
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. 

T h e  GONG instruments were designed to 
measure solar oscillatiolls for helioseismol- 
ogy. The primary data, Doppler velocities, 
are also an excellent source of i~lfor~nation 
on the nearly steady surface flows. These 
flows include axisymmetric motions such as 
differential rotation (in which the equato- 
rial regions rotate Inore rapidly than the 
polar regions) and llollaxisylnlnetric flolvs 
such as supergran~~les (convective flows 
that tile the sun's surface lvith 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 colnponents of the surface flows 
are thought to play leading roles in gener- 
ating the sun's magnetic field. The iiiffer- 
ential rotation stretches rneriiiional mag- 
netic fielii lines to form strong toroiilal 
fields, that is, fields in longituiiinal rings 
about the sun's axis of rotation ( 1 ) .  The 
lneridional circulation transports magnetic 
flux anii angular momentum across parallels 
of latituiie and from one radius to another 
(2 ) .  The  nonaxisymmetric convective mo- 
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tions also redistribute lnagnetic flux and 
angular momentum, hut in more colnplex 
and suhtle ways. Here, lve report on the first 
6 months of G O N G  measurements of these 
different flows. 

Data Characteristics 

The G O N G  data have several ailvantapes " 

over most previous iiata. First, the instru- 
ments were specifically iiesigned for accu- 
rate Doppler velocity measurements. The 
Ni 1676.8-11m spectral line was chosen over 
Inally other candidate lines because of its 
isolation fro111 other spectral features, its 
relative insensitivity to magnetic fields, and 
its lveak depelldellce on viewing angle from 
disk center to limb. Second, the instru- 
nlents were designed to make 1~111 disk ve- 
locity ilnages at a rapid cadence so that the 
5-1ni11 p-mode oscillatiolls are \\ell resolved 
in time. This urovides a means for separat- 
ing this oscillatory signal from the steaiiy 
flow signal by time averaging. Third, the 

supergranulation pattern is resolveii by the 
optics anii electronic camera. Fourth, the 
net\vork of instruments produces nearly con- 
tinuous coverage, allowing iietailed study of 
the evolution of the convectio~l pattern and 
of individual cells. Finally, if the netlvork 
operates for many years, it \\rill he possible to 
mollitor variations in the flolv patterns over 
the course of the solar activity cycle. 

The G O N G  instruments (3) ohtail1 an 
intensity image, a line-of-sight Doppler ve- 
locity image, anii a modulation image 
(which shows variation in the eqllivalent 
lvidth of the line) every 60 s. The image 
geometry is accurately determineii, anii im- 
ages are coregistereii to within 0.1 pixel and 
co-aligned to within 0.2" (3, 4). Each image 
type is averaged over 17 lnin with a Gaus- 
sian-shaped lveighting f~lnctioll (5) that re- 
duces the signal attributable to b-mode os- - 
cillatiolls \\>it11 perioiis shorter than 8 lnin 
by a factor of 2100 .  These averages are 

u 

salnpled at 4-mi11 intervals. The time-aver- 
aged Doppler images are the primary source 
of illformatio~l on the surface flows. 

These time-averaged Doppler images re- 
quire special care and haniiling. The b- 
lnode oscillatio~l signal for helioseismology 
is obtained by subtracting each Doppler 
image from the previous one so that the 
steaiiy signals present in both are removeii. 
With the time-averaged Lhppler images, it 
is the p-moiie signals that are largely re- 
moved while the steady signals remain. 
These steady signals include instrumental 
artifacts along lvith the desireii solar signal. 
Holvever, because each observation is made 
hv tlvo or more G O N G  sites in most cases. 
differencing the observed velocities (after 
relnoving the velocity signals produceii by 
Earth's rotation and orhital motion) reveals 
manv of the instrumental signals. Svstem- 

u 

atic diurnal variations in the measured ve- 
locity signals at each site also offer informa- 
tion on instrumental effects. A variety of 
analysis techniq~~es can he used to extract 

Fig. 1. Axisymmetric 
flow component histo- 
ries. Hourly measure- 
ments of the amplitudes 

. . 
of the dominant meridi - . . . . 
onal flow component 
(Sgj and the two domi g / ~g @$ 
nant components of the a, I '  

O 
differential rotation (T: 3 

and TY) are plotted as 2 
functions of time for the 
first 6 months of GONG 
ooeration. Three instru- :. ,. . . I  
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ments produced the ear- 
liest measurements, and 
additional instruments -150 

E~ay-June+Juy + ~ u ~ - ~ e p +  OC~.- 
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contributed in the later 120 140 160 180 200 220 240 260 280 300 
months. All sites show Day of 1995 

good agreement with 
each other for both the average values of these component amplitudes and their day-to-day variations. 



information about the surface tlorvs and 
their interactions with the magnetic field 
elements. Most of the results we iiescribe 
are iierived from a t e c h n i q ~ ~ e  that fits the  
data lvith mathematical fil~lctions that rep- 
resent the various flow colnponents ( 6 ,  7).  
Other results come from techniques that 
determine the flo\vs by tracking Doppler or 
nlagnetic features over time intervals of 
hours or days (8). 

Axisymmetric Flows 

T h e  axisyln~netric flows are the  iiifferential 
rotation and 11leridio1lal circulation. T h e  
fluid velocities associated with these flolvs 
are given hy expansio~ls in terms of spheri- 
cal harmonic functio~ls with 

\' 

v,,(H) = C T:PI (cos 0)  (2 )  
( = I  

Latitude 
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Fig. 2. (A) Differential rotation proflle for May 1995. 
The differential rotation proflle as a functlon of 
latitude is plotted as a dotted line, positve veloci- 
t e s  are in the direction of the basc rotation. The 
spherical harmonlc fit to this proflle is shown as a 
sold lne. This proflle g~ves more rapid rotation at 
the equator and a slight north-south asymmetry 
(B) Merldlonal clrculatlon profllefor May 1995. The 
spherical harmonc f~t for the merldonal c~rculat~on 
is plotted as a solid line. No data points are plotted 
here because the meridional flow IS determ117ed by 
fittng a two-dmenslonal veloc~ty pattern to the 
data rather than by extracting a signal at each 
latitude This proflle glves poleward flow from the 
equator in two cells (positive velocities polnt 
southward) 

where v, is llleridio~lal velocity, vcb is rota- the uncertainty is so much slllaller than 
tion velocity, 0 is colatitude (heliocentric that seen in earlier st~ldies. Areas of the 
angle from the  north pole), c$ is longituiie, surface that are populateii hy strong mag- 
P: are associated Legendre polynomials of netic fields are masked out in the  analysis 
degree f and order 1 (9 ) ,  anii S y  and Ty are ( 6 ,  7 ) ,  so day-to-day and lveek-to-week 
coefficients that characterize the  velocitv variations in  these coefficients mav be 
components. In practice, the  sums in Eqs. 1 
and 2 are terminated at N = 8, but o1-11~ 
four terms doininate the flow (Fig. 1) .  T h e  
largest of these, T';' = 2043 111 s-I, represents 
the soliii-hody rotation of the  sun. T h e  
second and third terms, TZ, and TS, char- 
acterize the differential rotation, and the 
fo~lr th  term, SS, describes the  nleriiiio~lal 
circulatii~n. Over the first 6 ~l lonths  of op- 
eration, these terms give 

v,(0) = -54 cos 0 sin 0 ~n s-I (3 )  

v,,,(0) = (1837 - 195 ccx2 0 

caused by signal leakage from nonaxisym- 
metric tlo\v patterns. 

T h e  differential rotation profile (Fig. 
2A)  is donlinated bv t\vo comDonents that 
give a rapidly rotating equator and a slowrly 
rotating pole. T h e  ~lleridional flow profile 
(Fig. 2A) is dolninated by one colnponent 
that gives a net flow away from the  equator 
and toward the poles. There is n o  sign of 
the equatorlvard flows near the equator and 
poles reported in pattern tracking st~liiies 
(1 3). All components up to  and incluiling C 
= 8 are included in these profiles, hut the  
other components contribute only a few 

-342 cos4 0)  sin 0 ln s-' (4 )  meters ner second o n  average, and the  Jav- " 

with statistical errors of -1 m s p '  for each to-clay variations in their measureil ampli- 
coefficient. These results are in fair agree- tudes are of silllilar size. Of these smaller 
lnellt with results from lllally earlier studies components, the T: component represents 
(10,  11 ). T h e  exception is the weaker solid- a n  as\immetr\i in the rotation rate of the  
body rotation component, which is also two hemispl~eres. Its average value over this 
slllaller than that given hy the  helioselslnic 6-month period was -7.8 -t 0.3 m s p l ,  
measurements (1 2) .  n~h ich  illdicates that the southern he1111- 

T h e  mericiional flow has heen notorious- sphere was rotating slightly nlore rapidly 
ly difficult to measure. Both the  amplitude than the  llorthern hemisphere. Ohserva- 
and the  direction of this flow have heen in tions made with the GONG prototype in- 
iluestion because of l a r ~ e  uncertainties in strurnellt before the det~lovment of the net- 
the measurements. T h e  primary difficulty is 
in separating the  llleridional flow signal 
from the con\,ecti\,e blue shift, a velocity 
signal produced by the  correlation hetween 
outnrarcl \,elocities and brightness 111 the 
small, unresolved granules. Specialized 
techniques ( 6 ,  7)  are required to separate 
the  lneridlollal flow from the  other solar 
signals. Although the daily scatter for S $ is 
soll~ewhat larger than that for Tq and T:, 
short-term \,arlations are evident because 

Fig. 3. Residual rotation 
slgna averaged over 
three intewals. The dif- 
ference between the 
measured rotailon slgnal 
and the spherical har- 
monic fit to that slgna is 
plotted as a function of 
latitude. The jetllke tor- 
sional oscllatlon signal is 
dentifled with the fairly 
broad (-15' wide) dlps 
that are seen in a three 
averages The latitudes 
of these features (18"N 
and 22's) are slightly 
poleward of the lattudes 
where sunspots were 
found durng thls perlod. 
The narrower features 
are attributed to slgnal 
leakage frorn the nonaxi- 
symmetric cellular flows. 

c ,  

work showeci a stronger asymlnetry in the  
summer of 1994. Two higher degree com- 
ponents of the lneridional circulation, S y  
and S;, also have small hut significant am- 
plitudes (-1.6 ? 0.5 m s p '  and -1.3 ? 
0.1 m sp l ,  respectively), and earlier mea- 
surements indicate changes in these com- 
ponents as well. 

W e  extracted the rotation profile (Fig. 
2A)  from a flt to the  rotation signal at each 
latitude. This signal is given hy the gradient 

\ 1 1 Month 
- - -  3 Months I 

---- 6 Months 

I l p  - 

-60 -30 0 30 60 
Latitude 
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In the Doppler velocity measured east-to- 
west along a solar latitude. Earlier studies 
(1 1 ,  14) have shown that there are addi- 
tional velocity features in the  rotation sig- 
nal. These features, called torsional oscilla- 
tions, consist of jetlike iiisturbances that 
first appear at high latitudes and m ~ \ ~ e  to- 
ward the equator during each solar cycle. 
These features have amplitudes of -5 m s p l  
and latitudinal widths of 10" to 15". During 
the  May-October 1995 tilne interval, the  
velocity minima were reported to he located 
a t  lSON and 22"s (15).  Despite ~ t s  feeble 
nature, this signal was already ;apparent 
from only 1 month of G O N G  data (Fig. 3) .  

Cellular Flows 

Cellular convective flows also play impor- 
tant roles in the dyllamics of the sun's con- 
vection zone anii the eeneration of the sun's 
lnagnetlc field. Supergranule flows concen- 
trate maelletic flux alone the  borders of the  
cells where these cellular flows converge. 
These lnaenetic flux collcelltrations are the 
source of chromospheric elnissions that 
dominate the structure of the  sun's unner . . 
atmosphere. Giant cells several times as 
large as typical supergranules are thought to 
he responsible for lnalntaining the  sun's 
differential rotation and meridional flow ( 2 ,  
16) .  Searches for giant cells over the last 30 
year5 have been inconclusive ( 17).  Because 
theoretical areulnents for their existence 

are contradictory ( l d ) ,  observations are 
needed to settle the issue. T h e  cellular flo~vs 
can be studied hy  projecting the Doppler 
velocity signal onto  the nonaxisytnmetric 
spherical harlnollic functions. T h e  resulting 
spectrum (Fig. 4 )  has a prolllillent peak at 
spherical harrnonlc degree P - 80, which 
gives cells with dlalneters of -50,000 km- 
solnewhat larger than the 30,000 km typi- 
cally measured for supergran~~les.  

T h e  spectrum extends to larger allcl 

Spherical harmonic degree i 

Fig. 4. Cellular flow spectrum. The sum of the 
squared alnpl~tudes at each spherical harmonic 
degree i is plotted for May 1995. Ths spectrum 
has not been corrected for attenuaton resulting 
from image blurring at large values of C.  Correction 
of this attenuation will Increase the power sub- 
stantially above i - 100. 

slllaller cell sizes. W i t h  the  present instru- 
lnental configuration, G O K G  measure- 
ments are limited by spatial resolution to 
degrees less than -250. Degrees of 500 or 
more are neecied to represent the slnaller 
cells identified as mesogr,~nules (1 9 ) ,  and 
iiegrees of Illore than 4000 are neeiied to 
represent granules. Giant cells would have 
ciegrees slnaller than -30, so the  low end of 
the spectrum is particularly interesting. T h e  
total power for degrees less than 10 gives a 
veloclty signal with an  amplituiie of less 
than - 10 111 sp ' .  Portions of this signal may 
be the source of the  week-to-week varia- 
tions seen 111 the  axlsymmetric flonr ampli- 
tudes (Fig. 1) .  

Tracking Horizontal Flows 

Feature tracking (8) provides another 
lnethod for measurine the  surface f l o w .  
T h e  time-averaged Doppler ilnages contain 
features whose inotion call be followed to 
glve the  velocity vector along the solar 
surface. In  this respect, these measurements 
complement the  Doppler signal to give vec- 
tor velocltv inf~>rmation. First, the  axis\im- 
lnetric flows are removeii from the  data. 
T h e  relnaillillg signal consists of the  cellular 
flow patterns; these Images are projecteci 
onto  maps 111 heliographic longitucie and 
latitude. Data strips in longitude a t  each 
ohserved latitude are correlated with silnilar 
strios taken hours or davs later. A m a x ~ m u m  
111 the correlatioll hetween the  two strips 
occurs when they are shifted to account for 
the sun's rotatlon. T h e  size of the slllft 
divided bv the  tllne difference eives the 
rotation rate of the  pattern; the strength of 
the correlatloll indicates how much the Dat- 
tern has evolved. This process is taken one 
step further by filtering the  cellular velocity 
signal so that it ollly colltaills cells with a 
llmlted range of sizes. T h e  velocity spec- 

Fia. 5. Cellular Dattern 0 . 2 7  

trum (Flg. 4 )  is suhdi\,ided into five spectral 
hands: 1 5 P < 16, 16 5 P < 3 2 , 3 2  5 4 < 
64, 64 5 t < 128, and 128 5 P. Typical 
supergranules are represented by the fourth 
anci fifth of these bands, whereas giant cells 
are represellteii by the  flrst tnro bands. 

Results from this analysis (Fig. 5) show 
that the  cells in all five spectral bands 
rotate with the sun. Slight dlfferellces are 
found for the  rotation rates of the various 

cell sizes, but these differellces do  not ap- 
pear to be sigllificallt given the variations 
founii in the measurements. T h e  synodic 
rotation rate of the photosphere, a\,eraged 
over latitudes within 30" of the equator, is 
-13.2" dayp' .  T h e  rotation rate for the  
cellular features in these flve spectral bands 
is somewhat faster a t  -13.7" dayp1. 

Discussion 

Some ot our results are a t  odds with those of 
previous studies. T h e  rotation rate is -10% 
weaker than that f i~und  earlier (1 6, 1 1 ) and 
is similarly discrepant with the helioseistnic 
results (1 2 ) .  T h e  rotation signal is repre- 
sented by the average gradient in the Dopp- 
ler veloclty across the  sun. Instrumental 
signals with sunilar properties are found in 
the  GONG data. Although differences he- 
tnreell instruments can he corrected by 
lneans of simultaneous observations, any 
gradients colllmoll to all instruments can- 
not he iietermilled this way. Other  sources 
of this weaker signal include the  effect of 
scattered light anii difficulties in determln- 
ing the absolute velocity scale. T h e  merid- 
io l~al  flonr is about tnrice as strong as that 
found using magnetic features (1 3) and does 
not show any evidence of equatorward flow; 
thls may he an  Indication of a variation in 
lneriiiiollal flow speed as a function of 
depth. T h e  G O N G  measurements represent 
the  fluid lnotiolls in the photosphere, 

obtained 2 days apart 
are plotted a s  functons 0 
of the longitude shift for 
five spectral bands. The 
cross-correlatons for 
101 Image pairs ob- 8 
tained in June 1995 are 
averaged over 91 a t i  0 ,0  
tude positions wthin 30' 
of the equator, The 
peaks at ongtude shifts 
of -28" Indicate that the 
patterns rotate at a rate 

-o, l  
of -14" day-'. Cells in -60 -40 -20 0 20 40 
a flve bands pariicpate Longitude shift (degrees) 
in the sun's rotation. The 
stronger correlatons for the larger cells ndcate that they live longer than the smaller cells. 

" 
longitude sh~fts for 2-day 

SCIENCE VOL 272 31 hlAY 1996 

128 ( tme lags The cross cor- 6 4 < ( < 1 2 8  
reaton coeffclents for .. .. 32 5 ( < 64 
palrs of veloclty maps - - - - - - - . 



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

T h e  amearance of the  torsional oscilla- 
tion signal is solnewhat 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 axisvm~netric 
flow components should be dyAamically 
linked. T h e  Coriolis force o n  a  olew ward 
meridional flow opposes the  observed dif- 
ferential rotation, whereas the same force 
acting o n  the  differential rotation u~ould 
tend to reverse the  meridional flow (2,  16) .  
W e  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. T h e  convection svectrum 
exhibits power at all degrees down to  t = 1. 
Variations seen in the  measured rotation 
and ~neridional circulation components are 
consistent with the  presence of large-scale 
nonaxisy~n~netric flow patterns. Another  

indication of the  presence of giant cells is 
the  finding that the  largest cellular patterns 
have components that rotate a t  a rate corn- 
lnensurate with the  sun's rotation rate. 

Improvements to  the  G O N G  instru- 
inents 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. 
Ano the r  promise of the  G O N G  network is 
tha t  we will obtain these data for many 
years. T h e  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 t h ~ s  
star's convection zone and the  nature of its 
activity cycle. 
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