfunction
at a given point will depend on the reference. However, since only gradi-
ents of the streafnfunction are involved, the results should be comparable.
Verification of this contention was made by comparing the patterns pro-
duced using as references the innermost ( ¥ = 0.05) and outermost
( r =0.75) circies respectively. These results appear in Figure 6.

A first glance gives the impression that the result based on the outermost

circle contains more intense gradients. Such is not really the case; the
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*
Table 5. Change in the value of VY on successive integration paths
corresponding to the mean net circulation observed in each -
annulus when Bg # 0. The values of AV are negative

(positive) for positive (negative) values of B, .

Interior Ring Number

B, 1 2 3 4 5 6 7 8 9
7 0.3 0.6 1.0 1.4 1.9 2.3 2.6 2.7 2.2
6 0.3 0.6 0.9 1.2 1.6 2.0 2.3 2.4 1.9
5 0.2 0.5 0.7 1.0 1.3 1.6 1.9 2.0 1.6
4 0.2 0.4 0.6 0.8 1.1 1.3 1,5 1.6 1.3
3 0.1 0.3 0.4 0.6 0.8 1,0 1,1 1.2 1.0
2 0.1 0.2 0.3 0.4 05 07 0.8 0.8 0.7
1 0.0 01 01 0.2 0.3 0.3 0.4 0.4 0.3
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apparent discrepancy is due to the selection of non-uniform intervals
between isopleths which increase as the absolute magnitude of the stream-
function increases. Thus, a pattern which contains streamfunction valqes
more uniformly distributed around zero will have more isopk;ths drawn
than one with a more asymmetrical distribution., In the case illﬁstrated,
the result based on the innermost circle produced streamfunctions rang-
ing in value from -80 to 280 while the outermost circle produced a range
from -180 to 180. This disparate effect is most pronounced in the vicinity
of the maximum located near the sub-earth point. It was decided to refer-
ence the streamfunctions to the innermost integration path.

The effect of starting the integration at the equator in the eastern
hemisphere was also considered. Here again it seemed unlikely that any
differences should result once the mean data were obtained since thé
streamfunctions would be dependent on the same paths and data regardless
of the point of origin for the calculations. This assumption was tested by
comparing the patterns in Athe ir present form with their c¢ounterparts ob-
tained by beginning at the equator in the we s-tern hemisphere and integrat-
ing in a counter-clockwise direction. The results (Figure 7) are nearly
identical with the minor differences attributable as before to differences
in streamfunction magnitude and isopleth intervals.

This techniqué has now evolved to the point where only the size of

the averaging area need be specified before a series of daily flow patterns

can be produced. As has been already stated, convection is a fundamental
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process in the solar atmosphere and the entire procedure outlined thus far
is highly dependent on the assumption that in the layer being sampled mo-
tions are primarily two-dimensional and nondivergent. It has been dem-
onstrated that this layer lies above the main convective zone z;lthough its
lowest depths are probably influenced by the underlying convection. Since
the photosphere is generally assumed to be a free surface across which no
material flows on the average, contributions to the line-of-sight velocity
data due to vertical motions can be minimized if the data are averaged
over an area larger than the basic convective scale size.

Observations have established that convection in the solar atmosphere
occurs on two characteristic scales, the granulation 103 km in diameter
and the supergranulation two orders of magnitude larger. The vertical mo-
tions associated with the granulation are generally an order of magﬂitude
greater than those within the supergranulation, the former probably results
from instabilities within a shallow layer at the top of the convective layer
while the supergranulation may extend to depths approaching 10-15 per cent
of the solar radius.

If the contribution from these vertical motions are to be effectively
removed from the line-of-sight velocity data, the averaging must range
over an area sufficiently large to include a few supergranules. Satisfying
this condition will assure adequate representation of the smaller scale

granulations as well as reducing the contributions from the vertical motions

associated with this convective scale.
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Based on the statistics describing the supergramilation (Simon and
Leighton, 1964) a typical diameter is 3 x 105 km and approximately 2500
cells are present on the visible hemisphere at a given time. The mean

, .
lifetime is on the order of 20 hours suggesting that ~ 90 percent of the
total are present in whole or in part for the period of time (1 1/2 hours)
required to complete the measurements for the entire disk.

Table 3 lists the fraction of the surface area which each primary
equivalent sector represents. On the average each equivalent sector
represents one percent of the surface area. If there are 2500 supergran-
ules on the visible hemisphere at a given time, each equivalent sector
includes roughly 25 supergranules. At a maximum the equivalent sector
was divided into twelfths ( N = 12) to include data from an area generally
equivalent to two supergranules. For comparison, the analysis waé per-
formed on mean data based on quarters ( N = 4) and eighths (N = 8) of the
equivalent sector to judge the overall effects of differing resolutions as
well as the tendency to average data over areas approaching the size of
a single supergranule; a situation which occurs near the disk center in
the N = 12 case.

Figure 8 depicts the results of the varying resolution which upon in-
spection contains very few real differences. The jaggedness in the iso-
pleths for the N = 4 case is due to the linear interpolation technique which

the contouring program employed. As the number of data points increased,

the contours become smoother. From the standpoint of the flow, however,
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Figure 8. Comparison of the flow patterns obtained from equivalent
sectors divided into 4, 8 and 12 equal parts prior to

averaging.
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the grosser the averaging the smoother the resultant flow pattern, the
expected result. The differences in pattern smoothness are rather subtle
over the range of averaging areas represented and are most readily éppar—
ent when comparing the trough-like feature near the center inithe two
extreme cases. The flow tends to have a smaller meridional component
in the N =4 case and the local range in values of ¥ is likewise smaller.
A judgment as to whether this slight difference is due entirely to the size
of the averaging area, the tendency to resolve single supergranules
towards the disk center or a combination of both, must be deferred until
more experience in interpreting the results is accumulated. Nonetheless,
since there were no appreciable differences amongthe three resolutions
investigated, the first ( N = 12) was chosen for use since it had the poten-
tial to retain the greatest detail. |

Based on the foregoing series of experiments, the technique was
judged to be in a form which would produce the most favorable results.
These results, their validation and implications occupy the remainder of

this work.
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4. How Well Does the Technique Work ?

Up to this point in the technique development, the main considera-
tion has been the production of flow patterns which are physically realis-
tic, i.e., contain no discontinuities, artificial barriers, etc., while
simultaneously attempting to insure that the final version was independent
of the technique. Judging each daily result individually, it appears that
flow patterns which conceivably could serve as realistic characterizations
of the flow in the solar atmosphere have been produced. However, as was
pointed out in the intr:oduction, the sun exhibits a degree of continuity when
other solar phenomena are observed, and a similar continuity should be
expected when considering the flow field as well. Perhaps the combined
natures of the observationé and technique will allow at present only a topo-
logical representation of the flow actually existing at this level in the solar
photosphere. Nonetheless, some verification must be accomplished be-
fore the technique can be considered valid to any extent.

4.1. A Qualitative Assessment

Flow patterns inferred from the Doppler measurements made during
the period 30 June - 14 July 1972 inclusive (07 July missing) appear in Fig-
ure 9. Since extra time and effort are required onthe part of Mt. Wilson
Observatory personnel to provide the data in a form amenable to the pres-
ent use, this two week data represents the entire sample acquired. It is
readily apparent that the potential knowledge to be gained from the analysis

described here will be realized only after large amounts of data representing
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Figure 9. (continued)



-87-

N

i

.E-Euv,

Y10

08 July

N
ﬁ% i

3

A,

.4&.\\&

A@
L

S—Frd

%ﬁﬂm

11 July

Figure 9. (continued)

10 July

b N
s

ngmw. ]

\




-68-

Figure 9. (continued)
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various phases of the solar cycle have been similarly processed. Since,
however, the current effort is directed pﬁmarily at developing the analy-
sis technique, it was decided to require that some degree of success be
demonstrated using a modest amount of data prior to requesting a more
extensive sample.

The patterns in Figure 9 are presented for consideration as the ini-
tial representation of the flow field occurring in the solar photosphere
during the time of observation. The sub-earth point is located at the cen-
ter and the rim of thé circle represents a central distance equal to 0. 75,
the locus of sector centers of gravity in the largest annulus used. In terms
of heliographic coordinates, coverage is generally complete between -'_400
latitude and -F400 central meridian distance and extends to portions of lati-
tudes and central meridian distances near -—*-500. The asymmetric extent
in latitude reflects the non-zero value for the latitude of the sub-earth
point ( Bo ) which ranged from 2. 90° to 4, 35° during the period. Finally,
recall that the flow has been defined with respect to an underlying solid
body rotation (left to right) equivalent to the long-term mean Doppler deter-
mined rate at ’-l-200 latitude, and there is only a relative relationship among
the streamfunctions and their gradients for any combination of days.

Most obvious when examining the patterns for this period is the
meandering nature of the flow. There is little tendency for strict zonality
although it is readily apparent that a larger zonal than meridional compo-

nent does exist, the pattern for 03 July(about which more will be said
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momentarily) excepted. It is interesting to note that these deviations
from zonality are not randomly oriented in space, but appear to be or-
ganized on a large scale producing patterns which bear a resemblance to
flow structure observed to occur in the earth's atmosphere. Specifically,
there appear to be closed circulation centers poleward of f400 latitude
which persist and exhibﬁilvt a general left to right motion across the disk.
The day to day progression of these features, if stationary with respect
to the underlying solid body rotation, is not in strict accord with that
rotation rate (~ 14° CMD - day-l). ﬁowever, if the period from 04 - 14
July is taken as an example of the interval for the semi-closed circulation
centers in both hemispheres to move across the portion of the disk pic-
tured, a rough correspondence does exist. The discrepancy is most
likely smaller than these results indicate since the combined effects of
geometrical foreshortening and data averaging tend to displace the posi-
tion of these features towards the central meridian giving the appearance
of a slower movement than might actually exist. Furthermore, if these
features were subject to Rossby-wave dynamics, their motion would be
retrograde with respect to the underlying solid body rotation at approxi-
mately 1° per day based on wave number 4 or 5 as suggested by some of
the patterns (e.g., 06 July).

The pattern for 03 July differs markealy from the others and appears

to be the result of a misorientation. If it were rotated 90o clockwise, a

fair degree of continuity would result for the three day period 02 - 04 July
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including the position and rotational motion of the closed feature in the
(then) western half of the northern hemisphere. Unfortunately, there was
no justification for such an adjustment -- a check with Mt. Wiilson person-
nel was unable to confirm or deny any misorientation. Regardless, the
pattern on this day was not considered in the investigations which follow.

On two occasions, 01-02 July and 08-09 July, small-scale waves ap-
pear in the vicinity of the sub-earth point. These features are located in
close proximity to sunspots which may actually distort the large-scale
flow. However, there may also be a spurious contribution to this distor-
tion from the general downward motion observed to occur in the vicinity
of active regions. Such motions, if organized on a larger scale than that
considered when spatially averaging the data, would introduce an ad’ditional
spurious component into the horizontal streamfunctions. This component
would be most intense near the sub-earth point where the chance for con-
tamination is greatest since smaller surface areas are represented by each
mean data point and real horizontal motions contribute small components
to the line-of-sight velocities. The distortion in the flow pattern near the
center on 13 July is not associated with an active region and is most likely
due to a defect in the data and/or analysis.

The measurements for two days 06 and 12 July indicate that the en-
tire portion of the disk represented has a mean rotation slower than the
reference rate. The patterns on these days contain relative easterlies

rather than the westerlies which exist in the mean and on most other days.



-792-
Such variations, if real, would appear to require sizeable transports of
angular momentum out of low latitudes immediately preceding such an ob-
servation. This question will be explored more fully when discussing the
implications of these results on the overall generalcirculation energetics.

Qualitatively, the results of this analysis show some tendencies
toward reproducing flow patterns which bear similarities to analogous
flows observed to occur in other rotating regimes. It might be tempting
at this point to conclude that since the patterns were derived from solar
observations and resemble flows seen in other rotating fluid regimes,
these flow patterns must be representative of the actual large-scale flow
in the solar photosphere. However, before any conclusion is reached,
comparisons with other solar observations will be considered.

4.2, A Quantitative Judgment

Heretofore, the results of the various experiments have been judged
primarily subjectively, attempting to reduce the effects of the small-
scale vertical motions while maintaining in the final product as much struc-
ture as possible. Ideally, such choices should be based on a comparison
of like quantities, one derived from the analysis being considered, the
other obtained by a well established procedure. This path was available
to Fischer when testing a similar streamfunction determination procedure
on terrestrial data. Not only were the direct measurements available
to produce flow patterns for comparison, but the assumptions upon which

the technique is based are generally appropriate. ‘Neither comparably
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reliable alternative velocity measurements nor forehand assurance con-
cerning the validity of the assumptions are available in the solar case.

However, while there are no independently obtained measurements
of instantaneous velocities within the layer being sampled, there are daily
observations of features at levels in the atmosphere which are close by in
the vertical. If, as haé been asserted in the introduction, there is a link
between the dynamics of this layer and the overall general circulation en-
ergetics, there ought to be some correspondence of the large-scale flow
in layers which are in close proximity, With this in mind, observations
of other solar features were examined to deter mine how best to deduce the
instantaneous spatial distribution of motions in the solar photosphere.

A question arises concerning the rationale behind the overall ap-
proach to the validation of the technique. If a quantitative assessment is
possible now, why not introduce it at an earlier sStage in the technique
development and select the procedure which results in the best overall
agreement suitably defined? Without a doubt, this approach is a more
desirable one. However, it requires dividing the data sample available
into two portions, one for the initial development and one to serve as an
independent test. A sufficient amount of data is not presently available to
use this approach. Additionally, the independent velocity measurements
are derived from the day to day positions of features which do not reside

at the same level represented by the Doppler velocity measurements.

It does not seem desirable to judge the best representation of the
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flow at one level solely on measurements applicable to another level.
Finally, the nature of the features from which independent velocities will
be derived is such that they tend to occur as part of active regions. As
has been mentioned, the technique for producing horizontal flow patterns
may not perform well in just these areas. If the final version of the tech-
nique was to be based on maximum agreement with the motions of these
features, the overall results would be biased towards the portion of the
flow field for which the analysis procedure is least applicable. Therefore,
while the approach utilized to produce the final version of the flow patterns
may not be optimum, it is free from these disadvantages. If it can be dem-
onstrated that the patterns in their present form agree to some extent with
other measurements with these shortcomings, might not’it be likely that
the patterns in other areas free from these disruptive features reproduce
the actual flow even more faithfully? No doqbt the experience gained from
future more exhaustive comparisons with patterns ol;tained over a longer
period than available here should result in a still better product.

A consideration of all solar observations which provide daily loca-
tions of distinct features and are made on a regular basis identified two
potential candidates, calcium plages and sunspots, as independent mea-
surers of velocities in the solar atmosphere. Neither is located wholly
within the layer sampled by the Doppler line-of-sight measurements, the
calcium plages residing in the less dense lower chromosphere ( T~ 0.004)

while the sunspots are lower in the photosphere at the top of the convection .
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zone ( T~ 1). Both features have been used in the past to determine the
mean rotation rate of their respective layers neither of which agrees with
the Doppler derived rate or with each other. If the long term means do
not agree, one can only wonder about daily differences. For ’various
reasons plages are inadequate sources from which to estimate instantane-
ous velocity fields and will not be considered for this purpose.

Sunspots are well defined features occurring in the solar photo-
sphere which have been carefully observed and their positions measured
for nearly a century by the Royal Greenwich Observatory. Their positions
are obtained from white light photographs of the solar disk and are deter-
mined to the nearest tenth of a degree. The center of gravity of a sunspot
group can be located fairly precisely since sunspots have a fairly well
defined boundary, are of smaller size and generally more regular iﬁ
shape. The Greenwich sunspot observing procedure is part of a carefully
controlled program and has produced a long series of homogeneous data
and provides the most reliable source from which local velocity fields can
be independently estimated.

The degree to which the velocities estimated from daily sunspot
proper motions will agree with comparable velocities inferred from the
Doppler measurements will depend as much on the performance of the
sunspots as accurate tracers of the flow as it will on the validity of the

patterns produced by the technique under test. Ward's studies previously

mentioned which used sunspot motions to determine the mean rotation
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rate have already shown that spot groups of different size and configura-
tions yield different mean rotation rates. This suggests that not all spot
groups trace the flow field equally well; at certain stages in their devel-
opment their motion is dependent on other factors besides the bulk motion
of the fluid in which they are imbedded. Magnetic field development or a
dynamic interaction. with their enviroment are just two examples of other
factors which may influence the degree to which the spot group - serves

as an accurate tracer.

Nor is this the .only shortcoming which is encountered when attempt-
ing to estimate local velocity fields in the solar photosphere from daily
sunspot displacements. In order to get a representative sample of veloci-
ties, the tracers should be randomly positioned with respect to the flow.
The deficiencies of spot groups when considering this requirement are
twofold, not only are the spots generally limited to the portion of the
solar surface between f300 latitude, but they are located in a portion of
the flow field which is different by virtue of the presence of the spot itself.
Recall that there is already some indication that patterns inferred from
the Doppler line-of-sight measurements may be of lesser quality in the
vicinity of active regions.

Two potential contributions to the daily proper motions of sunspot
groups exist which are not due to the motions of the surrounding fluid.

One is the shift (in longitude primarily) of the center of gravity due to the

geometrical foreshortening when the group approaches the limb. The
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foreshortening tends to introduce a bias in the position in favor of the
center of the disk. The other contribution is related to the average
development of a sunspot group. Typically, the leader spot forms first
and the center of gravity is defined accordingly. As the group evolves,
the follower spot fogrgg pehind (on the east limb side) of the leader caus-
ing an eastward shift in the center of gravity of the group which is com-
pletely unrelated to any motions within the surrounding fluid. As the spot
group evolves, further development and accompanying shifts in the center
of gravity generally occur preferentiéilsr along a line connecting the leader
and follower spots. The entire process is reversed during the decay of
the group, the center of gravity progressively moves closer towards the
leader spot, the last to disappear. These two motion independent contri-
butions to daily proper motions of sunspot groups result primarily in
spurious east-west motions. All things considered, the latitude of a
sunspot group is mor: jeliably determined than the longitude.

A more serious discrepancy may exist when attmepting to use local
fluid velocities derived from sunspot motions as a means to judge the val-
idity of the flow patterns inferred from Doppler data. A recent study by
Starr, Hendl and Ward (1974) shows that the covariance between the merid-
ional and zonal components of sunspot proper motions when only fast mov-
ing spot groups are considered increases markedly over that obtained for
the total spot population. The effect is observed for all sizes of sunspots

but is most pronounced for the smallest category. Previous studies by
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Ward (1964, 1965a) have been conducted using all but this subpopulation
of sunspots with large motions which he attributed to errors in identifica-
tion and measurement. Ward concluded that the sample he used ought to
represent on the average any fluid motions organized on a laxjge scale and
his results tended to support such an assertion.

However, the more recent study by Starr, Hendl and Ward provides
a more complete understanding of the reaction of sunspots to other scales
of motion which exist in the surrounding fluid. Starr (1974) interprets the
increased covariances obtained for the fastest moving spots inthe follow-
ing way. The increase in covariance for the fastest moving spots cannot
be due to random errors since these would not be positively correlated.
The magnitude of the increase (double in some cases) must be due to the
existence of higher velocities than are attributgd to the large-scale 4flow.
Starr suggests that these fastest moving spots are responding more to the
flow associated with the smaller scale convection. To support this con-
tention he notes that the increase in covariance is greatest for the sun-
spots with areas 4 30 millionths of the visible hemisphere and i;cs only
slightly increased for the larger ones which at times approach the size of
a typical supergranule. If this view is correct, observed sunspot motions
are then the result of a variable response on the part of the sunspot to the
motions associated‘with convection on one scale (supergranulation?) both

of which are imbedded in and responding to flow organized on still a

larger scale. Accordingly, smaller rapidly moving spots are most
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affected by the convection while large slowly moving ones are more
faithful tracers of the large-scale motions.

Clearly, such a situation poses a dilemma when attempting to vali-
date flow patterns which are tailored to represent the flow on a large
scale. The deficiencies inherent in sunspots as tracers of the ambient
fluid are many and there is no way to estimate their overall reliability
let alone even considering how to selectively choose the best of the lot.
However, faced with the reality that no better source of solar data suit-
able for this purpose'exists, a comparison of the velocities derived from
daily proper motions of sunspot groups and those obtained from the flow
patterns inferred from Doppler measurements will be made, keeping
foremost in mind the deficiencies which exist in both.

4,2.1, Estimating Ambient Velocity Fields From
Sunspot Motions

As mentioned above, it is not possible to correct for the deficiencies
which undoubtedly exist when using sunspots as tracers of the surrounding
flow field. It will be assumed, therefore, that the daily proper motion
represented by the difference in sunspot group position on successive
days is due solely to the large-scale motions of the fluid in which the
group is imbedded. Under these conditions, the difference in sunspot
group position on two occasions as determined by Royal Greenwich
Observatory reflects the average fluid motions in the spot's vicinity in

the interval between the observations. /
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Since the latitude of the center of gravity can be determined more
precisely than the longitude for reasons already given, one source of un-
certainty can be minimized if only the meridional components of the veloc-
ities are compared. This component is computed directly from the sun-
spot records by noting the’change in the latitude of the group center of
gravity from day to'day. Daily changes on occasion exceed 2 degrees of
heliographic latitude per day (1 degree - day- 1’,8, 100 m - sec-l).

Sunspot observations for the period corresponding to the flow pat-
terns were obtained from Royal Greenwich Observatory. The day to day
change in the latitude of each spot group located within 0. 75 central dis-
tance was calculated and then used to represent the velocity in the vicinity
of the sunspot on the earlier day. For example, if a sunspot group was
located at 150N on 30 June and 15, 2°N on 01 July a velocity equivalent to
-0. 2° latitude per day (roughly 20 m - sec-l) was assumed to be the
meridional velocity component at the location of the sunspot at the time of
the Doppler measurements on 30 June. The potential for error when using
this mean velocity to approximate the instantaneous velocity is obvious.
The negative (positive) sign which appears in the example indicates pole-
ward (equatorward) motion; this sign convention is common to both hemi-

spheres. The series of sunspot group observations used to perform the

velocity estimates appears in Appendix C.
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4,2.2., Estimating Velocity Fields from Streamfunction
Patterns

In order to complete the comparison of the velocities d(’arived from
the two techniques, a method was developed to obtain comparable veloc-
ities from the streamfunction patterns. Recalling that the Doppler line-of-
sight velocities are relative, the direct application of Equation (2) would
result in horizontal velocity components which are relative as well. A
means to equate the relative velocities calculated from the daily stream-
function patterns to actual velocities with respect to tke underlying solid
body rotation rate was necessary.

As best as could be determined, there was only one potentially suc-
cessful approach to this problem -- the daily quantity determined from the
greatest amount of data, the mean rotation rate, had to be used. The
mean zonal velocity component relative to that at A-'_ZOO latitude calculated
from this rotation rate represents a constraint on all the individual values
along each latitude on that day. Equation (2) can be applied to normalize
on a daily basis the mean meridional streamfunction gradient for each
latitude to its respective value of mean (relative) zonal velocity. The
procedure is as follows; the mean (relative) zonal velocity V)\ is calcu-~
lated for each latitude from the daily mean rotation rate. Equation (2) in

the form

Y
K\/}] - - 3'9—1@ (24)
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determines the corresponding mean value of the meridional streamfunc-
tion gradient Eav/be] e The mean value of [aw/bg] R in relative

units of V is obtained from each daily pattern and the normalization
factor F computed:

F - BFle/oan,

This normalization is then assumed to be constant along the respec-

(25)

tive latitude and each value of 2V/@ existing at the individual grid points
is adjusted accordingly. The corresponding local zonal velocity compo-
nents VA are computed from Equation (2).

While there is no way to verify that the above method yields realis-
tic magnitudes for the velocity at each point individually, the mean zonal
velocity component is that which is observed on a given day. There is no
. comparable quantitiy available to determine the magnitude of the meridi-
onal component. However, the assumptions upon which the technique is
based provide a reasonable approach. Consider again Equation (2) which

defines the streamfunction

V\=—3%6 ) Ve~ 63 @)

The relationships between the velocity components and their respective
streamfunction gradients differ only by the accompanying geometrical
factors. At the equator a given streamfunction gradient ought to produce
equivalent velocities regardless of orientation.

Considering the appropriate geometrical factors in the present case, -
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a value for Ve equivalent to VA. at any latitude requires a value
of av/b)\ which is smaller than the corresponding value of bw/be
by a factor of CoOS © . Therefore, Equation (24) relating a given
value of 3"’/39 to a known VA can be modified to apply to the

other dimension, i.e.,

———

VG:(‘.ose oN/Rr

F w)

(26)
assuming the normalization factor F is constant in two dimensions
along the latitude. This procedure assumes that a meridional streamfunc-
tion gradient determined from the daily patterns yields a velocity com-
ponent consistent with a like computation inthe zonal direction.

Velocity components in both the meridional and zonal directions
were computed as indicated above for a network of gridpoints separated
by 4 degrees of latitude and longitude which began at -|-2 degrees latitude
and CMD respectively. Once having calculated the respective velocity
components in the above fashion it was a straightforward procedure to
determine by linear interpolation, the meridional velocity component
corresponding to the position of each sunspot appearing within the confines
of the pattern. Thesei meridional velocitizs appear along with those in-
ferred from sunspot proper motions in Appendix C.

4,2,3. The Statistical Test
Having obtained the necessary estimates of the meridional velocity

components to test the validity of the streamfunction patterns, the following
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null hypothesis is formulated: The flow patterns obtained by the technique
described herein yield meridional velocity components which are complete-
ly independent of meridional velocity components for the same location
estimated from the daily proper motions of sunspot groups. Since the

same quantity is being estimated by two independent methods which should
result in a considerable correlation if the technique has any validity at all,
the null hypothesis will be accepted or rejected on the basis of a linear
correlation analysis.

The linear correlation coefficient for 42 pairs of meridional velocity
measurements appearing in Appendix C was calculated according to accep-
ted statistical techniques (c.f., Panofsky and Brier, 1958). A correlation
coefficient of 0. 34 resulted which was significant at greater than the 1%
level of confidence determined by performing an analysis of variance test.
Based on this result, the null hypothesis must be rejected and the conclu-
sion reached that some degree of correlation does exist between meridional
velocities measured from the flow patterns and sunspot daily proper motions.

It should be pointed out that in performing the above test, one pair of
meridional velocities was not included. This pair (spot No. 21 on 01 July)
was eliminated due to its close proximity to the sub-earth point -- the point
of least reliability when considering the inferred flow patterns. However,
the addition of this point to the sample would not have changed the basic con-
clusion reached. The two data sets were still significantly correlated at

greater than the 1% level of confidence although the magnitude of the
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correlation was reduced.

Similar judgements concerning the reliability of other pairs of data
based on their potential to be influenced by smaller scales of motion
could have been made. For example, based on the studies previously
cited, the spots exhibiting the fastest motions may have experienced such
an effect. Alternat:wely, the smallest spots appear to have the greatest
potential to experience the motions on smaller scales and could be viewed
as the most likely condidates for suspicion. An examination of the data
presénted in Appendi;c C yields a number of sunspot groups exhibiting
these characteristics. However, inspection of the accompanying velocities
does not produce uniformly good or bad results. This is not surpr ising,
since even if these particular spots are more under the influence of small
scales of motions than motions on the scales the patterns attempt to repro-
duce, there will be those times during which the two effects will be in
phase yielding generally good agreement and those times during which the
opposite will be true. It will take a considerably larger data sample than
available here to determine the actual conditions. It is interesting to note
in passing that several calculations performed after eliminating the least
reliable measurements based on the above judgements were attempted and
all increased the correlation coefficient to some deéree and all continued
to be significant at greater than the 1% confidence level.

For example, when the four spots with -_+40 CMD (where components

of horizontal motions in the line-of-sight are very small) were eliminated, -
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the correlation coefficient increased to 0.52. When eliminating from
consideration only the six fastest moving spots in the sample (those with
latitude differences 2 0.5 degrees), the correlation coefficient nearly
doubled (0. 66). The large increase in the correlation coefficients obtained
in each case strongly suggests that inhomogeneities exist in both data sets.
However, since the overall data sample is so small, only the one data pair
previously identified was not included to avoid unduly weakening the statis-
tics upon which the above test is based.

While the correlation coefficienrt’is a useful tool when judging the
overall relationship between two variables, it tends to mask the contribu-
tion of each case individually, especially when small amounts of data are
involved. As an alternative, the data can be pfesented in a scatter plot
(Figure 10) in which the contribution of each point becomes more obvious.
The general trend is apparent with most of the points falling in the two
quadrants consistent with a positive correlation. A linear regression line
could have been determined for the data but would not have added any addi-
tional information.

While the statistical analysis which has been undertaken indicates
that there is some degree of information contained in the flow patterns, it
remains to determine how these results can be interpreted in terms of the
patterns themselves and their representations of the motions in the solar
atmosphere. In the present case a highly significant correlation coefficient

(0. 34) has been obtained -- Is this a good result?
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Figure 10. Scatter plot comparing meridional velocity components obtained from the

flow patterns with those inferred from the daily proper motion of sunspots.
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Clearly, if there was any assurance that the sunspot motions resul-
ted entirely from large-scale motions within the layer represented by the
flow patterns, the result would be disappointing. However, as has been
previously discussed, there are reasons to believe that any disagreements
between the flow patterns and sunspot motions are due in comjbination to "
the following four effects.

The first and most obvious are shortcomings in the technique which
do not allow a faithful reproduction of the flow in the solar atmosphere.
This is one inescapable and perhaps the leading candidate. A second re-
lated possibility is the increased suspicion of the flow patterns in the vi-
cinity of active regions due to the presence of organized vertical motions.
It is in just there regions where sunspots occur resulting in a comparison
with and subsequent judgment based on the least reliable data provided by
the patterns. Thirdly, there is evidence to suspect the validity of sunspots
as faithful tracers of the flow exhibited by the ambient fluid, e.g., mag-
netic effects and/or a dynamic interaction may cause relative motion to
occur between the spot and fluid bulk. Lastly, recent evidence points to
a possibly significant contribution to the daily proper motions of sunspots
due to motions on the scale of the convection, this contribution is not uni-
form but appears to decrease with increasing sunspot size. These latter
two possibilities would set an upper limit on the correlation which could

exist between the meridional velocities obtained from sunspot motions and

those obtained from patterns perfectly representing the large-scale flow.
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How do all these possible contributions to the lack of agreement
between the two estimates of the meridional velocity components affect
the answer to the original question in slightly modified form -- Are these
patterns useful when estimating the character of the large-scale flow ?

Consider again the results obtained when eliminating the fastest
moving spots from the statistical data sample. If these spots contain
only a small component of the motion attributed to the large-scale flow,
then the correlation coefficient (with respect to the sunspot deduced veloc-
ities still imperfectl& specified for the other reasons) jumps {o 0.66. If
the causes of the discrepancies yet remaining are distributed equally be-
tween deficiencies in the flow patterns and the shortcomings which still
exist when using sunspots as tracers of the large-scale flow, the inferred

patterns would represent the actual flow conditions fairly accurately.

The above speculation may be totally unjustified. On the other hand
it seems equally unjustified to dismiss as totally useless the flow patterns
which have been obtained. These flow patterns, while requiring far more
_extensive corroboration prior to reaching a final judgment as to their
worth, do demonstrate a significant correlation with independent but im-
perfect estimates of the velocity fields in the solar atmosphere. So it is
with guarded optimism that preliminary answers to the questions posed
above and in the title of the present chapter are offered -- the first ap-

proximation of a technique which infers flow patterns from Doppler
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line-of -sight velocity measurements appears to be moderately successful
in reproducing motions in the solar atmosphere which are organized on a

large scale.
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5. Applying the Flow Patterns to Solar Studies

Having tentatively concluded that the flow patterns which have re-
sulted from the technique described herein provide a first approximation
to the actual flow in the upper layer of the photosphere, this discussion
is now turned to consider a few of the possible contributions which these
flow patterns may make to a better understanding of the dynamics of the
solar atmosphere. The potential uses are many and it is not the intent
of this chaptar to present an itemized list. Rather three specific exam-
ples are chosen and the results obtained from the data in hand are pre-
sented. While necessarily inconclusive, several of the results are ex-
tremely interesting and serve to whet the appetite for more of the pat-
terns produced by this newly created analysis .tool.

5.1, Formation of Solar Activity Within the Large-Scale Flow

The possibility of a relationship existing between the formation of
active regions and the large-scale ﬁow has been considered at various
times. For example, Ward in his extensive studies of sunspot motions
suspects that the existence of a sunspot itself suggests something ''dif-
ferent'' about the flow the vicinity. Starr and Fischer (1971) using
mean displacements of leader and follower sunspots suggested that sun-
spot groups form preferentially in the the anticyclonic ridges of the large-
scale disturbances. Now that an independent estimate of the large-scale
patterns exists, a direct comparison between the location of sunspot

groups and features in the large-scale flow field is possible.
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Besides the sunspot data used previously in this study, calcium
plage measurefnents provided by McMath-Hulburt Solar Observatory and
published in the Solar-Geophysical Data Bulletin will also serve as indij

i
cations of solar activity. The plage locations while not determined pre-
cisely enough to estimate veloci{ties present may serve as a more reli-
able indicator of the large-scale manifestation of solar activity. As has
already been mentioned, the sunspot groups may form preferentially in
favorable supergranules which in turn are carried along by the large-
scale flow rather tﬁan forming in favorable areas with respect to the
large-scale flow directly.

The positions of sunspot groups and calcium plages are plotted on '
the large-scale flow patterns in Figure 11. The number assigned by
the respective observatory appears for reference. Each sunspot group
is represented by the location of its center of gravity only while the
shape and extent of the plage is reproduced as accurately as possible,

The following observations are made upon an examination of
Figure 11:

(1) Most smaller scale features in the flow patterns are accom-
panied by a calcium plage. This is especially true when the feature is
located near the center of the disk as on 01-02 July and 08-09 July. A
possible link betweén these smaller scale features and active regions has

already been mentioned, However, the suggested association of plages

with small-scale features may mark the location of an emerging or
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Figure 11. The location of calcium plagés and sunspots in the

large-scale flow patterns.
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Figure 11. (continued)
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decaying active region. An example of the latter may exist during the
period 10-14 July. Sunspot group number 29 and plage number 953 can
be loosely associated with the small wave-like disturbance marked A-on
10 July and A, B on later days. On 12 July the sunspot disappears but the
plage persists and the wave-like disturbance can still be identified. On
the other hand, there are those small-scale features which appear in the
flow patterns without a plage nearby.

(2) The sunspots do not appear to be preferentially placed with
respect to the 1arge-écale flow pattern. It is sometimes difficult to
judge the nature of the large-scale pattern in the vicinity of the active
regions and a preference for sunspot formation, if one exists, may first
depend on a favorable interaction between the supergranulation and the
large-scale flow. It is interesting to note a case on 04 July in particular.
During the period 02-04 July a fourth sunspot group formed near one of
the three already present on 02 July -- the highly disturbed flow pattern
in the western hemisphere on 04 July is striking. A similar sunspot con-
figuration occurs during the period 10-12 July without an accompanying
disturbance in the flow field. However, these latter spot groups tend to
be sﬁlaller than those in the former case and may not have been capable
of disturbing the larger scales of motion.

(3) Lastly, and most uncertain is the impression obtained that
active regions tend to be most closely associated with the fastest flow

and also tend to avoid the semi-permanent circulation centers. Since
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active regions and the greatest mean relative velocities are both located
between f30° latitude generally and the closed centers are poleward of
these latitudes, one might argue that such a correspondence would exist
if the large-scale flow was somehow randomly produced. This, of course,
is true; but the suggested association appears to extend beyond the one
based on the long terzbs‘t\atistics. A preference for active region (or at
least plage) development to occur in the fastest flow seems to hold on a
day to day consideration as well.

On one occasion (05-06 July) plages 944, 945, and 947 appeared to
be influenced by the shift in the circulation center in the upper left hand
quadrant. Both plages 944 and 945 extended poleward more on 06 July
fhan they did on 05 July while plage 947 moved slightly equatorward, all
in the general sense of the newly organized flow. Whether this effect is
real or the result of the imprecise nature of the plage observations, only
time will tell.

The lack of obvious relationships between the observed optical fea-
tures and the large-scale flow patterns while disappointing is not neces-
sarily unexpected. Studies which have suggested such relationships
(e.g., Starr and Fischer) have been based on mean large-scale flow pat-
terns which are consistent w;th mean sunspot motions and it is not clear
how a comparable mean large-scale pattern based on 50 years worth of

daily patterns would appear. Alternatively, the unknown but suspected

influence of the smaller-scale convection on sunspot formation and



-99-
development may preclude any obvious connection with the larger-scales
of motion on a day to day basis or, if a link does exist, a more experi-
enced eye may be required to detect it.

5.2. The Dynamics of Active Regions

The study by St\axjr‘\and Fischer (1971) cited above also concluded
that on the average sunspot groups were associated with positive diver-
gence and anticyclonic vorticity as measured by the average relative
motions of leader and follower spots themselves. When the sunspot
groups are in the early stages of devélbpment, the divergence tends to
be numerically larger than the vorticity suggesting, as other recent evi-
dence previously cited supports, an influence on spot motions by the un-
derlying convection. As the typical sunspot gr.oup ages, the accompany-
ing divergence and vorticity lessen, the former much more so than the
latter, to the extent that a general numerical equality is achieved, and
at higher latitudes cyclonic vorticity results.

These conclusions were reached using statistics based on a 50 year
sample of daily sunspot displacements and as such represent the mean
conditions as inferred from motions of spots of all classifications. It
would be inappropriate to compare the above quantities with those obtained
from the flow patterns with an eye towards making the comparison for any
other purpose than simply to estimate the magnitude and sense of the re-
sult. Furthermore, any divergent component obtained from the flow

patterns cannot represent a real divergence in the flow since the
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streamfunction calculations assume nondivergent flow. This leaves only
the vorticity as a candidate for further exploration,

Following Starr and Fischer, the divergence and vorticity are, -

respectively,
a v _ 3%
5‘-{{' and 2X 2y (27)

where the velocities applicable to the present study are those instantane-
ous components derived from the flow patterns in the manner described in
the previous chapter. The precise velocities used in the finite difference
approximation of Equation (27) were those located at the four grid points
forming the square 4° on a side which enclosed the sunspot group. This
procedure roughly duplicates that of Starr and Fischer who assumed that
the leader and follower spots were separated by 4 degrees of lbngitude
and 2 degrees of latitude. The identical sign convention was adopted.
The two quantities (the divergence was‘calculated as a check) were
determined in the vicinity of each spot in the sample of sunspots previ-
ously used to validate the flow patterns. Average values of -0.05 x 10'6
Sec"1 and -1. 8 x 10-6 sec_1 were obtained for the divergence and vortic-
ity, respectively. The divergence is nearly two orders of magnitude
smaller than the vorticity reflecting the effect of the original nondiver-
gent assumption. That a non-zero value resulted is more than likely
attributable to the cartesian coordinate system used when the divergence

was being calculated, but as Starr and Fischer justify, 'more accuracy

is hardly warranted at present''.
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The magnitude for the vorticity is less than an order of magnitude

-1
6 sec ) based on 50 years of sunspot

greater than the value ( ~ 0, 5x10°
motions. Such a difference may be simply traceable to the inaccuracies
in the quantitative specification of the pattern-derived velocities, the use
of the cartesian coorid\ina?e system or some combination of both. Or it
could reflect real differences which exist in the vorticity associated with
active regions if only more were known concerning the morphology of
active regions themselves. Or, it could be due to the scales of motion
represented by the two sets of measufements themselves., As has al-
ready been discussed, direct use of sunspot displacement data is more
apt to reflect motions on scales smaller than those depicted in the flow
patterns. Clearly, determining the source of the difference is not possi-
ble from the sparse data yielding the present result.

More striking than the numerical difference in the vorticity value
determined from the flow patterns was its sense, cyclonic rather than
anti-cyclonic. The validity of the sign of the result must also be con-
gsidered in light of the above considerations. However, fully two-thirds
of the individual measurements yielded negative vorticities and of the
remainder only two were as large as the absolute value of the mean. It
was clear that in this sample at least, negative values were preferred.

Noting this and further stretching the appicability of the flow pat-

terns (hopefully not past their breaking point), a characterization of the

flow in the vicinity of active regions can be constructed. Taking stock
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of the information available to attempt such a construction reveals that
sunspots appear to form at the center of favorable supergranules
(Sheeley, 1969) with the attendant upwelling from below and horizontal
flow radiating from the spot center. Such a picture is consistent with
the positive divergence and anticyclonic vorticity calculated from mean
sunspot displacements by Starr and Fischer (1971). These conditions
apply to a level in the photosphere near T =1,

In the layer between 7T =0.004 and ‘T =1 sampled by the Doppler
data, downward veloéities predominate in the vicinity of active regions
(Howard, 1971) while the large-scale flow as just indicated exhibits gen-
erally cyclonic vorticity. If a further assumption is made that the smal-
ler scales of motion in this layer are also cyclonic, the flow pattern as
depicted in Figure 12 can be constructed. Further speculation as to con-
ditions in the chromosphere will be avoided except to note that material
is commonly observed to be falling toward the sunspot along filaments
(Zirin, 1966) which are vertical extensions of the enhanced magnetic
fields within sunspots.

5.3. Large-Scale Flow Patterns and the Solar General Circulation

Since the deficiencies existing in current models of the solar gen-
eral circulation were cited in the introduction as partial justification for
the current work, this study would not be complete if some consideration
was not given to the potential contribution by the large-scale flow patterns

to that area. In particular, the series of daily patterns presently available
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will be used to estimate the daily transport of momentum by the large-
scale motions and its relationship to the observed variations in the daily ‘
mean rotation rate. These results will be extended to consider the role
of these large-scale motions with respect to other mechanisms which may
also contribute to the overall energetics of the solar general circulation.

Until recently the estimates of momentum transport obtained by
Ward (1964, 1965a) were interpreted solely in terms of the large scales
of motion. This seemed to be appropriate in light of the population of
sunspots used to pro{ride estimates of the local velocity fields and the
assumptions made concerning the validity of sunspots as tracers of the
bulk fluid flow. In light of the recent studies by Starr, Hendl and Ward
(1974) and the interpretation of its reéults by Starr (1974) in terms of
the supergranulation effects the appropriateness of Ward's earlier inter-
pretation can be questioned. The slower moying sunspots may still
represent the best approximation of the larger scales of motions which
sunspots can provide. But the question remains -- "Is this approxima-
tion good enough to attribute the entire covariance to the large-scale
motions' or, as the current determination of large-scale flow fields
suggests,''are even the slower moving sunspots affected appreciably by
the smaller scale motions ?" If they are, then how does this affect the
conclusions previously reached concerning momentum transports as in

ferred from sunspots and the large-scale flow ? An attempt at an answer

will be based on a calculation similar to that rformed by Ward replacing
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daily sunspot displacements with velocities determined directly from the
large-scale flow patterns.,

The quantity of interest is the covariance of W and V which is
directly proportional to the eddy transport of relative angular momentum

Cwv'] = (uv] - [u]{w] (28)
The brackets denote aV;a;'aging with respect to the segment of the latitude
circle represented by the daily pattern. Two major differences exist in
the quantity as defined above and the similar quantity used by Ward. The
above quantity is determined on a daiiy basis and only for a segment of
the latitude circle while the comparable value considered by Ward repre-
sented a long term mean for the complete latitude circle. A determina-
tion of an identical long term mean from large-scale flow patterns is
possible once a sufficient length of data becomes available.

The exact meaning of the covariance as presently defined is not
clear. However, it may be useful as a diagnostic tool to infer the instan-
taneous transport of angular momentum by the large-scale motions.
Furthermore, it will be assumed that the resultant momentum transfer
is reflected by an appropriate change in the daily mean zonal velocity
which b'y its nature also applies only to the visible segment of the latitude
circle. The validity of these assumptions depends on the degree to which
changes in one portion of the solar atmosphere can influence the other,
The effects of such interactions are not known. This ignorance extends

down to and includes the quantity which is best determined, the mean
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rotation rate. From the patterns presented previously it appears as
though the determination of the daily mean rotation rate would depend a
great deal on the particular longitudinal extent of the atmosphere sampled,
a situation equally true for the earth. Studies to determine the instantan-
eous momentum transport over a portion of a latitude circle similar to
the type being considered here are only being begun using terrestrial data.
Answers to the questions being raised here may be less uncertain when
results of these studies are known.

Nonetheless, the present study will proceed as stated, the potential
difficulties acknowledged by assuming that the portion of the atmosphere
included within the patterns is representative of the sphere as a whole
and exerts an influence on the whole in direct proportion to its fractional
part. Under these conditions the covariance defined in Equation (28) can
be extended to apply to the complete latitude circle.

The basis for the calculation is the 4° ioy 4° heliographic grid pre-
viously described. The mean zonal and meridional velocity components
for each latitude were determined for the longitudinal extent of each
daily pattern. Respective covariancesfor each latitude were then computed.
Strictly speaking the covariance determined at a specific latitude reflects
the momentum being transported across that latitude circle. However,
since such small amounts of data are involved, it seemed to be desirable
to improve the estimate of the covariance at the expense of spatial preci-

sion. For the sake of comparison the daily momentum transport will be
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estimated by covariances determined by two methods. The first esti-
mate will be the covariance obtained for 30° solely (data for both hemis-
pheres are combined). The second will be that value corresponding to
the mean of the individual covariances for all grid points between 10° and
300. The latter value will be interpreted as being proportional to the
mean momentum transport across a latitude belt 20° wide.

The daily variations of the covariances and the corresponding mean
relative zonal velocity appear in Figures 13 and 14. A point by point com-
parison stronly suggésts that these two quantities are negatively corre-
lated during the period 04 - 13 July. An increase in the magnitude of the
covariance is accompanied by a decrease in the mean relative zonal veloc-
ity between TSOO latitude. - Especially striking is the general correspon-
dence in magnitude of the two quantities, the two largest covariance values
occur on the two days on which the mean relative zonal velocity was less
than the long term mean at 200. This result is more readily apparent
when examining the covariances determined for 30o solely than it is for
the mean covariance, but it is still true nonetheless. The negative cor-
relation between the covariance and mean relative zonal velocity is more
marked when considering the mean covariance for the period 04 - 06 July.

At the beginning of the sample (30 June - 02 July) the two quantities
appear to be positively correlated. The sense of the correlation during
periods when the effect oscillates from day to day depends to a large

degree on the timing assumed for the quantities iﬂvolved. Recall the
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manner in which the patterns were produced and verification performed.
All'the data determined at the time of observation were assumed to be
constant until the next observation,an obviously unrealistic but unavoidable
procedure. This has already introduced a component of uncertainty when
the two independent estimates of the meridional velocity components were
compared. The positive correlation during this period may also be due
to this imprecise timing.

A more certain interpretation of Figures 13 and 14 must await the
collection of much more data than is currently available, but the following
sequence of events would be compatible with the preliminary indications.
Already mentioned is the equatorward transport of angular momentum
which is thought to exist as a result of convection on scales ranging from
the size of the postulated and much modelled giant cells down to the size
of the observed but until recently discounted supergranulation. Consider
the various parts of the entire spectrum of convection as transporting
angular momentum in unknown proportions towards the equator building
up the equatorial jet. From time to time the jet becomes unstable and
the resulting disturbances are organized on a large-scale in such a man-
ner that momentum is transported poleward, reducing the intensity of
the jet. Since there is no direct evidence for baroclinicity in the layer
being sampled, barotropic instability is the most likely mechanism for
producing these 1a1"ge—sca1e disturbances. Most likely the mean rotation

rate determined on a daily basis irregularly oscillates about the long
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term mean and represents alternating overcompensation on the part of
both simultaneously occurring processes, the convection building the jet
to values greater than the long term mean until finally the (barotropic?)
instability is able to transport sufficient momentum polewards to reduce
the daily mean rotation rate to a value below the long term mean.

To explain the abéence of positive covariances it must be remem-
bered that only the large-scale processes are represented by our flow
patterns. The large-scale convection would be most accurately repre-
sented by the patterns since flows on 7these scales are most nearly
nondivergent. Thus, the covariances calculated from the flow patterns
may represent the net transport due to the large-scale convection and the
large-scale instabilities. Missing still are the transports (presumably
equatorward) contributed by the smaller scales of convection. This
missing amount may be sufficiently large to result in positive covariances
for days (e.g., 05 and 13 July) on which the mean zonal velocity increases.
A completely consistent result comparable to that depicted in Figures 13
and 14 will not be possible until the convection on all scales can be
adequately represented. An indirect estimate may be possible by a com-
bination of results similar to these presented here and those obtained by
Ward from sunspot motions which most likely also represent the net re-
sults of the two competing mechanisms.

The shape of the convective cells and their orientation is a factor

which influences the capacity of the cell to transport momentum (Starr,
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1974). Presumably some shape and orientation exists which will pro-
duce an optimum transport towards the equator. A secondary modulation
by the postulated instabilities which develop in the equatorial jet couid
exist if the instabilities could somehow influence the shape an’d/or orien-
tation of the convective cells to reduce the direct equatorward transport.

Such a combination of effects could help to explain the rapidity with
which these changes occur. These rapid changes raise a question con-
cerning the energy required to effect a typical change. If as Howard and
Harvey (1970) suggest, these changes are limited to the layer sampled by
the Doppler measurements, then approximately 1032 ergs, comparable
to the energy released in larger flares, are involved in a typical varia-
tion in the mean zonal velocity such as occurred on 11-12 July. Such may
be the case. However, if a degree of correspondence does exist befween
motions in this layer and those obtained from sunspot displacements, the
implication is that deeper layers experience a similar variation. If these -
variations occur over identical intervals in time, satisfying energy re-
quirements within current knowledge may prove to be difficult.

The results of the three pilot studies presented in this chapter were
meant to serve as examples of the variety of studies possible using the
information provided by the flow patterns. Even if the results are ac-
curate and the conclusions drawn from them wholly valid, they would ap-

ply only to the two week period from which the data are drawn. Extending

these and other conclusions based on limited data to the conditions
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existing in the solar photosphere in general must await similar determi-
nations representing all phases of the solar cycle. There is no reason
to believe that the flow patterns obtained during one phase of the solar
cycle are typical of those which occur during the other phases. Just the
contrary would appear to be the case: the more observations of the solar

atmosphere which accrue, the less steady the conditions appear to be.
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6. Concluding Remarks
6.1. Summary
A technique has been developed which calculates from Doppler
line-of-sight velocity measurements horizontal streamfunctions in the

solar photosphere. Whether or not this procedure is capable of perform-

—

ing the intended task and of subsequently producing a valid approximation
" of the flow patterns has been judged from both a qualitative and a quanti-
tative standpoint. ‘

Qualitatively, the appearance and-continuity displayed by a two
week sample of results suggests that the technique has some degree of
credibility. An inspection of the results for this period yields the follow-
ing observations concerning the flow patterns: ‘

(1) Flow in the solar photosphere appears to be organized on a
large scale and exhibits certain characteristics of a large-scale eddy
regime, i.e., the pre sence of circulation centers accompanied by a
meandering high velocity stream.

(2) The circulation centers reflect the sense of the solar rotation
although the rate is somewhat less than the underlying reference rate.
This difference may be caused by a positional bias towards the center of
the disk due to geometrical foreshortening, the data averaging technique
and/or an actual retardation, for example, if Rossby-wave dynamics
were applicable.

(3) Smaller scale perturbations become more pronounced when an
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active region is in the vicinity of the sub-earth point. Such disturbances
in the large-scale flow may represent real small-scale motions for the
most part, but it is probable that an additional spurious component is
present due to net downward motions which have been observed to occur
in conjunction with active regions. These downward motions are most
readily observed near the center of the disk where the line-of-sight com-
ponent of the horizontal motion is smallest. Additionally, since the area
over which the data are averaged is smallest near the sub-earth point,
a non-zero contribution to the mean line-of-sight velocity from a net
vertical motion is most likely to occur in this region. Both effects would
contribute to a spurious component in the horizontal streamfunction.
Hence, within the patterns themselves theleast reliability occurs in the
vicinity of active regions when they occur near the sub-earth point.

(4) On occasion, rather significant changes occur in the day to day
appearance of the patterns themselves. On two occasions, the mean ro-
tation rate at all latitudes was less than the underlying reference rotation
rate yielding mean easterlies on those days.

A quantitative estimate of the technique's validity was based on a
comparison between the meridional velocity components obtained from
the patterns themselves and those estima;ted from the daily proper mo-
tions of sunspots. A linear correlation coefficient of 0. 34 was found to

exist between these two independently obtained velocity components.

Evidence is cited which suggests that sunspots are not entirely
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accurate tracers of the flow in which they are embedded. Magnetic ef-
fects, dynamic interaction between the spot and the ambient fluid and
other possibilities cause sunspots to respond to motions in the surrounq-
ing fluid in a variable, imperfect and largely unknown mannell‘. Further-
more, results of a recent study indicate that sunspots, especially smaller
ones, may be respohding more to the higher velocities organized on
smaller scales associated with convection. When the meridional velocity
pairs associated with the six fastest moviﬁg spots were set aside, the
correlation coefficient nearly doubled (= 0.66). Thus, it is possible that
even a perfect representation of the large-scale flow would yield velocities
. which would not correlate perfectly with those estimated from sunspot
motions. With this in mind the uncorrelated component was assumed to
be due to the uncertainties which exist within the flow patterns themselves
and those introduced when using sunspot motions to estimate local veloc-
ity fields. The effect on the final result due to each uncertain source is
not known. After considering the strengths and weaknesses in the fore-
going analyses, it was concluded that the flow patterns produced are
better than the correlation coefficient obtained might indicate and repre-
sent a useful first approximation to the actual flow fields in the solar
photésphere.

Several possi‘ble sources of error exist which affect the reliability

of the original measurements. The velocities which the measurements

provide are relative ones reckoned with respect to a daily determined
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reference level. Strong motions in either direction concentrated in
relatively small areas can change the reference level which then affects
motions at other locations. Significant changes in the atmospheric pres-
sure during the course of an observation can produce a syster’natic drift
in the reference level. An increase in the averaged line-of-sight veloc-
ities limbwards of 0.8 central distance exists in the data analyzed in this
study. The cause of this effect is unknown but may be linked to an inade-
quate red shift correction. Due to this increase the analysis was ter-
minated at 0.8 central distance.

Results of three pilot studies demonstrate the various applications
of these patterns to the overall investigation of solar phen.o_mena. The
following conclusions are of necessity very tentative due to the dearth of
data upon which they are based. The first study compared the locatlions
of calcium plages and sunspots with features in the large-scale flow
patterns. While no definitive relationships could be found, there was
a tendency for plages to be located in conjunction with small-scale fea-
tures in the large-scale flow. Their day to day motions appeared to be
influenced by changes in the large-scale flow. Even more uncertain was
the conclusion reached that the plages tended to be located within the
fastest portions of the instantaneous flow. The tenuous nature of plages
themselves introduces a further uncertainty into the present conclusions.

No similar associations could be found between the sunspots and the

large-scale flow which may be the result of a smaller scale influence.
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One interesting situation did occur with respect to sunspots, however,
the presence of four spots within a restricted area coincided with the
occurrence of small-scale disturbances over an unusually extensive fe-
gion. Whether or not this disturbed flow resulted from the cci)mbined
effect of the four spots is impossible to judge at this time.

The remaining two studies used the flow patterns to estimate the
vorticity in the vicinity of sunspots and the momentum transported by the
large-scale features. Recall that sunspots reflect the motions in a layer
beneath that sampled by the Doppler measurements. The vorticity cal-
culated from the flow patterns and that determined from the mean motions
of individual spot pair:s were of the same magnitude. However, the sense
of rotation was opposite, that determined from sunspot motions was
anticyclonic, while the patterns yielded cyclonic flow. Based on otﬁer
facts concerning sunspot formation, i.e., the relative depths involved
and the mean vertical motions thought to exist at the two levels, a con-
gistent picture of the flow in the vicinity of an active region was syn-
thesized. Such a flow involves an anticyclonic upward motion at levels
below the sunspot accompanied by downward cyclonic flow in the layer
sampkd by the Doppler measurements with a divergent, nearly horizontal
flow at an intermediate level.

Momentum transports were approximated by calculating the covari-

ances existing between the meridional and zonal velocity components

obtained from the patterns. Two estimates of the covariance were
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obtained; one for f300 latitude solely and the other for a belt between 10°
and 300 latitude (both hemispheres combined). In almost all cases the
resulting covariance was negative, implying a poleward transport of
momentum by the scales of motions inferred from the flow patterns. A
comparison between ﬁtﬁto— day changes of the covariances (and hence the
momentum transports) and the mean zonal velocity between -—1-300 latitude
strongly suggested that a negative correlation exists between the two, i.e.,
on successive days when the covariance between the meridional and zonal
velocity components increased (implyring an increase in the momentum
transported across j-300 latitude polewards), the mean zonal velocity
decreased and vice versa. The two days on which the mean zonal veloc-
ity was less than the reference rotation rate Wér¢ accompanied by the two
greatest negative covariances.

This result was considered in addition to the other mechanisms,
e.g., convection on scales down to the supergranulation which are thought
to transport momentum equatorwards. The following possibility exists.
Convection associated with various vertical instabilities produces a hori-
zontal flow pattern which transports momentum equatorwards, building
up the equatorial jet. When the magnitude of the jet reaches some criti-
cal point, an instability occurs which perturbs the previous pattern and
creates a large-scale disturbance which transports momentum polewards
and reduces the mean zonal velocity near the equator. The natur.. - the

instability is unknown but since there is no evidence to suggest
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baroclinicity within the layer, barotropic instability is a possibility. The
barotropic instability then acts as a modulator keeping the mean zonal
ve locity between two extreﬁle values. Since the horizontal orientatic;n
of the convection units may affect the magnitude of the equato;'ward
transport of momentum, the large-scale flow could also directly affect
the equatorward momentum transport by changing the mean orientation
of the convective cells. The combined result may help to explain the
rapid changes which are observed.

6.2. Suggestions for Future Work

The technique wﬁich has been developed by the present effort rep-
resents only a first attempt at specifying the large-scale velocity fields.
It is suggested that any future work be conducted at Mt. Wilson Observa-
tory to enable not only a more timely production of the daily flow pétterns
but to allow future versions of the technique to benefit from possible im-
provements resulting from an intimate knowledge of the instrumentation
and data reduction methods employed. Such familiarity is possible only
if daily contact with the overall data acquisition process is maintained.
Future work ought to proceed along three fronts simultaneously.

The most obvious extension of the present work is to apply the
technique as it stands to a much larger volume of data. The tentative
nature of all the results presented here makes such an extension a mini-

mum requirement if for no other purpose than to verify the current

judgment on the capability of the technique. Beyond this necessary but
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somewhat unprogressive goal is the extension of the studies in a way so
as to uncover unknown facts and correct current misconceptions. The
amount of data necessary to reach new conclusions will undoubtedly vary
and may encompass several solar cycles when studying the more complex
processes. Thus it would be most advantageous to begin as soon as possi-
ble to acquire data o\n\:; ;egular basis.

Beyond the requirement to simply extend the current analysis is
the necessity for continual improvement in the analysis technique itself.
The continued production will provide clues as to how best to accomplish
these improvements, but immediate poésibilities include upgrading the
analysis, for example in the vicinity of the sub-earth point especially
when active regions are present. This may require the introduction of a
velocity potential if an adjustment in the area over which data averaging
occurs does not adequately remove the effects of organized vertical mo-
tions. Some consideration should be given to including persistence in
the subsequent pattern if it appears that persistence plays a significant
role over a long enough period of time. Furthermore, extending the
analysis to include the entire disk should be attempted. Such an im-
provement may have to await the identification and removal of the factor
causing the annulus average to increase limbwards of 0.8 central distance,
if such an inhomogeneity remains in the daéa.

Perhaps the greatest potential for an improved product are more

precise observations. Several sources of uncertainty in the data have
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been discussed which probably have a considerable effect on the daily
patterns. The addition of an absolute wavelength standard to the instru-
ment which will allow absolute velocities to be measured will represent
a marked improvement in the quality of the observations. No longer
would the Doppler line-of-sight velocities be dependent on uncertain
reference levels, in;t\lzunlﬁental corrections and changes in the atmos-
pheric pressure. Other improvements to the observational procedure
and data reduction techniques may well be suggested by the future im-
provements in the patterns themselves to the mutual benefit of both.
These suggestions represent but a few of the improvements ‘Which
will undoubtedly be necessary to perfect the technique. Although it is
recognized that the patterns in their present form represent the crudest
first approximation of the local velocity fields in the solar photosphere,
it is hoped that they may serve to stimulate sufficient interest in their

potential to encourage their continued evolution and subsequent applica-

tion to the many unsolved problems in the field of solar physics.
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Appendix A

Velocity Components Relative to Integration Paths

The flow pattern which results from the analysis is independent of
the manner in which the streamfunctions were determined. Therefore,

the pattern produced can be used to calculate velocities with respect to
any appropriately defined coordinate system. For the purposes of re-
lating the arbitrary constants of integration, velocity components relative
to a spherical coordinate system are used with the coordinates defined

such that one axis corresponds to a line connecting the sub-earth with the

center of the sun. For two-dimensional, nondivergent flow in this system

kvl \ d(Versing) a(vur].-.o
\V/ V = r*sm?[ X + __3&——1 (A1)

where Vg and Vo( are the velocity components normal and tangential

to the integration path. A streamfunction is then defined such that

Y -]
-ajd—::\/gr sin @ ) 319},—=.—v°‘r (A2)
or since ¥ = sin @ (with R=1 ),
2 oY _ _
%}'z Vg sig @ , §2 = —\VgsSing (A3)

The line-of-sight component of Vg is the entire velocity as mea-
sured .from the earth since Vy is wholly normal to the line-of-sight.
Therefore, (A3 - a )is actuaily the differential form of Equation (5) in
the text since Vg = Vg Sin¢ and ds = sin © d . From (A3 -b )it

! * *
follows directly that Vi = O when % =0
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Appendix B

Calculation of Average Velocity in Annulus Due to

Position of Sub-Earth Point

Consider the paths of integration to be the intersection of a sphere
and plane. The equation of the plane in X, Y , 2 coordinates is
Z = —cot B‘,(Y- cos ¢ sec Bo) (B1)
where B, and ® are the latitude of the sub-earth point and central angle
respectively and R=1 . When viewed along the Y-axis these circles
become ellipses and the latitudes straight lines. Since the tangential
velocity around the circles due to the mean differential rotation relative
to T90° latitude is not foreshortened when B,# O , the tangential veloc-
ity around the elliptical projections is equivalent. It remains to calculate
the angle between the intersection of the ellipse and latitude circles.
In the X-2 plane, the elliéses are described by
x? + (z ~ CoS § Sin B°)2= cos” B, San29 (B2)
and the latitudes by Z = constant. The tangent of the angle formed at

the intersection of these curves is

dz _ ¥ = — X
dx tan Z-CoS 9 sinB, (B3)

A net counterclockwise flow around the ellipse is defined to be positive
requiring the angle formed by the intersection of the two curves to be 0°
at the southern point of tangency and increase in the counterclockwise

sense. Thus, when B,> 0, the net flow will be positive and vice versa.
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Appendix B (continued)

Once the angle between the two curves is determined the tangential
component due to the differential rotation (relative to :FZOO latitude) can be
calculated. The velocity along the solar surface corresponding to this
differential rotation is

Von‘ = (coe- “)zo“) R cos© m-sec” (B4)
where We¢ and W, are the mean rotation rates (in secnl) at © and 200
latitude, respectively. R is the radius of the sun, 6.96 (108) meters.

The tangential c::omponent of V,,R around the paths of integration is

Vi = Vog cos ¥ m-sec” (B5)
This component was determined for each degree of latitude which inter-
sected a giveﬁ ellipse and a mean Vx s V: , calculated.

Utilizing a relationship developed in Appendix A, i.e., (A3-b) the
change in the mean streamfunction on a given path, A"I’*, can be
computed since

*
AY =~V sing ag (B6)
where ?n is the central angle of the annulus midpoint. Here a positive

Av‘/ag corresponds to a negative (clockwise) net flow and vice versa.



Date

30 June

01 July

02 July

04 July

05 July

06 July

08 July
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Sunspot and Meridional Velocity Data -

RGO No.  Latitude CMD
21 7.8  -17.8
15 5.0  -26.4
23 -13.6  -36.9
21 7.5 -4.5
23 -13.9  -23.8
21 7.6 9.8
23 -13.6  -10.9
20 0 38.5
21 7.1 36.5
22 -5.2 24.5
23 -13.6 14.6
24 13.6  -21.3
22 -5.9 38. 8
23 -13.7 28. 1
24 13.5 -9.8
25 -3.5 -39.2
26 8.4  -41.0
23 -13.6 41.0
24 13.9 3.2
25 -3.4  -22.9
26 8.7  -27.4
25 -3.6 7.2
26 8.9 -0.8
217 -9.9  -24.8

Meridional Velocities

Sunspot Flow Pattern
30 48
110 44
-30 75
-10 137
30 11
10 156
0 28
-20 -10
40 86
-70 -73
-10 -93
10 84
10 42
10 -14
-40 -130
10 82
-30 11
0 25
-50 190
-30 -34
80 -10
30 47
60 -20
40 64
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Appendix C (continued)

Meridional Velocities

Date RGO No. Latitude CMD Sunspot Flow Pattern
09 July 25 -3.3 21.6 10 -114
26 8.3 13.3 0 - =30
27 -9.5 -11.3 -40 -127
10 July 25 . -3.2 34.5 110 39
26 8.3 26.5 -10 -84
27 -9.9 2.6 40 117
29 15.8 -40.5 -20 -52
11 July 25 - =2.1 44,6 -30 80
26 8.4 39.9 40 -64
27 -9.5 15.9 0 -52
30 -11.5 -42,7 0 : 192
12 July 27 -9.5 29.2 40 -8
30 -11.5 -39.4 20 -5
32 12.3 42.9 90 -61
13 July 27 -9.1 41.8 -20 -10
30 -11.3 -16.5 | -10 55
35 -8.6 14.6 -10 -31
14 July 30 -11.4 -3.1 -10 -7
35 -8.17 28.1 -20 -23

NOTE: Positive (negative) velocities denote equatorward (poleward)

motion in both hemispheres.
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