with precision and accuracy not previously achieved in satellite observations. The sensors view the sun through
a 5° (full angle) field of view. Wavelength
sensitivity is nearly uniform from the far
ultraviolet through the far infrared with a
cavity absorptance of 0.9995 (3). Separate shutters on each sensor facilitate
their operation with different frequencies
Observations of Solar Irradiance Variability
for all possible combinations in either auAbstract. High-precision measurements of total solar irradiance, made by the ac- tomatic or manual modes. The three sentive cavity radiometer irradiance monitor on the Solar Maximum Mission satellite, sors are used in various combinations to
show the irradiance to have been variable throughout the first 153 days of observa- provide periodic cross-references on the
tions. ThWe corrected data resolve orbit-to-orbit variations with uncertainties as small system's performance. This phased use
as 0.001 percent. Irradiancefluctuations are typical ofa band-limited noise spectrum
of the three channels is designed to suswith higih-frequency cutoff near 0.15 day-1; their amplitudes about the mean value of tain the precision of ACRIM's observa1368.31, watts per square meter approach + 0.05 percent. Two large decreases in tions within 0.1 perceht for at least 1
year. Comparisons with other sensors on
irradian(ce of up to 0.2 percent lasting about I week are highly correlated with the
developi nent of sunspot groups. The magnitude and time scale of the irradiance rocket and Space Shuttle payloads
variabili ty suggest that considerable energy storage occurs within the convection should sustain the multiyear precision of
ACRIM within 0.1 percent for the life of
zone in ssolar active regions.
the SMM. The theory and operation of
The .active cavity radiometer irra- variability that are significant for solar ACRIM are described in (2).
The ACRIM observations over the
diance nnonitor (ACRIM) experiment on physics investigations. This report prothe NALSA Solar Maximum Mission vides a brief description of the in- first 153 days of the SMM are presented
(SMM) sspacecraft, launched in February strument's operation and preliminary re- in Fig. 1. Shown are the mean values for
1980, wi as designed to make regular ob- sults of the first 153 days of observa- each orbit as measured by channel A, adjusted to give the total solar irradiance at
servatioins of the total solar irradiance tions.
The ACRIM instrument has three ac- 1 A.U. and plotted as percentage varia(1). The principle goals of the experiment
tive cavity radiometer (ACR) type IV tions about the mean for the 153-day peare (i) to begin a climatological data base
on solar irradiance variability that will
sensors, the most recent version of a se- riod.
cover at least one solar magnetic cycle
ries of flight pyrheliometers developed at
Each orbital mean is an integration
(about 2:2 years) with ± 0.1 percent long- Jet Propulsion Laboratory (2). Each over the solar observing portion of one
term priecision, and (ii) to provide a ACR sensor is an independent, electri- orbit. It is formed by integrating 32 1shorter-i term data base (minutes to cally self-calibrated cavity pyrheliome- second samples from each shutter-open
months) with maximum precision and ter, capable of defining the radiation period and averaging the results. A maxiaccurac)y for the study of aspects of solar scale at the level of total solar irradiance mum of 28 shutter-open solar observation periods occur per orbit. During the
first 153 days of the SMM the average
1980 date
number of shutter-open periods per orbit
3/1 3/15 4/1 4/15 5/1 5/15
6/1 6/15 7/1
7/15 was 24, corresponding to an average so|
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lar observing period of about 52 minutes
during each of the 15 orbits per day. Orbital variations of ACRIM temperatures
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The following corrections (listed in order of significance) are applied to the irWeighted mean 1 A.U. irradiance for period: 1368.31 W/m2
radiance measured by ACRIM: (i) nor-0.20
60
75
90
malization to a distance of 1 A.U. plus
105
120 135
150
165
180 195
45
the projection of the satellite orbit on the
1980 day
radial direction to the sun, (ii) correction
Fig. 1. To tal solar irradiance at 1 A.U. for the ACRIM channel A sensor, shown as a percentage
variation; about the weighted mean for the first 153 days of the Solar Maximum Mission. Each for the slow decrease in sensitivity of
tick mark represents the mean irradiance for the sunlit portion of one orbit. The horizontal
channel A between days 62 and 163, (iii)
extent of the tick equals the 60-minute maximum duration of the sunlit portion of an orbit. The
corrections for
temperature-dependent
vertical bkars through the ticks are the + lo- standard errors of the orbital means. The ticks with
tepeature-depend
e correci ns
associated B and C designations are the channel B and C measurements during comparisons radiation lost through the aperture and
with chan inel A. These results have been corrected for the small decrease in sensitivity of chan- for the temperature coefficient of resistnel A bet. ween days 62 and 163.
ance of the cavity heating elements (1),
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(iv) correction for relativisitic radiative
effects due to the relative velocity of the
sun and the satellite (4), and (v) correction for the cosine of the angle between
ACRIM's line of sight and the sun's center. These corrections are small; only the
first two exceed 0.01 percent. The standard error of the relative measurements
is frequently as small as 0.001 percent for
one-orbit averages. There appear to be
no residual atmospheric effects or sensitivity of the results to particulate fluxes

(5).
In-flight intercomparisons of channels
A, B, and C are summarized in Table 1.
The only significant change in detector
sensitivity was for channel A, which is
used continuously to monitor the irradiance. The change between days 62 and
163 was -0.0153 percent, measured by
the A/B ratio, and -0.0168 percent, measured by the A/C ratio. This drift stabilized by day 163 and no further change
was detected by day 199. A slow degradation of channel A's cavity absorptance
due to the effects of solar ultraviolet and
particle fluxes was anticipated. Calibration by channels B and C removes its effect on ACRIM's long-term data base to
within the 0.0015 percent change in the
C/B ratio over the 101-day period. The
irradiance record of Fig. I was corrected
for drift in channel A, resulting in the
constant relative differences shown for
comparisons on days 62, 163, and 199.
The larger differences between channels
A, B, and C during the first few orbits on
day 47 are probably due to absorption of
solar flux by water vapor. Water adsorbed by the instrument before launch
vaporizes in orbit at a rate dependent on
the temperature of ACRIM and is released from each sensor's interior at a
rate dependent on the cumulative shutter-open time for that channel.
The weighted mean value of the total
solar irradiance at 1 A.U. for the first 153
days of the SMM is 1368.31 W/m2, with
an uncertainty in the International System of Units (SI units) of less than + 0.5
percent. This value includes the effects
of all variations observed, including the
two large, temporary decreases in irradiance centered at days 99 and 146. The
weighting factors used in forming the
mean are the inverse squares of the standard errors of the weighted daily mean
values. The latter are similarly formed
from the orbital means, using their standard errors as weighting factors. These
weighted means best represent the integrated irradiance for the 153-day peri-

od, with higher-precision observations
having a proportionally larger influence
on the overall result.
A more exact value for the "absolute"
13 FEBRUARY 1981

Table 1. In-flight intercomparisons of ACRIM sensors: ratios of irradiances measured in
ACRIM channel A, B, and C sensors and their change (A) over the 101-day period between days
62 and 163. Channel C was not compared with A and B on day 199. The close agreement of the
C/B values over 101 days is a measure of ACRIM's potential for long-term precision.

(1980)

Day

AB
ABA/

62

1.000731

AA/B

AA/C

A/C
/

1.000578

199

1.000578

0.000015

-0.000168

1.000358

AC/B

1.000205

1.000526

-0.000153
163

C/B
1.000219

0

accuracy of ACRIM measurements in SI also observed by the Nimbus 7/ERB exunits will be determined by other experi- periment (6), appear to be related to the
ments. The ACR type IV sensors are behavior of specific groups of sunspots.
theoretically capable of defining the radi- The Zurich sunspot numbers-a convenation scale with + 0.1 percent uncer- tional index of solar activity based on but
tainty in the measurement environment not directly proportional to the area of
of the SMM. The first principal in-flight sunspots-show small peak values
intercomparison, conducted on day 62 around the times of these features (Fig.
after allowing 2 weeks for the spacecraft 2e), but this index has little significance
and its instruments to reach equilibrium, on a radiometric scale. As an alternative
shows a maximum disagreement be- to characterizing spot groups, we detween the three independently calibrated vised a simple method of combining
sensors of less than + 0.05 percent from measured spot areas as a predictor of the
their mean, a result consistent with the irradiance deficit due to sunspots:
theoretical performance. Whatever the
2 )
PSI = aIAs,
final uncertainty proves to be, the exper(1)
iment is compiling a total solar irradiance
record with the precision, accuracy, and where PSI is the photometric sunspot
time resolution required to begin a long- index: a is a normalization factor;
term climatological irradiance data base Ai = cos (i, where Oi is the angle from
and provide quantitative new informa- our normal view of the sun; and Si is spot
area. The dependence on Ai approxition on solar physical processes.
The most obvious features of the mates the limb-darkening law for the quiACRIM observations are two large tem- et photosphere. Spot areas and coordiporary decreases in irradiance in early nates were taken from the Solar-GeoApril and late May 1980. These events, physical Data issued by the National
Oceanic and Atmospheric Administration. The conversion from spot area to a
bolometric quantity requires an estimate
1980 day
60 80 100 120 140 160 180
of the distribution of effective temperatures within the spot. We took average
1370 a
values (7) for umbral and penumbral area
1369
A./E.
1368
fractions and temperatures, resulting in a
1367
normalization factor of a = 0.33. Thus
defined, PSI gives the estimated flux re-1
duction in parts per million if the sunspot
*?
09 -2
-3
areas are in units of millionths of the so0a
bd*
lar hemisphere. This model, with its ap1370
and assumptions (8), can
proximations
1369
a
preliminary test for relaonly
provide
1368
tions between active regions and total ir1367
f
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Fig. 2. Correlative plots of (a) total solar irradiance at I A.U., (b) photometric sunspot index (PSI), (c) irradiance adjusted by the PSI,
(d) 280-MHz index, and (e) Zurich sunspot
number.

radiance.
The solar irradiance and the PSI index
(Fig. 2, a and b) exhibit a high degree of
correlation for the 112 days of data
shown-a somewhat surprising result in
view of the uncertainties of the correlative data and the model approximations.
The strength of the correlation derives
from the strong signals observed around
8 April and 25 May (days 99 and 146).
TIhe bulk of these signals was produced
by large, recently developed or devel701
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Fig. 3. Power spectrum of ACRIM daily mean irradiance record for days 52 through 179.
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oping spot groups crossing the central
solar meridian; on 8 April Boulder regions 2370 and 2372 on the sun contributed 80 percent of the PSI, and on 25
May regions 2469 and 2470 contributed
61 percent. These two large variations in
irradiance are obviously related to the
presence of such sunspot groups, and
our simple PSI model satisfactorily explains not only the time profile of these
events but also, in large part, their amplitudes.
Outside the times of these strong signals, the correlation between spot index
and solar irradiance is not as good, and
significant deviations from the pattern
exist. The first 35 days of data give no
indication of a correlation. Furthermore,
there is a difference in detail between the
two major dips in irradiance described
above. The difference signal (Fig. 2c)
shows no trace of the dip in early April,
but shows a large positive excursion at
the time of the May dip, presumably the
effect of the larger facular component
observed to be associated with the latter.
Finally, a 5-day drop in solar irradiance centered on 13 May (day 134)
seems to have no counterpart in solar activity of the type discussed above. The
presence of such short-term variations of
irradiance, uncorrelated with obvious
solar activity processes, suggests other
sources of solar variability. The list of
possible sources is a long one (5, 9-12)
and their identification has just begun.
The other major obvious contributor
to the total solar irradiance is the aggregate of white-light faculae. We would expect the difference between the irradiance (Fig. 2a) and the sunspot effect
estimated by PSI (Fig. 2b) to show a
702

good correlation with some measure of
these regions of excess solar emission.
The 2800-MHz index (Fig. 2d), a reliable
indicator of emission activity, does not
show a high correlation with the adjusted
irradiance (Fig. 2c) for the entire data
set. Identification of facular contributions to solar irradiance will require
more precise independent measures of
facular brightness than are now available
(13).
The apparent relation between the
evolution of large sunspot groups and the
two large irradiance events in April and
May has a bearing on the nature of convective energy flow in solar active regions. We conclude that, at least in these
two cases, there is no direct and immediate energy balance between sunspot deficit and facular excess; instead, the sunspot-deficit energy is stored or delayed
within the convection zone through the
effects of the magnetic fields associated
with the sunspot groups involved (14).
Subsequent development of related faculae in these regions may provide the
mechanism for radiating the stored energy away. Further study of these and similar events should provide interesting information about the deep structure of active regions.
The continuous variability of the
ACRIM irradiance record with smaller
amplitudes than those of the big dips is
another interesting feature. Preliminary
time series analyses have been performed on the daily mean values to investigate this variability. The power
spectrum of the irradiance at 1 A.U. for
days 52 through 179 is shown in Fig. 3.
We assign little significance to the individual spectral peaks, since their periods

are large compared with the length of the
data base and the two big dips, which we
assume to be aperiodic, undoubtedly distort the spectrum. The most interesting
feature is the cutoff of spectral intensity
for periods shorter than about 7 days.
A second time series analysis was performed on the PSI-adjusted flux to eliminate most of the effects of the two big
dips. The result showed essentially the
same spectrum (but with lower relative
significance for the spectral peaks) with
the 7-day cutoff.
The results of these analyses are typical of a band-limited noise spectrum.
The one significant feature at this point is
the cutoff of spectral power density at
about 7 days. This result is consistent
with the emergence and development of
sunspot groups and associated facular
areas, occurring at apparently unrelated
intervals and locations, which take on
the order of 7 days or more to complete
their evolution.
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