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Long-Term Downward Trend in Total Solar
Irradiance
R. C. WILLSON, H. S. HUDSON, C. FROHLICH, R. W. BRUSA*
The first 5 years (from 1980 to 1985) oftotal solar radiance observations by the first
Active Cavity Radiometer Irmdiance Monitor (ACRIM I) epeent on board the
Solar Maximum Mission spacecraft show a dearly defined downward trend of
-0.019% per year. The existence ofthis trend has been confirmed by the internal selfcalibrations of ACRIM I, by independent measurements from sounding rockets and
balloons, and by observations from the Nimbus-7 spacecraft. The trend appears to be
due to unpredicted variations ofsolar luminosity on time scales of years, and it may be
related to solar cycle magnetic activity.
T

HE TOTAL SOLAR IRRADIANCE OF

the earth is the primary determiing
factor of climate. Sustained variations from the present average value could
alter the terrestrial environment. Systematic
changes in irradiance of as little as 0.5% per
century can cause the complete range of
climate variations that have occurred in the
past, ranging from ice ages to global tropical
conditions (1). Knowledge of solar trends is
important for understanding the interaction
between solar variability and terrestrial climate-forcing phenomena, such as natural or
man-made changes in atmospheric composition.
Our present knowledge of the interior of
the sun does not allow for accurate predictions of solar luminosity (which we assume
to be proportional to the total solar irradiance measured at the earth over long time
scales). We must therefore depend on highprecision observations of the solar irradiance
over time scales of climatological significance to understand the sun's role in climate
variability. The secondary objective of compiling an irradiance database is to improve
knowledge of solar physical processes that
could provide a predictive capability for
solar irradiance variations.
The modem high-precision database on
solar total irradiance was started in 1980. It
used data from the first Active Cavity
Radiometer Irradiance Monitor (ACRIM I)
I114

experiment on the National Aeronautics and
Space Administration's (NASA) Solar Maximum Mission (SMM) spacecraft (2). These
observations have a precision of a few parts
per million per day, based on the statistics of
about 400 time-averaged samples per day.
The ACRIM I observations now extend
over a period of about one-half of a solar
sunspot cycle.
Some observed irradiance variations have
been related to known solar phenomena.
The largest deviations from the mean are
temporary decreases in irradiance of up to
0.25% on time scales of days, which have

near the 29,000 molecular weight marker. Of 14
other anuinoacyl-tRNA synthetases tested, the activities for lysine, argininc, and threonine were 40%,
7%, and 3.6%, respectively, of that forvaline, and all
others were less than 1%. Thc preparation represents about 3% of the cxtractabk protein of bakers
yeast cake (Anheuser-Busch). The results shown in
the figures are typical of those obtained in several
repetitions of each expenment under dosely similar
conditions, involving two different preparations of
the cnzyme-containing complex. The oscillations are
readily reproducible. They always occur under a
given set of conditions if not inhibited in some way,
as in the experiment of Fig. 6.
16. M. Bradford, Anal. Biochem. 72, 248 (1976).
17. I thank D. Black for technical assistance.
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been shown to have a clear correlation with
sunspots (2-4). A facular signal is also present at the level of +0.1% or less on time
scales of weeks to months (4-6), but it is not
as well understood, partly because of its
smaller amplitude and the poor record of
facular presence and properties.
On a shorter time scale the ACRIM I data
reveal that solar global oscillations with a
period near 5 minutes produce detectable
irradiance variations with amplitudes for
low degree modes of up to a few parts per
million in the total irradiance (7, 8). These
oscillations appear as resonance peaks in the
power spectrum, superposed on a continuum of variation assumed to be due to the
granulation and other atmospheric structures of the sun in the absence of significant
solar magnetic activity (9).
This report focuses on the longest
ACRIM I time scale, extending from the
launch in February 1980 to the end of 1984,
approximately one-half of an 11-year sunspot cycle. We provide a characterization of
the slowest variations observed from the
ACRIM I data. The longest time scales
present the most difficulty for sustaining
instrument calibration, but they are at the
same time potentially the most important
from the point of view of geophysical or

Table 1. Results of sounding rccket and balloon astrophysical consequences.used is
The ACRIM I database
essentially
solar irradiance reference experiments shown as
the difference between their ratios, and SMM/ the same one published by the National
ACRIM I observations taken on or near the same Oceanic and Atmospheric Administration
day.
(NOAA) in Solar-Geophsal Data and described by Willson (2, 4, 5). The database
PMOD
balloon derived from the observations consists of
Mission
ACRIM I ACR
and
(W/m2) rocket
day*

(ppm)

141
1275
1437t
1806

Average
SD

1368.5

-365

1367.4

1367.5
1367.0

rocket

(ppm)

-73
73
-122
223

-293
-585

-146
-341
223

*SMM day count bcgnning with 1 January 1980.
tlTc ACRIM I rsult from day 1434 was used since it
was the nearest availablc.
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averages over the last half of individual
shutter cycles. Shutters over active sensors
open or close about every 65 seconds, producing solar observations separated by 131
seconds. About two-thirds of the orbital
period of 96 minutes is useful for solar
observations. Data reduction consists of
making corrections for instrument temperatures, sun-satellite distance (10), and for
relativistic effects of the sun-satellite velocity
(2).
The resulting time series, shown in Fig. 1,
has 1520 daily averages in a total span of
1781 days over the 5-year period (from
1980 to 1985). During normal satellite operation with precise solar pointing, up to
2 x 105 samples of primary sensor data per
day were acquired from each of the three
ACRIM I detectors (11). The SMM satellite
experienced a period of spin stabilization
(spin mode) between the failure of threeaxis stabilization in November 1980 and its
repair by the NASA space shuttle in April
1984, during which an average of only 100
samples per day were acquired. Reduced
sampling is responsible for the increased
scatter between adjacent daily mean values
during this interval (shown in Fig. 1). The
data sampling returned to 2 x 105 samples
per day in April 1984 after repair of the
SMM satellite. The data quality and quantity at the beginning and end of the database
are sufficient that measurement errors are
essentially negligible-. The scatter seen in

these points is due almost entirely to intrnsiC solar variations.
The SMM/ACRIM I spin-mode data
have a different sampling pattem as well as a
different frequency. In the spin mode, shutters over active sensors were opened at orbit
sunrise and closed at sunset. The satellite,
not designed for spin stabilization, rotated
and precessed slowly about the solar line of
sight, occasionally allowing the sun to pass
through ACRIM Irs field of view (12).
Sufficient time for acquisition of data occurred when the sun crossed near ACRIM
rs optical axis. Differences in both duration
of solar exposure and in sensor thermal
response to off-axis irradiance produced a
systematic offset of +0.12% (±0.02%) in
the solar irradiance results derived from the
spin mode, relative to the solar-pointed
mode (13). This offset has been removed
from the results shown in Fig. 1.
As shown in Fig. 1, a downward trend
exists in the results. Since the ACRIM I
measurements are absolute observations,
they are susceptible to drifts, so the possibility of an instrumental effect causing the
trend must be explored.
The ACRIM I instrument contains three
nominally identical sensors, each an absolute
detector in its own right, with independently operated shutters. Sensor A is the continuously observing detector. The shutters of
sensors B and C are normally closed except
for infrequent intercomparisons that are de-

signed to calibrate optical degradation of
sensor A.
Figure 2 shows the ratios of simultaneous
readings from two or more ACRIM I sensors during the data-collecting period. The
results depicted are the change in ratios
relative to the initial baseline comparison of
all three sensors conducted 17 days after
launch. They show a relative reproducibility
for the reference sensors (B and C) on the
order of a few parts per million (root-meansquare) over the time span studied. The B/C
ratios have been used to correct sensor A's
results for the slow degradation of its absorbing surface (caused by prolonged exposure to the space environment) and to eliminate the degradation as a possible cause of
the trend.
The other potential instrumental cause of
an apparent trend is a drift in the analog-todigital conversion electronics. The longterm behavior of two precision reference
voltages in ACRIM I's' electronic system
indicates that the analog-to-digital conversion process was at least as stable as the
optical properties of the reference sensors
over the same time period.
The results from these two internal reference systems provide strong evidence
against an instrumental cause of the drift.
Although the probability of an instrumental
cause is small, the possibility of common
degradation of the optical properties of all
three sensors or the two reference voltages
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Fig. 1. Time series of SMM/ACRIM I daily mean results for the period from
1980 to 1985. Standard errors of the daily means increased from 0.0001 to.
0.0005% from 1981 through 1983 due to a much lower rate of data
acquisition during this period of "wobbly" spin stabilization of the SMM
spacecraft. The linear least-squares fit shown has a slope of -0.019% per
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total irradiance observations by sounding rocket and
show generally good agreement with the ACRIM I
results (with a linear least-squares fit slope of -0.014% per year). PMOD,
Physikalisch-Meteorologisches Observatorium, Davos.

year. Independent
balloon

eperiments
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1.002
spheric component at that altitude.
Results from the set of six reference fiights a
are shown in Fig. 1 and summarize-d in 0
Table 1. The 1984 and 1985 rocket rc:sults
1.000
experiments.
are the most precise and reproducible ofthe
No. of (%SD
Trend
Expyimnts (%
year) set. A linear least-squares fit to th e six
year) samples
Experiments
reference observations yields a slopibe of wX ."
-0.014% per year, similar in magniitude 0
SMM/ACRIM I -0.019 1520 0.0009
' i.rJ.§++
0.0009
Nimbus-7/ERB -0.015 1370
and direction to those computed for
6
-0.014
Rocket and
ACRIM I and Nimbus-7/Earth Radi;ation
300
200
100
balloon
Day of year, 1980
Budget (ERB) experiments. The small number of samples precludes meaningful sta itn Fig. 3. Comparison of 4-day means of ACRIM I
cal analysis of the rocket and balloon tarend. observaions in 1980 (upper panel, ratio to 1367
We conducted an experimental effo rr to WI to to simultaneous data from the Nimbuscannot be excluded. Therefore, a search for
irradiance experiment (lower panel).
independent, quantitative evidlence 7/ERB total
obtain
to
the
relevant
data
other, independent
mean over
the ERB data, we tookaweighted
of the relative precision of the rocket and For
trend was conducted.
sets
of three consecutive observation days and
The need to periodically calibrate the balloon experiments over the period from then matched this mean with the three simultaSMM/ACRIM I experiment was addressed 1980 to 1985. For this approach we used neous ACRIM I daily means. No apparent trend
ratio, which implies that the early
by a NASA sounding rocket program in pre- and postflight ground calibratiorn ex- occurs inI the
data did not experince spcaal condiwhich flight experiments that used another periments at the Jet Propulsion Laborat:ory's ACRIM
was turned on.
Active Cavity Radiometer (ACR) instru- Table Mountain Solar Test Facility. In thesc tions shortly after the imstrument
ment were conducted in 1980, 1984, and experiments the relative performance aif the
1985. In addition, a Swiss solar total irradi- flight sensors and of an international s;et of The long-term ERB results show a trend
reference sensors was compared. The reesults over the same period of -0.015%
ance experiment (14) developed by the
World Radiation Center at Davos was flown of these tests have provided a reproducilbility (±0.001%) per year, close to the observed
of the rocket flight sensors over the 5i-year ACRIM I trend (16).
on a high-altitude balloon in 1983 and was
To further evaluate the quality of agreeincluded on the payload of the NASA rocket period of ±0.05%, a precision appar.ently
flights in 1984 and 1985. The rocket flights inferior to that of the reproducibility cif the ment betwecn the SMM/ACRIM I and
Nimbus-7/ERB experiments, their results
provided between 5 and 8 minutes of solar flight experiments themselves (15).
lence
for
evk
1980 were compared (since overlapping
other
correlative
for
To
search
and
300
data at altitudes between 200
km,
obviating the need for atmospheric attenua- for the trend, we intercompared the data are available for this period of maxition corrections. The 1983 balloon flight ACRIM I results and those of another satel- mum quality for both experiments).
provided several hours of solar data above lite solar irradiance experiment, the Hiickey- Weighted 4-day means were used to mini40 km with in situ measurements of overly- Frieden solar total irradiance sensor, p;art of mize bias arising from the difference being ozone, the major attenuating atmo- the NOAA Nimbus-7/ERB experirnent. tween ACRIM I and ERB observing patterns (ERB is operated only during 3 out of
4 days). The results (Fig. 3) demonstrate
1984
1983
1982
1981
1980
remarkable consistency, even though the
absolute values of their means differ by
about 0.2%. The scattcr of the ratios between ACRIM I and ERB results during
u~~~~~~~~~~~~~~
1980 remained within 100 ppm peak-topeak, supporting the intemal calibration results of the ACRIM I experiment.
0~~~~~~~~~~~~~
Comparison of SMM and Nimbus-7 data
0
_,
0,~
indicates that neither ultraviolet (UV)-induced nor vacuum-induced instrument degaf
radation explains the observed trend. The
.2.-200
dose agreement of ACRIM I and Nimbus-7
results rules out instument degradation due
to UV exposure as an explanation of the
0800
trend, since Nimbus-7 observes the sun on a
-300
far smaller duty cycle. This agreemcnt and
Ratio of A/B 0
the constant ratio (Fig. 3) over the first 250
Ratio of A/C E
of ACRIM I operation strongly indidays
Ratio of B/C 0
cate that there is no significant residual of
1500
1000
500
0
uncorrected degradation in the ACRIM I
Days since 1 January 1980
results that is caused by exposure to vacuum.
The above arguments support a solar
Fig. 2. Results of SMM/ACRIM I self-calibration by periodic comparisons of irradiance data acequired
by its three independent ACR sensors. Ratios are shown relative to initial comparisons condlucted source of the trend seen by the SMM/
shortly after launch. Sensor A has operated almost continuously throughout the interval. Senso)r B is ACRIM I experiment. We approach this
compared with A about once per month. Sensor C is used less frequently to nminimiz its expos;ure to conclusion with caution since the observed
solar UV. Sensor A exhibits degradation of about 300 ppm over the 5-year period, whereas sen
and C show no significant degradation. The results in Fig. 1 have been corrected for sens(or A's effect is comparable to the absolute errors of
measurement and the independent reference
degradation.

Table 2. Comparison of the trend computed by
linear least-squares fits to total solar irradiance
results from the SMM/ACRIM I, Nimbus-7/
ERB, and sounding rocket and balloon reference
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flight data (Table 1) are undersampled and
not fully supported by pre- and postflight
ground testing observations of adequate
precision.
Two principal impediments occur when
characterizing trends. First, there is a spectrum of variations on shorter time scales
whose root-mean-square amplitudes are
comparable to the magnitude of the 5-year
trend. The variance ofthe data is not Gaussian and therefore normal statistical inferences cannot be made. Second, the pointedmode and spin-mode data have different
systematic and random uncertainties, so a
common, in-depth statistical analysis for the
combined set is of questionable value. The
most straightforward approach to abstracting the trend is to find the best straight-line
fit to the data. We have done this for the
ACRIM I experiment, balloon and sounding rocket flights, and Nimbus-7/ERB results, as summarized in Table 2.
The general agreement among the slopes
of the three data sets supports a solar rather
than instrumental explanation for the trend.
Although failure of the ACRIM I and Nimbus-7/ERB slopes to agree within the
bounds of their mutual standard errors, and
the lower slope value of the rocket and
balloon results, do not add credibility to the
actual value of the slope derived from the
ACRIM I experiment, the statistical uncertainties in Table 2 do not precisely describe
the quality of agreement. The six rocket and
balloon results are insufficient to support a
meaningfil statistical argument. Although
the statistics for the ACRIM I and ERB
results are based on sufficient samples, the
simple statistics do not address the more
fundamental issue of long-term accuracy of
these databases. The ACRIM I observations
of 1980 and 1984 onward can be related
with a precision equal to the results of
intercomparisons of ACRIM I sensors (10
ppm, root-mean-square). No comparable
data are available for the ERB database
during this period since no intemal comparisons are possible with its single sensor.
The ACRIM I data now extend over
nearly one-half of the 11-year solar cycle.
These data give an accurate and precise view
of the variations of total solar irradiance.
Over the 5 years of daily mean values analyzed, the total irradiance systematically decreased, and its average value was reduced
by about 0.1%.
The trend may be a luminosity dependence on the solar magnetic cycle of activity:
either the 11-year sunspot cycle, the 22-year
full magnetic cycle (17), or longer variations
related to solar magnetic effects. The rate of
variation observed thus far is not inconsistent with the currently accepted theory of
solar interior structure.
28 NOVEMBER I986

Past climate variability would seem to
preclude a lengthy continuation ofthe present downward trend of solar luminosity.
Even for solar cycle time scales, however,
the present database is so short that one can
only speculate on the nature ofthe variation.
But if the trend is related to the solar cycle,
the positive relation between total flux and
sunspot activity appears to agree with that
inferred from the maunder minimum (1).
Sunspots also exhibit a strong inverse correlation with the total irradiance on short time
scales (2, 3), and if this effect were incorporated into our analysis, it would increase the
magiitude of the observed trend.
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Pertussis Toxin-Sensitive Pathway in the Stimulation
of c-myc Expression and DNA Synthesis by Bombesin
JOHN J. LETrEIuO, SHAUN R. COUGHLIN, LEWIS T. WILLIAMS
The bombesin-like peptides are potent mitogens for Swiss 3T3 fibroblasts, human
bronchial epithelial cells, and cells isolated from small cell carcinoma of the lung. The
mechanism of signal transduction in the proliferative response to bombesin was
investigated by stu4ying the effect ofBordetdllapertais toxin on bombesin-stimulated
mitogenesis. At nanomolar concentrations, bombesin increased levels of c-myc messen.
ger RNA and stimulated DNA synthesis in Swiss 3T3 cells. Treatment of the cells with
pertussis toxin (5 nanograms per milliliter) completely blocked bombesin-enhanced cmyc expression and eliminated bombesin-stimulated DNA synthesis. This treatment
had essentially no effect on the mitogenic responses to either platelet-derived growth
factor or phorbol 12,13-dibutyrate. These results suggest that the mitogenic actions of
bombesin-like growth factors are mediated through a pertussis toxin-sensitive guanine nucleotide-binding protein. Furthermore they indicate that bombesin-like
growth factors act through pathways that are different from those activated by
platelet-derived gwth factor.-_
lung (11), have been found in a number of
N RECENT YEARS, SEVERAL GROWTH
factors for niesenchymal and epithelial human tumors including SCLC (12-15).
cells have been identified. Induded Antibodies to bombesin inhibit the growth
among these factors are bombesin and relit- of these transformed cells in cell culture and
ed peptides that are potent mitogens for block tumor progression in whole animals
cultured Swiss 3T3 cells (1), human bron- (5). Taken together, these data suggest that
chial epithelial cells (2), and several cell lines bombesin-like peptides participate in the
derived from human small cell lung carcino- regulation of cell proliferation and act as
mas (SCLC) (3-5). These peptides, which autocrine growth factors for human SCLC.
are normally found only in neuroendocrine
cells of the central nervous system and the
Howard Hughes Medical Institute, Department of
gastrointestinal tract (6-10) and in the mu- Medicine
and Cardiovascular Research Institute, Univercosal endocrine cells of fetal and neonatal sity of Califbrnia, San Francisco, CA 94143.
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