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GONG Observations of Solar

Surface Flows

D. H. Hathaway,* P. A. Gilman, J. W. Harvey, F. Hill,
R. F. Howard, H. P. Jones, J. C. Kasher, J. W. Leibacher,

J. A. Pintar, G. W. Simon

Doppler velocity observations obtained by the Global Oscillation Network Group (GONG)
instruments directly measure the nearly steady flows in the solar photosphere. The sun’s
differential rotation is accurately determined from single observations. The rotation profile
with respect to latitude agrees well with previous measures, but it also shows a slight
north-south asymmetry. Rotation profiles averaged over 27-day rotations of the sun reveal
the torsional oscillation signal—weak, jetlike features, with amplitudes of 5 meters per
second, that are associated with the sunspot latitude activity belts. A meridional circu-
lation with a poleward flow of about 20 meters per second is also evident. Several
characteristics of the surface flows suggest the presence of large convection cells.

The GONG instruments were designed to
measure solar oscillations for helioseismol-
ogy. The primary data, Doppler velocities,
are also an excellent source of information
on the nearly steady surface flows. These
flows include axisymmetric motions such as
differential rotation (in which the equato-
rial regions rotate more rapidly than the
polar regions) and nonaxisymmetric flows
such as supergranules (convective flows
that tile the sun’s surface with thousands of
closely packed cells). Although these mea-
surements only characterize the flows in a
thin photospheric layer, such information is
critical for our understanding of the dynam-
ics of the convection zone and the nature of
the magnetic dynamo in this star.

Several components of the surface flows
are thought to play leading roles in gener-
ating the sun’s magnetic field. The differ-
ential rotation stretches meridional mag-
netic field lines to form strong toroidal
fields, that is, fields in longitudinal rings
about the sun’s axis of rotation (I). The
meridional circulation transports magnetic
flux and angular momentum across parallels
of latitude and from one radius to another
(2). The nonaxisymmetric convective mo-
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tions also redistribute magnetic flux and
angular momentum, but in more complex
and subtle ways. Here, we report on the first
6 months of GONG measurements of these

different flows.

Data Characteristics

The GONG data have several advantages
over most previous data. First, the instru-
ments were specifically designed for accu-
rate Doppler velocity measurements. The
Ni I 676.8-nm spectral line was chosen over
many other candidate lines because of its
isolation from other spectral features, its
relative insensitivity to magnetic fields, and
its weak dependence on viewing angle from
disk center to limb. Second, the instru-
ments were designed to make full disk ve-
locity images at a rapid cadence so that the
5-min p-mode oscillations are well resolved
in time. This provides a means for separat-
ing this oscillatory signal from the steady
flow signal by time averaging. Third, the

Fig. 1. Axisymmetric
flow component histo-
ries. Hourly measure-
ments of the amplitudes
of the dominant meridi-
onal flow component
(89 and the two domi-
nant components of the
differential rotation (7§
and T9 are plotted as
functions of time for the
first. 6 months of GONG
operation. Three instru-
ments produced the ear-
liest measurements, and
additional  instruments
contributed in the later
months. All sites show
good agreement with
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supergranulation pattern is resolved by the
optics and electronic camera. Fourth, the

network of instruments produces nearly con-
tinuous coverage, allowing detailed study of
the evolution of the convection pattern and

the course of the solar activity cycle.
The GONG instruments (3) obtain an

of individual cells. Finally, if the network
operates for many years, it will be possible to
monitor variations in the flow patterns over

intensity image, a line-of-sight Doppler ve-
locity image, and a modulation image
(which shows variation in the equivalent
width of the line) every 60 s. The image
geometry is accurately determined, and im-
ages are coregistered to within 0.1 pixel and
co-aligned to within 0.2° (3, 4). Each image
type is averaged over 17 min with a Gaus-
sian-shaped weighting function (5) that re-

duces the signal attributable to p-mode os-
cillations with periods shorter than 8 min
by a factor of =100. These averages are

sampled at 4-min intervals. The time-aver-
aged Doppler images are the primary source
of information on the surface flows.

These time-averaged Doppler images re-

quire special care and handling. The p-
mode oscillation signal for helioseismology

is obtained by subtracting each Doppler

image from the previous one so that the

steady signals present in both are removed.
With the time-averaged Doppler images, it
is the p-mode signals that are largely re-
moved while the steady signals remain.
These steady signals include instrumental
artifacts along with the desired solar signal.
However, because each observation is made
by two or more GONG sites in most cases,
differencing the observed velocities (after
removing the velocity signals produced by
Earth’s rotation and orbital motion) reveals
many of the instrumental signals. System-
atic diurnal variations in the measured ve-
locity signals at each site also offer informa-
tion on instrumental effects. A variety of
analysis techniques can be used to extract
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each other for both the average values of these component amplitudes and their day-to-day variations.
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information about the surface flows and
their interactions with the magnetic field
elements. Most of the results we describe
are derived from a technique that fits the
data with mathematical functions that rep-
resent the various flow components (6, 7).
Other results come from techniques that
determine the flows by tracking Doppler or
magnetic features over time intervals of
hours or days (8).

Axisymmetric Flows

The axisymmetric flows are the differential
rotation and meridional circulation. The
fluid velocities associated with these flows
are given by expansions in terms of spheri-
cal harmonic functions with

N
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Fig. 2. (A) Differential rotation profile for May 1995.
The differential rotation profile as a function of
latitude is plotted as a dotted line; positive veloci-
ties are in the direction of the basic rotation. The
spherical harmonic fit to this profile is shown as a
solid line. This profile gives more rapid rotation at
the equator and a slight north-south asymmetry.
(B) Meridional circulation profile for May 1995. The
spherical harmonic fit for the meridional circulation
is plotted as a solid line. No data points are plotted
here because the meridional flow is determined by
fitting a two-dimensional velocity pattern to the
data rather than by extracting a signal at each
latitude. This profile gives poleward flow from the
equator in two cells (positive velocities point
southward).

where v, is meridional velocity, v, is rota-
tion velocity, 0 is colatitude (heliocentric
angle from the north pole), ¢ is longitude,
P} are associated Legendre polynomials of
degree ¢ and order 1 (9), and SQ and T¢ are
coefficients that characterize the velocity
components. In practice, the sums in Egs. 1
and 2 are terminated at N = 8, but only
four terms dominate the flow (Fig. 1). The
largest of these, T = 2043 m s™!, represents
the solid-body rotation of the sun. The
second and third terms, TS and T, char-
acterize the differential rotation, and the
fourth term, S9, describes the meridional
circulation. Over the first 6 months of op-
eration, these terms give

vy(8) = =54 cos B sin B ms! (3)
vy(8) = (1837 — 195 cos’ O
—342 cos* 0) sin O m s~} (4)

with statistical errors of ~1 m s~ ! for each
coefficient. These results are in fair agree-
ment with results from many earlier studies
(10, 11). The exception is the weaker solid-
body rotation component, which is also
smaller than that given by the helioseismic
measurements (12).

The meridional flow has been notorious-
ly difficult to measure. Both the amplitude
and the direction of this flow have been in
question because of large uncertainties in
the measurements. The primary difficulty is
in separating the meridional flow signal
from the convective blue shift, a velocity
signal produced by the correlation between
outward velocities and brightness in the
small, unresolved granules. Specialized
techniques (6, 7) are required to separate
the meridional flow from the other solar
signals. Although the daily scatter for SY is
somewhat larger than that for TS and T?,
short-term variations are evident because

Fig. 3. Residual rotation 6
signal averaged over
three intervals. The dif-
ference between the
measured rotation signal
and the spherical har-
monic fit to that signal is
plotted as a function of
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the uncertainty is so much smaller than
that seen in earlier studies. Areas of the
surface that are populated by strong mag-
netic fields are masked out in the analysis
(6, 7), so day-to-day and week-to-week
variations in these coefficients may be
caused by signal leakage from nonaxisym-
metric flow patterns.

The differential rotation profile (Fig.
2A) is dominated by two components that
give a rapidly rotating equator and a slowly
rotating pole. The meridional flow profile
(Fig. 2B) is dominated by one component
that gives a net flow away from the equator
and toward the poles. There is no sign of
the equatorward flows near the equator and
poles reported in pattern tracking studies
(13). All components up to and including €
= 8 are included in these profiles, but the
other components contribute only a few
meters per second on average, and the day-
to-day variations in their measured ampli-
tudes are of similar size. Of these smaller
components, the TY component represents
an asymmetry in the rotation rate of the
two hemispheres. Its average value over this
6-month period was 7.8 = 0.3 m s !,
which indicates that the southern hemi-
sphere was rotating slightly more rapidly
than the northern hemisphere. Observa-
tions made with the GONG prototype in-
strument before the deployment of the net-
work showed a stronger asymmetry in the
summer of 1994. Two higher degree com-
ponents of the meridional circulation, Sg
and S9, also have small but significant am-
plitudes (—=1.6 = 0.5 m s ' and —1.3 =
0.1 m s !, respectively), and earlier mea-
surements indicate changes in these com-
ponents as well.

We extracted the rotation profile (Fig.
2A) from a fit to the rotation signal at each
latitude. This signal is given by the gradient

latitude. The jetlike tor-
sional oscillation signal is
identified with the fairly
broad (~15° wide) dips
that are seen in all three
averages. The latitudes
of these features (18°N
and 22°S) are slightly
poleward of the latitudes
where sunspots were
found during this period. -8
The narrower features

are attributed to signal -10 J
leakage from the nonaxi- -60
symmetric cellular flows.

-4
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in the Doppler velocity measured east-to-
west along a solar latitude. Earlier studies
(11, 14) have shown that there are addi-
tional velocity features in the rotation sig-
nal. These features, called torsional oscilla-
tions, consist of jetlike disturbances that
first appear at high latitudes and move to-
ward the equator during each solar cycle.
These features have amplitudes of ~5 ms™!
and laticudinal widths of 10° to 15°. During
the May—October 1995 time interval, the
velocity minima were reported to be located
at 18°N and 22°S (15). Despite its feeble
nature, this signal was already apparent
from only 1 month of GONG data (Fig. 3).

Cellular Flows

Cellular convective flows also play impor-
tant roles in the dynamics of the sun's con-
vection zone and the generation of the sun’s
magnetic field. Supergranule flows concen-
trate magnetic flux along the borders of the
cells where these cellular flows converge.
These magnetic flux concentrations are the
source of chromospheric emissions that
dominate the structure of the sun's upper
atmosphere. Giant cells several times as
large as typical supergranules are thought to
be responsible for maintaining the sun’s
differential rotation and meridional flow (2,
16). Searches for giant cells over the last 30
years have been inconclusive (17). Because
theoretical arguments for their existence
are contradictory (I8), observations are
needed to settle the issue. The cellular flows
can be studied by projecting the Doppler
velocity signal onto the nonaxisymmetric
spherical harmonic functions. The resulting
spectrum (Fig. 4) has a prominent peak at
spherical harmonic degree ¢ ~ 80, which
gives cells with diameters of ~50,000 km—
somewhat larger than the 30,000 km typi-
cally measured for supergranules.

The spectrum extends to larger and
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Fig. 4. Cellular flow spectrum. The sum of the
squared amplitudes at each spherical harmonic
degree ( is plotted for May 1995. This spectrum
has not been corrected for attenuation resulting
fromimage blurring at large values of €. Correction
of this attenuation will increase the power sub-
stantially above ¢ ~ 100.
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smaller cell sizes. With the present instru-
mental configuration, GONG measure-
ments are limited by spatial resolution to
degrees less than ~250. Degrees of 500 or
more are needed to represent the smaller
cells identified as mesogranules (19), and
degrees of more than 4000 are needed to
represent granules. Giant cells would have
degrees smaller than ~30, so the low end of
the spectrum is particularly interesting. The
total power for degrees less than 10 gives a
velocity signal with an amplitude of less
than ~10 m s~ 1. Portions of this signal may
be the source of the week-to-week varia-
tions seen in the axisymmetric flow ampli-
tudes (Fig. 1).

Tracking Horizontal Flows

Feature tracking (8) provides another
method for measuring the surface flows.
The time-averaged Doppler images contain
features whose motion can be followed to
give the velocity vector along the solar
surface. In this respect, these measurements
complement the Doppler signal to give vec-
tor velocity information. First, the axisym-
metric flows are removed from the data.
The remaining signal consists of the cellular
flow patterns; these images are projected
onto maps in heliographic longitude and
latitude. Data strips in longitude at each
observed latitude are correlated with similar
strips taken hours or days later. A maximum
in the correlation between the two strips
occurs when they are shifted to account for
the sun’s rotation. The size of the shift
divided by the time difference gives the
rotation rate of the pattern; the strength of
the correlation indicates how much the pat-
tern has evolved. This process is taken one
step further by filtering the cellular velocity
signal so that it only contains cells with a
limited range of sizes. The velocity spec-
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trum (Fig. 4) is subdivided into five spectral
bands: 1 =€ < 16,16 =€ <32,32=¢<
64, 64 = ¢ < 128, and 128 = {. Typical
supergranules are represented by the fourth
and fifth of these bands, whereas giant cells
are represented by the first two bands.
Results from this analysis (Fig. 5) show
that the cells in all five spectral bands
rotate with the sun. Slight differences are
found for the rotation rates of the various
cell sizes, but these differences do not ap-
pear to be significant given the variations
found in the measurements. The synodic
rotation rate of the photosphere, averaged
over latitudes within 30° of the equator, is
~13.2° day !. The rotation rate for the
cellular features in these five spectral bands

is somewhat faster at ~13.7° day ™!

Discussion

Some of our results are at odds with those of
previous studies. The rotation rate is ~10%
weaker than that found eartlier (10, 11) and
is similarly discrepant with the helioseismic
results (12). The rotation signal is repre-
sented by the average gradient in the Dopp-
ler velocity across the sun. Instrumental
signals with similar properties are found in
the GONG data. Although differences be-
tween instruments can be corrected by
means of simultaneous observations, any
gradients common to all instruments can-
not be determined this way. Other sources
of this weaker signal include the effect of
scattered light and difficulties in determin-
ing the absolute velocity scale. The merid-
ional flow is about twice as strong as that
found using magnetic features (13) and does
not show any evidence of equatorward flow;
this may be an indication of a variation in
meridional flow speed as a function of
depth. The GONG measurements represent
the fluid motions in the photosphere,

Fig. 5. Cellular pattern 0.2
longitude shifts for 2-day
time lags. The cross-cor-
relation coefficients for
pairs of velocity maps
obtained 2 days apart
are plotted as functions
of the longitude shift for
five spectral bands. The
cross-correlations  for
101 image pairs ob-
tained in June 1995 are

Correlation

w128 < €
64 < (<128

averaged over 91 lati-
tude positions within 30°
of the equator. The
peaks at longitude shifts
of ~28° indicate that the
patterns rotate at a rate 04

of ~14° day~". Cells in .60 40
all five bands participate
in the sun’s rotation. The

-20 0 20
Longitude shift (degrees)

stronger correlations for the larger cells indicate that they live longer than the smaller cells.

SCIENCE e VOL. 272 ¢ 31 MAY 1996

SR SO IR Ry
e



B

e

Bl nnEnnwnnE e

whereas the motions of magnetic features
represent some average over the depths to
which these features extend. Numerical
simulations of the effects of solar rotation
on the convective motions in these outer-
most layers indicate that the poleward me-
ridional flow should decrease with depth
(20). Another possibility is that the merid-
ional flow speed may also vary in time.

The appearance of the torsional oscilla-
tion signal is somewhat surprising. Previous
observing programs used years of data to
extract these features. Although the resid-
ual rotation signal from a single month (Fig.
4) is rather noisy, the broad, deep dips are
quite evident and were identified with the
torsional oscillation signal before any efforts
were made to identify their positions from
other sources. Also surprising are the many
narrow features that appeared to persist for
the entire 6 months. These axisymmetric
flow components should be dynamically
linked. The Coriolis force on a poleward
meridional flow opposes the observed dif-
ferential rotation, whereas the same force
acting on the differential rotation would
tend to reverse the meridional flow (2, 16).
We might expect that any variations seen
in one component might be reflected in
others as we monitor these flows over the
solar cycle.

Several observations suggest that giant-
cell convection patterns may be extracted
from these data. The convection spectrum
exhibits power at all degrees down to € = 1.
Variations seen in the measured rotation
and meridional circulation components are
consistent with the presence of large-scale
nonaxisymmetric flow patterns. Another

indication of the presence of giant cells is
the finding that the largest cellular patterns
have components that rotate at a rate com-
mensurate with the sun’s rotation rate.

Improvements to the GONG instru-
ments are planned. Higher magnification
will allow us to study a broader range of
cell sizes and may provide details that
enhance the results from feature tracking.
Another promise of the GONG network is
that we will obtain these data for many
years. The variations of the flow patterns
over the course of the next solar cycle will
provide us with answers as well as more
questions concerning the dynamics of this
star’s convection zone and the nature of its
activity cycle.
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