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Helioseismology requires nearly continuous observations of the oscillations of the solar 
surface for long periods of time in order to obtain precise measurements of the sun's 
normal modes of oscillation. The GONG project acquires velocity images from a network 
of six identical instruments distributed around the world. The GONG network began full 
operation in October 1995. It has achieved a duty cycle of 89 percent and reduced the 
magnitude of spectral artifacts by a factor of 280 in power, compared with single-site 
observations. The instrumental noise is less than the observed solar background. 

T h e  G O N G  project instrumentation was 
designed to measure the conditions in 
the solar interior using information from 
the acoustic waves that propagate through the 
sun. High-precision meas~~rements of the tem- 
poral frequencies of the normal modes excit- 
ed in the sun are reuuired to infer the con- 
ditions, requiring continuous obser\~ations 
lasting over many mode lifetimes (typically 
weeks to lnonths and longer). To  obtain 
these data, the GONG project has deployed 
a network of six instr~~ments around the 
world to record the Doppler velocity of the 
solar sulface. The specification and construc- 
tion of six identical instruments capable of 
acquiring the data with both low noise and 
long-term stability stringently constrained 
the optical, mechanical, and thermal speci- 
fications. The GONG project is now fully 
operational. 

Scientific Objectives and 
Technical Requirements 

Several processes contribute to the velocity 
field of the solar surface: differential rota- 
tion, convecti\~e flows, circulation, and the 
oscillations. The oscillatory contribution 
consists of the incoherent s~~perposition of 
roughly 10' pressure (p) modes with tempo- 
ral cyclic frequencies v of about 2 to 4 rnHz 
(that is, with periods of about 5 min) and 
maximum \~elocity amplitudes of about 20 
cm s-' per mode. The f~~ndamental  modes, 
with properties similar to surface waves over 
the deep terrestrial ocean, are also obser\~ed. 
Gravity modes should also exist but are 
trapped deep within the sun beneath the 
convection zone, and so far, observations of 
them at the surface ha \~e  been equivocal. 

The p modes are most likely (i) stochas- 
tically excited by turbulence in the layers 
immediately below the photosphere and (ii) 
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subsequent interference of the waves 
trapped within the temperature cavity re- 
sults in the sur\ival of only those waves that 
satisfy the boundary conditions at the two 
deoths where the wa\.e is reflected. Each 
ridge corresponds to a different \ d u e  of n; 
modes with higher n also have higher v at a 
constant P. A t  values of P less than about 
180, the ridges are resolved into discrete 

u 

features. These modes are global in nature 
and have lifetimes longer than their travel 
time around the sun (typically about 5 
days). The global modes are thus able to 
interfere constr~~cti\,ely, producing discrete 
peaks in the spectrum. The width of the 
peak is in\~ersely proportional to the life- 
time of the mode, and the frequency of the 
mode is estimated from the location of the 
peak in the spectrum. 

The  observable oarameters of a mode. 
in particular v,  depend on  the physical 
conditions (primarily density, pressure, ve- 
locity, and magnetic field; and indirectly, 
temperature and composition) of the solar 
interior along the ray path of the mode. 
Each mode samples different regions in 
depth and heliographic latitude. Modes 
with lower values of € and higher values of 
n sample deeper depths than those with 
relati\~ely high C and low n. Thus, the 
physical conditions in a given volume can 
be estimated by comparing the parameters 
of modes whose ray paths differ only by 
the location of the volume considered. 
The  ~ h y s i c a l  conditions within the entire . , 

solar interior can then be inferred by an- 
alyzing the frequencies of a large number 
of modes. 

Observations over long periods of time 
are important for two reasons. (i) The ill- 
ference of the deep solar structure requires 
measurements of v for the low-freauencu 
modes that penetrate to the energy-gener- 
a t i m  core, and these measurements must be 
accurate enough to reduce random and sys- 
tematic errors in the estimated physical pa- 
rameters to acceptable levels. Because mea- 
surement of v for a mode requires its line 
profile be resolved, it is necessary to observe 
the mode for many lifetimes. Because unre- 
sol\~ed peaks are present in the longest data 
sets yet achieved, the upper limit of the 
lifetimes is still unknown. but some modes 
n~ust  have lifetimes approaching 1 year. 
Thus, we must observe these modes for at 
least a few years to determine their param- 
eters. (ii) The frequencies of the p lnodes 
vary with the solar magnetic acti\~ity cycle 
of about 11 years. The magnitude of the 
frequency shift depellds on v. This system- 
atic variation pro\+les information on the 
structure of the near-surface lavers as the 
activity cycle e\.olves but must be remo\~ed 
for determination of the deep interior struc- 
ture. Accurate measurements of this shift 
also require long-term observations. 



Observing Strategies 

Long-term observations from a single 
ground-based site are regularly interrupted 
by the daily setting of the sun, and these 
periodic gaps create a set of sharp side lobes 
surrounding each solar peak in the spectrum 
(Fig. 2A). The presence of these diurnal 
side lobes confuses the observed spectrum 
and has led to three observing strategies to 
eliminate them: observations from the 
South Pole (2), observations from a contin- 
uously sunlit location in space (3), and 
observations from a network of sites distrib- 
uted around the Earth. Polar observations 
are the least expensive of the strategies, but 
they present cold-weather technical chal- 
lenges, cannot last longer than about 3 
months, and are vulnerable to interruptions 
by local weather conditions. Spaceborne 
observations are free of terrestrial atmo- 
spheric effects but are expensive to imple- 
ment and difficult to maintain over long 
periods. Networks are intermediate in ex- 
pense, can be repaired, and are robust to 
weather and instrumental interruptions, but 
the data contain terrestrial atmospheric ef- 
fects. Multisite network data must be 
merged together, which complicates the 
data reduction but also provides verification 
and cross-calibration of the instruments and 
improves the signal-to-noise ratio of tlie 
observations. 

Two integrated-light networks have 
been deployed: BiSON (Birmingham Solar 
Oscillation Network, administered by the 
University of Birmingham, UK) (4) and 
IRIS (International Research on the Interi- 
or of the Sun, administered by the Univer- 

site de Nice, France) (5). These networks 
use atomic resonance spectrometers that 
view the sun as a star and are sensitive only 
to modes with 0 5 t 5 4. The Taiwanese 
Oscillation Network (TON, administered 
by Tsing Hua University, Hsinchu, Tai- 
wan) is being deployed (6). This network 

Fig. 2. (A) Power spectrum of the temporal ob- 
serving window obtained over 4 months at a sin- 
gle site, normalized to the power at zero frequen- 
cy. The set of sharp features at integral multiples 
of 11.57 kHz (1 per day) are caused by the daily 
setting of the sun, which produces regularly 
spaced gaps in the data. This spectrum is repli- 
cated around each solar oscillation peak, greatly 
increasing the number of features in the power 
spectrum and complicating the identification and 
determination of the frequencies of the p modes. 
(B) Power spectrum of the temporal observing 
window of the GONG network for a similar length 
of time. The diurnal side lobes have been reduced 
in power by a factor of 280. 

will acquire 1242-pixel by 1152-pixel imag- 
es of solar brightness using a narrowband 
filter. Finally, a small network of high-de- 
gree Doppler velocity imaging instruments 
is being deployed in California and the 
former Soviet Union (7). 

The selection of the sites for GONG 
began with computer modeling showing 
that a properly placed six-site network 
could achieve an observational duty cycle 
of over 90%, reducing the amplitude of the 
diurnal side lobes by more than two orders 
of magnitude (8). This was confirmed by a 
survey of the actual conditions for solar 
observine at 15 candidate sites bv small 
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sunshine monitors (9). Six of these sites 
were finally chosen for the GONG network 
(Fig. 3). The site survey data demonstrated 
that a duty cycle of 93% was achievable at 

Fig. 3. Location of the observing sites comprising 
the GONG network. There are six sites: Big Bear 
Solar Observatory, California, USA; Mauna Loa 
Solar Observatory, Hawaii, USA; Learrnonth Solar 
Observatory, Australia; Udaipur Solar Observato- 
ry, India; Obwatorio del Teide, Tenerife, Spain; 
and Cerro Tololo lnterarnerican Observatory, 
Chile. 

Fig. 1. An overview of information flow in helioseismology. (A) Doppler velocity Shown here is a portion of the resulting time series fore = 100, rn = 90. (C) A 
image of the solar surface as observed by a GONG instrument. A high-pass temporal Fourier transform of the time series separates the modes with dif- 
temporal filter has been applied to reveal a snapshot of the oscillatory velocity ferent V. The resulting power spectra can be averaged over rn to produce this 
field. (B) The decomposition of many velocity images into spherical harmonics two-dimensional power spectrum of the Doppler velocity of the solar surface 
produces a time series of the superposition of spherical harmonic amplitudes as a function of e and V. The ridges in the diagram correspond to dierent 
for modes with the same values of degree e and azimuthal orderrn and several values of n, and the location of the ridges in the spectrum are used to infer the 
diierent values of radial order n, each with a diierent temporal frequency V. internal solar conditions. 
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these sites, and the first rnonth of full op- 
erations yielded a duty cycle of 89%. T h e  
first diurnal side lobe has been reduced by a 
factor of 280 in power (Fig. 2B). 

The GONG Instrument 
and Data Reduction 

T h e  G O N G  instrulnent (10) was designed 
to observe the Doppler shift of the  solar 
absorption line of N i  i (at  wavelength 676.8 
nm)  primarily for p modes. Doppler velocity 
measurements were chosen because they 
typically have a higher ratio of the  oscilla- 
tory signal compared to other solar process- 
es. T h e  actual measurelnent is of the  phase 
of the single strongest (on  average) Fourier 
conlponent in a small portion of the spec- 
trum around one absor~ t ion  line. Such in- 
strulnellts are known in the solar commu- 
nity as "Fourier tachometers" (1 1) .  In the 
optics community, the  basic technique is 
known as phase-shift interferometry and is 
widely used to test the quality of optical 
components. ,411 of the instrulnental design 
goals have been met or exceeded; in partic- 
ular, the noise level of the lneasurelnents is 
two orders of lnagnitude below the  noise 
generated by nonoscillatory solar processes. 

Each minute, a single site records three 
256-pixel by 242-pixel images, a total of 
393 kilobytes of information. On average, 
1.8 sites observe conc~~rrent lv .  so the aver- , , 
age total data rate for the network is over 1 
gigabyte per day. In order to maintain ca- 
dence, data must he reduced and archived 
at the same overall rate as thev are collect- 
ed. Many of the  processing steps are inde- 
pendent, so the  computational burden has 
been distributed over a network of worksta- 
tions. This approach allows parallel process- 
ing of several steps and allows data reduc- 
tion to maintain cadence with the data 
collection ( 1  2 ) .  

T h e  images are processed, filtered, cali- 
brated, and converted to  Doppler velocity, 
~nod~l l a t ion  (approximate line strength), 
and total intensity images (13).  T h e  spher- 
ical ha r~non ic  decomposition of each 
remapped image is estimated up to i = 250 
(14),  thereby sampling all of the globally 
resonant modes. Time series of the  Inode 
a~nplitudes obtained sim~~ltaneously at dif- 
ferent sites are corrected and cornhilled 
(15) ,  and the  power spectra are computed. 
Finally, the  frequencies, amplitudes, and 
linewidths of peaks in the power spectra are 
estimated (16).  These parameters are then 
used to infer the solar internal conditions. 
T h e  GONG network will provide this in- 
formation for at least the  next 3 years. 
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Data from the Global Oscillation Network Group (GONG) project and other helioseismic 
experiments provide a test for models of stellar interiors and for the thermodynamic and 
radiative properties, on which the models depend, of matter under the extreme conditions 
found in the sun. Current models are in agreement with the helioseismic inferences, which 
suggests, for example, that the disagreement between the predicted and observed fluxes 
of neutrinos from the sun is not caused by errors in the models. However, the GONG data 
reveal subtle errors in the models, such as an excess in sound speed just beneath the 
convection zone. These discrepancies indicate effects that have so far not been correctly 
accounted for; for example, it is plausible that the sound-speed differences reflect weak 
mixing in stellar interiors, of potential importance to the overall evolution of stars and 
ultimately to estimates of the age of the galaxy based on stellar evolution calculations. 

Sta r s  are born from contracting interstellar 
clouds. T h e  initial rapid phases of e v o l ~ ~ t i o n  
are rather uncertain; however, the protostar 
eventually settles down to a state where the 
forces of gravity and the pressure gradient 
approximately balance. T h e  continuing 
contraction releases gravitational energy, 
which heats up the stellar matter and sup- 
plies the luminosity of the early star. Even- 
t ~ ~ a l l y ,  the temperature in the stellar core 
gets sufficiently high that the energy re- 
leased in the f~lsion of h v d r o ~ e n  into helium 
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begins to contribute to the luminosity. Con-  
traction stops when fusion produces all of 
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the luminosity. T h e  star then enters the very 
long main-sequence phase, during which es- 
sentially all of the hydrogen in the core is 
gracl~~ally converted into helium. This phase 
occupies the largest fraction of its life, last- 
ing about 10 billion years in the solar case. 

So  far, the  sun has used up about half of 
its hydrogen supply. W h e n  the hydrogen at 
the center is exhausted, in about 5 billion 
years, fusion will continue in a shell around 
the helium core. During this phase, the sun 
will expand greatly, becoming finally a red 
giant. T h e  sun will end as a white dwarf, 
comprising much of the original Inass but 


