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PREFACE

The variations of the total solar irradiance have become in the past few
years an important new tool for studying the sun, thanks to the development of
very precise sensors such as the ACRIM instrument on board the Solar Maximum
Mission. The study of variations of the spectral irradiance observed in the EUV
has also developed rapidly. The largest variations of the total irradiance occur
on time scales of a few days and are caused by solar active regions, and
especially sunspots. Several independent efforts have been underway to describe
the active-region effects on total and spectral irradiance, and a first round of
results from these efforts has appeared in the literature. Needless to say,
disagreements on interpretation have quickly surfaced in this new field, and it
therefore seemed very appropriate to have a topical workshop in which informal
discussions could take place on this subject. Accordingly, the workshop took
place June 20-21 in Pasadena, California, and was attended by most of the active
workers in this field. The papers resulting from this workshop are collected
here, along with much of the discussion. Gordon Hewkirk provided a very nice
introduction to the general discussion, which is printed here (p. 131) and
provides a good summary of the entire two days of the workshop.

Most of the participants regarded this workshop as an extension of earlier
workshops on the solar constant held in 1975 at Big Bear Solar Observatory (Zirin
and Walter, BBSO O149) and in 1980 at NASA Goddard Space Flight center (Sofia,
NASA-CP-2191). The organizers, however, had an ulterior motive in focusing the
workshop on one particular component of the solar-constant variability. Much of
the interpretation of the observed variations depends on the quality of
supporting ground-based observations. Great improvements in these data can and
should be made, especially to accompany future precise solar-constant
measurements from a repaired Solar Maximum Mission. We attempted therefore to
stimulate discussions of the types and quality of data best suited for these
comparisons. Several persons provided short discussions of these needs, which
are printed here, and we have also written our own summary of what we felt to be
desirable ("A Global Irradiance Program," p. 311). We expect that the actual
improvements in supporting data that do occur will differ somewhat from our
desires, but we hope that this will happen because the community has been
stimulated to have better ideas I

Finally, the meeting took place under excellent conditions at Caltech, and
we would like to thank Hal Zirin and the Caltech solar astronomy group for
helping us with local arrangements.

B. J. LaBonte
G. A. Chapman
H. S. Hudson
R. C. Willson
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NOTE ON THE TRANSCRIPTION OF DISCUSSIONS

The idea of transcribing the discussions occurred to us at the last
minute, and the equipment used (pencil and paper for the morning of the first
day, tape recorders later on) was ad hoc and noisy. Nevertheless we enjoyed the
discussions so much that we thought others might appreciate the flavor of the
remarks. As we did the transcription we were very impressed at the remarkable
difference in form and content between what scientists say and what they write.
Since we wished to publish these proceedings promptly, we decided not to send the
discussion around for comments by the participants. We have all worked on the
transcripts and sincerely hope that they are accurate enough in spite of the
noise. We do apologize in advance for any mis-identified speakers or mis-quoted
remarks. We also apologize for omissions which may have occurred.

B. J. LaBonte
G. A. Chapman
H. 3. Hudson
R. C. Willson
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SOLAR TOTAL IRRADIANCE VARIABILITY MEASUREMENTS

BY THE SMM/ACRIM I EXPERIMENT

Richard C. Willson

Jet Propulsion Laboratory
Calif. Inst. of Technology

Pasadena, CA 91109

8/22/83

ABSTRACT

Convincing evidence of solar total irradiance variability
and its relationships with solar activity has been provided by
the Active Cavity Radiometer Irradiance Monitor I (ACRIM I)
experiment on the NASA Solar Maximum Mission (SMM). SMM/ACRIM I,
the first flight experiment dedicated to the task of solar
irradiance monitoring/ has produced a multi-year solar total
irradiance data base with + 0.02 % or better long term precision
since its launch in February, 1980. While the climatological
significance of the results will not be apparent until many more
years of continuous data are acquired, the discovery of
variability on solar active region time scales has provided new
insight into the physics of solar activity in the early years of
the mission.

INTRODUCTION

The first Active Cavity Radiometer Irradiance Monitor (ACRIM
I) experiment was launched in Feb., 1980 on NASA's Solar Maximum
Mission and has monitored solar total irradiance on a nearly
continuous basis since. Its objectives were to begin a program of
long term solar monitoring with the maximum precision and
accuracy presently achievable to detect both long and short term
solar variations of significance to climate and solar physics.

The ACRIM experiment operates in the electrically self
calibrated mode at all times to realize maximum accuracy and
precision. During normal SMM operations its shutters on active
sensors open or close every 64 seconds, providing solar and
internal reference data (respectively) 50 % of the time. In this
mode more than 800 independent samples of total solar irradiance
are acquired during the 55 sunlit minutes of each 96 minute SMM
orbit.

The ACRIM I experiment and its early results have been
described elsewhere (refs. 1-10). The uncertainty of the
observations relative to the International System of units (SI)
is less than + 0.2 %. In flight the three ACRIM I sensors agree
within ± 0.04 % of their average result. A sounding rocket solar



irradiance experiment in May, 1980 compared two ACR's on the
rocket with ACRIM I, finding agreement between all five ACR type
IV sensors to within +0.05 % of their combined average result.

Two of ACRIM I's three active cavity radiometer type IV
sensors, kept shuttered most of the time, are used sparingly to
calibrate degradation of the continuously monitoring sensor. A
measurement precision smaller than ± 0.002 % was sustained using
this technique during the first 300 days of (normal) SMM
operation. The standard error of single orbit averages of solar
flux during this period were frequently as small as ± 0.001 %
(ref. 10).

The solar pointing system of the SMM failed in Dec., 1980
and the satellite was placed into a spin stabilized mode with its
spin axis nominally directed at the sun. Since SMM was not
designed for spin stabilization this axis wobbles slowly about
the solar direction with a maximum pointing error of about 10
degrees.

The ACRIM I experiment was placed into a new operating mode
to take maximum advantage of the limited solar pointing provided
by the spin stabilized spacecraft. In place of the normal
procedure of opening or closing ACRIM I's shutters every 64
seconds, they are opened at orbit sunrise and closed at sunset.
This procedure, with ACRIM I's tolerance for off-sun pointing of
± 0.75 degrees, has produced an average of 100 solar observations
per day during the spin stabilized operation of the SMM. After
correcting for small systematic differences between ACRIM I's
response to solar irradiance in the normal and spin modes of
solar pointing, (the largest of which was - 0.12 %) the
relativity of the observations in the two phases of SMM operation
are known with no more than ± 0.02 % uncertainty (ref. 11).

ACRIM I observations from launch through the middle of 1982
are shown in figure 1 as the percentage variation about the mean
1 A.U. solar total irradiance. The general character of the
record is that of continuous variability whose major features are
irradiance decreases lasting from a few days to a few weeks with
a maximum amplitude of about -0.25 % . The timescale of
variability ranges from seconds to the duration of the record
(refs. 3-8,10) .

The effects of the decreased quantity and quality of ACRIM I
data in the spin mode can be seen in fig. 1 as visible
measurement noise in the results following 1980 day 350. The
average standard error of daily mean results increased by a
factor of about 5, from 0.002 % during the normal operation of
SMM to 0.01 % in the spin mode. Some of the information available
from the normal 300 mission days in 1980, particularly that used
to detect the signature of the 5 minute solar global oscillation
in the total irradiance, appears to be unavailable in data of the
spin mode. All the major irradiance events events on timescales
of days and longer, particularly those related with solar
activity, continue to be clearly resolved. A tabulation of the



daily mean 1 A.U. solar total irradiance results from ACRIM I is
included as Appendix C.

SOLAR VARIABILITY ON TIMESCALES OF ACTIVE REGION LIFETIMES

The most significant result of the ACRIM I experiment thus
far has been the first clear detection of solar total irradiance
variability. The variations on time scales of days to weeks have
been found to result from the modulation of the average solar
irradiance by sunspots and faculae in active regions (see Fig. 2)
(refs. 2-4,6-10,12-14).

Temporary decreases in solar total irradiance caused by the
transit of magnetically active regions containing sunspot area
across the earth's side of the sun are the dominant variation.
These radiative deficits, lasting from days to weeks, have
amplitudes as large as - 0.25 % of the average total irradiance.
The detailed correspondence of the sunspot area projected in the
earth's direction with most of the irradiance decreases can be
seen in Fig. 2 (bottom panel).

Sunspots have long been assumed to be a potential cause of
variations in the solar radiative output. Measurement of their
effects on total irradiance by ACRIM I has verified this
assumption and provided quantitative evidence that can lead to an
improved understanding of the energetics of active region
evolution (ref.s 10,13,15).

The large faculae frequently present in the same active
regions as sunspots appear to be responsible for solar radiative
excesses, smaller in magnitude than sunspot deficits, but
detectable in the ACRIM I results. Faculae in active regions
usually develop to their maximum size after the associated
sunspots, average five times the spot area, persist about twice
as long and radiate about 3 % more flux than the undisturbed
photosphere. Preliminary analyses, based on their temporal and
areal distribution during the period of ACRIM I observations,
indicates that they are responsible for irradiance peaks before
and after many deficits, and can at least partially offset
sunspot radiative deficit (ref. 10).

Examples of irradiance peaking due to large faculae (whose
presence and areas are inferred from NOAA Geophysical Quantities
Ca plage data) can be seen in Fig. 2 as the maxima just following
the first major decrease near 1980 day 100 and that following a
decrease near day 200. Examples of facular excess flux offsetting
the deficit of sunspots are found near 1980 day 210 and 1981 day
315. The amplitudes of the irradiance decreases in these cases
were smaller in proportional to the projected sunspot areas than
in cases when little facular area was present (eg. 1980 day 250,
1981 day 210.)

The most obvious effects on irradiance of sunspot and
facular area occur at different times during the rotation of the
active regions containing them across the solar disk. This is



caused by the different distribution of the radiative phenomena
associated with sunspots and faculae in the horizontal and
vertical extent of the photosphere and chromosphere.

Sunspots, located in the photosphere, appear to obey a limb
darkening law that is little different from that of the
undisturbed photosphere. Their maximum radiative effect occurs
when they are on the longitude of the center of the solar disk
(as seen from the earth.)

Faculae are more apparent near the solar limb than sunspots
at the same solar longitude because of their flatter limb-
darkening function. Additionally, they usually have a larger
total area and horizontal extent than the sunspots in an active
region, making them the first and last component of a radiatively
active region to be seen from the earth during its transit across
our field of view.

The enhanced visibility of facular radiative effects near
the solar limb and their poor contrast near disk center have led
some researchers to ascribe a highly non-isotropic character to
their emittance, concluding that their affects on the total
irradiance are inconsequential except at the limb (ref. 13).
This is not supported by the ACRIM I observations in which the
radiative excess of large facular area have been observed to
offset sunspot deficit throughout the transit of radiatively
active regions across the visible solar disk (ref. 10).

Investigation of a fairly regular recurrence of sunspot
induced irradiance dips in the ACRIM I results led to the
discovery of a related and even more regular recurrence of solar
active regions over a six month period early in the SMM. The
irradiance decreases demonstrated an average period of 24 days
from April to October, 1980, with a maximum deviation of 5 days.
The principal solar active regions containing the sunspots
responsible for the irradiance dips were also found to recur with
an average period of 24 days but with a deviation of less than
three days when the combined spot and plage areas were used to
define the extent of the active regions. During this six month
interval the majority of the active regions were confined to one
solar hemisphere. Time series analyses revealed prominent periods
for both the ACRIM I irradiance and the total sunspot area near
the 1st, 2nd and 3rd harmonics of the 24 day periodicity,
providing an analytical link between the two (ref. 10) .

DETECTION OF "5 MINUTE" SOLAR GLOBAL OSCILLATION

The precision of the ACRIM I results led Hudson (ref. 16)
and Frohlich (ref. 17) to search for the effects of solar global
oscillation phenomena in the total irradiance. They separately
detected the low degree p-modes (1 = 0,1,2) of a 5 minute
oscillation in the ACRIM I results with amplitudes of a few parts
per million (ppm) and coherence lifetimes of at least one week,
in agreement with the predictions of Gough (ref. 18). The
analysis of Woodard and Hudson confirmed the frequencies derived



from ground based data. Evidence of the 160 minute oscillation
reported by Severny (ref. 19) was not found in the ACRIM I
results. A detection limit of 5 ppm of the total irradiance
signal was derived by Woodard and Hudson (ref. 16) as the
sensitivity threshold of the ACRIM I data for detection of this
oscillatory phenomenon.
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APPENDIX A

SOLAR IRRADIANCE VARIABILITY ON TIMESCALES OF YEARS

The SMM/ACRIM I results have provided a record of solar
variability over a multi-year period with adequate precision to
unambiguously detect subtle long term trends in irradiance.
Although increases and decreases lasting up to six months can be
seen in the results shown in Fig. 1, a sustained downward trend
has been resolved over the nearly three years data analyzed thus
far, resulting in a net irradiance decrease of 0.08 %. (See Fig.
3) Intercomparisons of ACRIM I's three independent sensors over
this time have demonstrated instrument degradation to be less
than the ± 0.02 % uncertainty with which the ACRIM I results from
the normal and spin mode of SMM can be related. Most or all of
the decrease is therefore solar in origin, unless some unknown
factor outside the ability of ACRIM I's self calibration is
uniformly affecting the results from all three ACR sensors.

The sustained irradiance decline may be the beginning a
solar irradiance variation related to the solar activity cycle.
Observations equivalent to ACRIM I's must be sustained well into
the late 1980's, approaching the solar maximum period of solar
cycle #22, to unambiguously determine the nature and cause of
this long term variation.



APPENDIX B

COMPARISON OF SMM/ACRIM I AND NIMBUS 7/ERB RESULTS

The Nimbus 7 Earth Radiation Budget (ERB) experiment includes an
electrically self-calibrating cavity solar total irradiance
sensor of the type referred to as the Hickey-Freidan (HF) by its
developers (ref. 20). The HF has been acquiring data since the
launch of Nimbus 7 in late 1978, a significant fraction of one
solar cycle.

The complete set of HF results has been published by Hickey
et.al. (ref.s 20-25). Here the results for a 1050 day period
following the start of the SMM/ACRIM I experiment in early 1980
are shown for comparison purposes. (Fig. 3) A least mean squares
linear fit to the Nimbus 7/ERB results has a small negative slope
with -0.03 % net change over the period, much less than the -0.08
% net change of the ACRIM I results for the same period.

The net change in the linear fit to the ACRIM I results is
beleived to be uncertain by no more ± 0.02 % over the 1050 days
shown in fig. 3. The significance of the trend is that it may be
the subtle total irradiance signature of the solar activity
cycle, a potentially important result. It is therefore worthwhile
to attempt to identify the cause of dissagreement between ERB and
ACRIM I as a means of adding confidence to the ACRIM I result.

There are several possible reasons why the ERB results might not
agree with the ACRIM I trend and they fall into two general
categories: First, the ERB experiment may lack the long term
precision to resolve the trend, in which case, no further
analysis is required. The second category assumes the -0.03 %
slope of the ERB results is significant relative to the long term
precision and includes two possibilities: 1) the large number of
missing days of ERB data in 1981-82 may have biased the slope of
its linear fit to a smaller value, and/or 2) there may have been
an intentional detrending of ERB data.

The issue of ERB long term precision is difficult to resolve
since it has never been succinctly discussed in the literature by
the experimenters. The picture of long term precision must be
pieced together from various published descriptions of ERB data
processing and analysis. The data has been re-evaluated at least
twice during the six years of the Nimbus 7 Mission and the value
of the average 1 A.U. irradiance has been successively revised
downward by nearly 0.04 %. The initially reported value of 1376
W/m2 (ref.s 20-22) was decreased by 0.2 % in 1982 to 1373 W/m2
(ref. 23) and further decreased to 1371 W/m2 in 1983 [Hickey
(1983)]. Downward re-evaluations of the SI value of the results
would not neccessarily change their slope, but such successive
manipulations would have the potential of decreasing the
experiment's long term precision.



The stability of ERB's sensitivity during the first two years of
operation was quoted as ± 0.16 % by Hickey in 1980 (ref. 21). If
this accurately represents the experiment's ability to relate
measurements over the 1050 days of data analyzed here, it may
represent the lower limit for detection of trends in the ERB
results. This would obviate further searching for the reason for
ERB/ACRIM I dissagreement since the ACRIM I trend would be
undetectable by ERB.

The basic assumption of the second category of reasons for
dissagreement is that the - 0.03 % ERB trend is significant
relative to ERB's long term precision. The first cantidate cause
in this category is that during 1981-82 ERB did not acquire solar
data much of the time when large irradiance decreases were
observed by ACRIM I (see Fig. 3). The absence of these data from
ERB's database may have biased the slope of a linear fit to a
smaller nebative value. To test for this possibility, gaps in the
ERB record were filled using daily mean values proportional to
the percentage variability detected by the ACRIM I experiment
(wherever it had data and ERB did not.) Care was taken to scale
the added data to the average value of the ERB irradiance as
published by Hickey, et.al. in 1982 (ref. 23).

The results of this test are plotted in Fig. 3, panel C. The
period of time shown covers the 1050 days for which ERB results
are presently available following the SMM/ACRIM I launch. The
least mean square linear fits made to each of the ACRIM I, ERB
and augmented ERB (ERBMOD) results are shown superimposed on the
data sets. The restoration of missing data to the ERB record
produces a net irradiance change of -0.06 % over the 1050 day
period, which agrees with the ACRIM I slope to just within the
uncertainty of the long term precision of both experiments.

The second possible cause of dissagreement in this category is
that the 1982 re-evaluation of NIMBUS 7/ERB data appears to
have not only decreased the average value of the results, but
also decreased the slope of their trend over at least part of the
1050 days. Early in 1981 the data from the ACRIM I experiment
during the 300 days of "normal" SMM spacecraft operation (1980
days 47-347) were compared with the corresponding 300 days
results from the Nimbus 7/ERB. At that time Rickey's analysis
showed a -0.049 % net change for the linear fit to the ERB
results over this period (ref. 24) and Willson found a -0.04 %
slope for the ACRIM I results (ref. 10).

The comparative 1980 results for ACRIM I, ERB (the 1982 re-
evaluation) and ERBMOD are plotted for 1980 days 50 to 347 in
Fig. 4. During this period the long term precision of the ACRIM I
results was smaller than + 0.002 %, making its -0.04 % net change
significant with less than ± 5 % uncertainty (ref. 10). The -0.02
% net change of the linear fit to the revised ERB results is less
than half that found by Hickey using their original version
values.
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It is clear that slope was removed as part of the re-evaluation
of the Nimbus 7/ERB data and there has been no published
statement to that effect or a rationale for it. Hickey regularly
removed long term slope from the results of the NIMBUS 6/ERB on
the assumption that the systematic decreases in its results were
due to sensor degradation (ref. 20). There was justification for
doing so, since the instrument had a flat plate detector that
could not attenuate degradation of its solar absorbing surface.
Since there was no capability within the experiment to separate
solar trends from degradation, the detrending removed all long
term slope from the data, producing constant results to within
the precision limit of the approach.

The same detrending is probably not justified for the Nimbus
7/ERB. Its cavity detector has similar properties to the ACR
detectors in the ACRIM I experiment and might reasonably be
expected to have a similarly small sensitivity to degradation of
its surface coating. Internal self calibration by the three ACRIM
I ACR's placed an upper limit of 0.02 percent on their
degradation during the 1050 days shown in Fig. 3. The upper
limits on ERB degradation should not be very different.

In summary, the ERB data lack the long term precision to confirm
or contradict the solar trend in the ACRIM I results. The
published ERB stability limit of ± 0.16 % is consistent with
apparent noise in the database (see panels b in Fig.'s 3 and 4)
and probably represents an upper limit to the experiment's
precision. Trends in the ERB database much smaller than 0.16 %
lack significance and are artifacts of specific re-scaling and
detrending algorithms used in the various re-evaluations. The
agreement between the ERBMOD and ACRIM I trends within 0.02 % is
therefore fortuitous and only serves to indicate that the missing
ERB data does bias the slope of their results to smaller negative
values.
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Figure 1 - Percentage variation of the 1 A.U. dally mean solar total
Irradlances derived from observations by the SMM/ACRIM I experiment. Results
for adjacent days have been connected by lines to more clearly delineate major
variabilities. The decreased quality of the results from the experiment be-
ginning on 1980 day 350 marks the loss of precision solar pointing capability
by the SMM spacecraft and the start of spin stabilized operation. The mean
value of the total Irradlance at 1 A.U. over the period Is 1367.7 W/m2. During
the 300 days of normal SMM operation In 1980 all variations visible on this
scale are believed to be solar In origin. In the SMM spin mode variability
exceeding ± 0.01 % Is solar In origin. The linear least mean square fit to the
results exhibited a net decrease of about 0.09 % over the 1010 days of the
mission shown here. Repair of the SMM solar pointing capability by the shuttle
In 1984 should restore the high quality results available during normal
operation In 1980.
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Figure 2 - Percentage variation of the total solar frradlance derived from the
SMM/ACRIM I experiment (middle panel) plotted with the total plage (top panel)
and sunspot areas (bottom panel) projected In the earth's line of sight. Gaps
In the data sets have been f i l l e d by linear Interpolation and three day
running means of the three solar parameters shown have been used as a low pass
filters to emphasize their variability on longer tlmescales. The fraction of
the visible solar disk not covered by sunspots Is plotted to produce variation
In the same direction as the Irradlance deficits. Means for plage and sunspot
are In percentage units, that for ACRIM I Is total Irradlance at 1 A.U. In
W/m2. The close correlation between most Irradlance dips and projected sunspot
area, the so-called sunspot deficit effect, Is readily apparent. The plage
radiative excess effect Is more subtle, causing some Irradlance peaks and
offsetting the sunspot deficit In some cases, decreasing the amplitude of some
sunspot Induced dips. Sunspot and plage areas were derived from NOAA Geophysi-
cal Parameters.
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Figure 3 - Comparison plots of the percentage variation of the dally mean
solar total Irradlance observations made by the SMM/ACRIM I (top panel) and
NIMBUS 7/ERB (middle panel) experiments from the start of the SMM through the
end ot 1982. The results from both are plotted with lines connecting
observations made on adjoining days to emphasize the features of solar
variability and the amount of missing data In both records. The bottom panel
(ERBMOD) was compiled by adding data to the ERB record from the SMM/ACRIM I
results for days when ACRIM I had results and ERB did not. The average results
(In W/m2 at 1 A.U.) and the net change In Irradlance (In percentage units)
resulting from the linear least mean square fits to the three records are
shown. The remaining difference between ACRIM I and ERBMOD slopes Is not
significant with respect to the uncertainties In the long term precision of
the Irradlance records.
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Figure 4 - Comparison plots of the percentage variation of the dally mean
solar total !rradiance observations made by the SMM/ACRIM I (top panel) and
NIMBUS 7/ERB (middle panel) experiments during the 300 days of normal
operation of the SMM In 1980. The results from both are plotted with lines
connecting observations made on adjoining days to emphasize the features of
solar variability and amount of missing data In both records. The bottom panel
(ERBMOD) was compiled by adding data to the ERB record from the SMM/ACRIM I
results for days when ACRIM I had results and ERB did not. The mean results
(In W/m2 at 1 A.U.) and the net change In frradlance over the 300 days (In
percentage units) resulting from the linear least mean square fits to the
three records are shown. ACRIM I precision over this period was better than ±
0.002 %. Agreement between the ACRIM I and ERBMOD slopes to with In 0.01 % Is
within the uncertainty of constructing ERBMOD.
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APPENDIX - C

TABULATION OF RESULTS

ACTIVE CAVITY RADIOMETER IRRADIANCE MONITOR EXPERIMENT

THE SOLAR MAXIMUM MISSION

Table 1. Daily mean results for the 1 A.U. solar total
irradiance and their standard errors. The individual solar
irradiance observations made by ACRIM I (̂ 10000 daily on average)
are corrected for the satellite - sun distance and for the
relativistic effect of the satellite - sun relative velocity.
Irradiance units are W/m2. Statistical uncertainty is the
standard error of the daily mean in percentage units based on all
the individual samples taken each day.
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2 •*+ o ro ro !•«•) r-i ro r»T M ro ro ro ro ro ro ro ro ro ro Is") ro ro ro ro ro ro ro
UJ
CD

<£

-J -J2-
UJ <CH-
2 02'"»
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z <n »— uj r̂  VD •«• co ̂  ro r«- w c î ON evj VD oo ̂  ^JD r<- u-) CD 10 rw i>j r1) TJ- ^H 03
o *-« QL o r»- -̂  •«• <\J co •* c\j -«r in *JD co u"> us in r-> UT ^o UT •*!• UT vo r1) TT ro 02

\— i«i Qi £j> ^— i cj) CD O CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD •-* CD
Q£ ^OLUCDCDCDCDCDCDCDCDCDCDCDCDCDOCDCDCDCDCDCDCDCDCDOCD
O K-ZO- ........... - ...... « ......
U- (j) ^3 ^s CD CD CD CD CD CD CD CD CD CD O CDCDCDCDCDCDCDCDCDCDOCDCDCD

<C QiO
z: <rz
E _J CC f«- -̂  Vi> 0*1 in <>J •* f̂ *H ^D <VI IT) O3 UT ^ CD CNJ CD CkJ -̂  -̂  «o3 CO 0> UT
o o »-• -̂  -̂  ro in co 0*1 CD -̂  oo ro r«- •«• ro ro cu r- a~i CD o"i ch TW u> u"> r1) CD ^

cc E r«- r«- P«- r«- r«- co co r«- r«- vx> VJD rw r«- iv r»- tw 03 r«- iv r^ is- r^ r>- m •*
a: s vD^DVDVD^JOVDVOVD^VDVOVfiVO^OVDUJ^VOVDljJUJkD^OVOVa

•-• <c ot 3 PO ro PO ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro ro

TO> ^A~«o in in in in in in in in in va va vc va u> <

34



0*1 r*. ••« *T VD Cfi VD -«r VO O) CD •••« <O '"VJ •-* CPi <M OS Cf i •<!• ~«
oc to H- LU co OD r̂  o» ro oo •«• «M tM us in -*r «•« 03 ̂ j vo ro in -« co vo rr ̂ r vo -<r
o ^ a: o « Tf UT OD co UT ̂  ro r̂  co in UT ̂  O3 iTi ro 03 *r -*t- ro in <«r vo '*> -«r
L^ H> LU QL CD O CD CD CD CD CD CD CD CD CD CD CDCDCDCDCDCDCDCDCDCDCDCDCD

CC O LU CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD
V) H-ZO. ...... ............. . .....
Ijj (ft ̂ ) v̂ - CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD

_J
<X LUr> oco<rz
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DISCUSSION OF WILLSON PRESENTATION

MOORE: What are the widely variant points on the plot?

WILLSON: They are improperly corrected for the Earth-Sun distance. Our ephemeris
didn't work well near midnight.

HUDSON: Those are the legendary zero hours UT flares.

ZIRIN: (proper guffaw).

SOFIA: Is there anything different in the processing of the February 1981 data?

WILLSON: No.

MOORE: If the O.O4% temporal decrease seen in the pointed-mode data is
extrapolated, does it fit the spin-mode data?

WILLSON: Yes.

FOUKAL: Are there any cases where the observed dip in irradiance is larger than
the predicted dip?

WILLSON: Yes.

FOUKAL: If the observed dip is less than the prediction, that could be evidence
of partial cancellation by facular emission. If the observed dip is greater than
the prediction, there would be no obvious explanation.

EDDY: Isn't there a zero level change in the data after day 346 that would
produce an arbitrary slope?

WILLSON: Yes, there is a shift of 0.112%, which is a known correction for the
difference in timing of the data cycle between pointed and spin modes.

RABIN: Is there a trend in the pointed data alone?

WILLSON: Yes.

FOUKAL: Your confidence in measuring that slope depends on knowing the sources
of all instrumental drifts. Plamondon's earlier Mariner data had this problem.

WILLSON: Yes, but we think we have solved the drift problems, and know what
affected Plamondon's data. Of course, we can't prove this since we cannot
calibrate common drift in all three [ACRIM] channels.

FOUKAL: Is the periodicity at 24 days or 27 days?
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WILLSON: Early in 1980 it was 24 days, when we saw the same active area for six
rotations.

MOORE: In a large group, new spots may arise in front of the old.

HEATH: Yes, which implies it is not a mass motion.

EDDYs Are there changes in slope over the three years of data?

WILLSON: Many, on short timescales. We see no general change.

SOFIA: We should look for trends in the (observed-predicted) irradiance.

FOUKAL: Can you find irradiance dips associated with the growth of spots on the
disk as opposed to the simple transit of spots of constant size?

HUDSON: The April 1980 dip is a good place to look.
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Status of Solar Measurements and Data Reduction for ERB-Nimbus 7

J. R. Hickey and B. M. Alton
The Eppley Laboratory Inc.

Newport, RI 02840

INTRODUCTION
This presentation includes the description of the status of

the Total Solar irradiance data obtained using the cavity radio-
meter aboard the Earth Radiation Budget experiment of the Nimbus
7 satellite. That experiment has been returning data since Nov-
ember 16, 1978 and is still functioning properly as of this time.
There are projections that this measurement mission could contin-
ue until 1991, based on the condition of the spacecraft and the
instrument. The instrument and the measurement method have been
described previously (1,2) and the data sets and processing have
been presented in the previous workshopproceedings(3). The proc-
essing of the ERB data involves many steps and the involvement of
many people including, the Nimbus ERB Science (Experiment) Team,
the Nimbus Ground Station and Operations Personnel, and the ERB
Processing Team. The ERB experiment has a number of sensors which
measure the radiative fluxes (both shortwave and infrared) leaving
the earth as well as the solar channels. The complexity of the
processing of the earth-flux data, both wide and narrow angle has
necessitated a reprocessing effort which produces the final data.
Since the solar data is embedded in the same data stream and tape
product as the earth-flux data, it has not been generally avail-
able in a format convenient for analysis as a separate product,
in the past, we have periodically released a preliminary product
in order to keep the solar community informed of the indicated
variability in the extraterrestrial solar flux, within a reason-
able time after the measurement. In looking back, this may have
been cause for some scepticism regarding the ERB solar data. Here
we will present values for the final data product only and provide
a few remarks concerning the basic features of the data. There
will be no scientific conclusions presented here other than those
directly related to the measurement results. A set of tabulated
values is appended in accordance with the request of the organiz-
ers of the workshop.

DATA AVAILABILITY
While there are a number of products developed for the data

from the ERB, the most convenient for use in assessing solar
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irradiance is a tape product named the Solar and J3arth Flux Data
Tape (SEFDT). This tape contains orbital summary records from
which the calculated solar irradiance for that orbit's solar
measuring period are calculated using the algorithms and constants
agreed upon by the ERB Science Team. While there may be further
revisions based on the history of the in-flight calibrations or
based on more in-depth analysis of the other data products, this
data set is the best currently available. There can be up to 14
solar measurements per day, one per orbit. The ERB sensor views
the sun as the satellite passes over the terminator at the south-
ern extreme of its polar orbit, just before its northward pass
over the sunlit hemisphere of the earth. ERB is on the forward
looking surface of the satellite as opposed to the familiar SBUV
experiment which views the sun at the northern limit of the orbit.

There are now 3 years of this final data product available.
This covers the period from November 16, 1978 through October 31,
1981. With the exception of a few days in July 1981, this set is
complete. For purposes of assigning dates to the data presented
here November 16, 1978 has been designated as mission day 1.

For a long period of time, it was possible to obtain the
"peak" signal from the cavity radiometer from an engineering
analysis program output in the Nimbus groand station. This was
generally available for one orbit per day on those days when the
program was run. This data was delivered to our colleagues at
NOAA/NESS (Dr. Herbert Jacobowitz and Paul Pellegrino) who added
the necessary ancillary data before forwarding the data to us
at Eppley Laboratory. The data released was termed the "engineer-
ing level data" (see reference 3). Upon receipt of a sufficient
amount of final (SEFDT) data it was found that the engineering
level results were yielding irradiance values which were too high
by about 0.2%. In subsequent releases the data were adjusted to
lower the values by the ratio obtained by comparing the two data
sets for days on which both were available. To simplify the iden-
tification of the different data sets as they presently stand the
terms final and preliminary are used for the SEFDT and the adjust-
ed engineering data sets respectively. The only reason for retain-
ing the preliminary (engineering) level product is to monitor
health of the instrument on a near-real-time basis, since there
is still some delay in obtaining the final product.

The fourth year of data is presently in the final stages of
reprocessing. That is, the data for the period from November of
1981 through October of 1982 will be available in final form in
a few months. The preliminary data is available into early July
of 1983, only a few weeks behind present.
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RESULTS
A table of the daily mean values of the final data is. append-

ed. Readers desiring the more detailed values obtained on an
orbital basis can obtain these values on tape from the NIMBUS
Project Office at NASA, Goddard Space Flight Center (or may
contact the authors) . Only the final data are tabulated. However,
the final data and the preliminary data are plotted in figure 1.
The final data covers 1082 days from November 16, 1978 through
October 31, 1981. The data was made- available by Dr. Richard
Willson of JPL ( see his presentation in these proceedings) is
also plotted on the figure. The simple solar indicators, sunspot
number and 2800 MHz flux are also included so that the reader may
orient the data sets with the solar activity indicators. No quan-
titative relationship should be inferred from this plot. The
reader is referred to other presentations in these proceedings
for detailed analysis of the relationships between total solar
flux and the solar activity parameters. There are 815 daily mean
values in the final set. Ther are also 238 data points from the
preliminary set covering the period from November 1, 1981 through
July 5, 1983. The pertinent statistics are tabulated below.

Table 1. Total Solar Irradiance Results from ERB-Nimbus 7
Irradiance in

data set points _ mean minimum maximum std.dev.

Final 815 1371.0 1367.8 1372.9 0.765 (0.056%)
Preliminary 238 1370.5 1367.9 1372.3 0.803 (0.059%)

The mean value of the SMM/ACRIM (Willson) results shown here is
1367.7 W/m2 with a standard deviation of 0.802 (0.059%). The
correlation results with the SMM data are given in table 2.

Table 2. Correlation of ERB results with SMM/ACRIM results for
data shown in Figure 1.
corr. corr.

data set points coeff. period covered

Final
Preliminary

437
175

0.776
0.626

February
November

1980-October 1981
1981-August 1982

There had been an indication of a small downward trend in the
irradiance as a function of time amounting to approximately 0.02
percent per year. As the data set gets longer this slope appears
to decrease in magnitude while retaining its negative sign.
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FURTHER REMARKS
One of the most significant contributions which the ERB

solar irradiance data can make is to correct the existing data
base back to 1975. In July 1975, the Nimbus 6 version of the
ERB experiment began making total solar irradiance measurements.
Unfortunately, there was not a cavity radiometer in that older
instrument, but only a simple thermopile device. That sensor is
duplicated on Nimbus 7 as channel 3. Both the Nimbus 6 and 7
versions of the channel 3 sensor are identical in every respect
including calibration traceability. while the Nimbus 6 presented
encouraging results in a relative sense due to the stability of
the sensor, the absolute value was apparently high. This result
was also obtained on Nimbus 7. However, now we have both the
cavity sensor and the SMM results with which to compare. There
is a reprocessing effort in progress to obtain the Nimbus 6
results for the period for which both Nimbus 6 and Nimbus 7 were
operational (after November 1978 and before March 1980). Plans
are to rectify the Nimbus7 channel 3 data to the cavity results
and then to rectify the Nimbus 6 results based on this comparison.
Early indications are encouraging, but there are insufficient
overlap data to reach aconclusion. Nimbus 6 was continually oper-
ational through the solar minimum period between cycles 20 and 21.
There were indications of "dips" in the solar irradiance through
March 1977 which may have been associated with events near the
end of cycle 20. No conclusions were made at that time because of
uncertainties in the instrument performance at the low percentage
level (especially angular alignment) because the complete final
data set relative to orientation was not available. We hope that
we will be able to report some progress soon.

Another aspect of the ERB solar measurements which is not
discussed here is the spectral measurement capability of the
other solar sensing channels. The early measurements from Nimbus
7 were affected by a contamination event, from which the sensors
later recovered. Effort in correlating the spectral results with
both the total irradiance results and the solar activity indicat-
ors is now beginning as the final data sets become available for
time periods further into the mission (after April 1979).

SUMMARY
In this brief presentation we have provided a status report

on the total irradiance measurements obtained from the ERB inst-
rument aboard Nimbus 7. The final data from the first three years
of operation are given in tabular form. A plot of these data plus
additional preliminary data through early July 1983 is also
presented. The ERB total measured solar irradiance is about 0.2%
higher than the comparable measurements by the ACRIM instrument
on SMM. This i& well within the accuracy stated for theERB instrum-
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ent whose characterization is not known to the degree that is
stated for the SMM/ACRIM instrument. Because of the digitization
capability of the overall data system, the ERB instrument does not
have the instantaneous resolution of the ACRIM, but by averaging
over the solar pass the certainty of the measured value increases
as the reciprocal of the square root of N (N=45 for this analysis)
and no drift in either calibration results or voltage calibration
levels has been experienced beyond the resolution limit, in terms
of temporal comparability the ERB is restricted to one measurement
every approximately 104 minutes while the SMM/ACRIM can measure
over a more substantial portion of its orbit. This is because of
the nature of the Nimbus orbit and not an experiment limitation.
Also the ERB is subject to a 3-day-on and 1-day-off operational
sequence because of the power distribution requirements of the
Nimbus observatory. Despite all of these limitations there is a
very good correspondence of the sensed events between ERB and
ACRIM. These temporal and resolution limitations may be the reason
that the correlation coefficient is only 0.776. However, if one
were to have predicted this level of agreement,a few years ago,
between independently developed instruments on two different
satellites in space, it is an understatement to say he would have
been considered a dreamer. While the solar physics community may
have more stringent requirements than the ERB results can meet,
the ERB instrument more than adequately performs its mission of
measuring the input term in the radiation budget equation, the
mission for which it was intended.
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ERB NIMBUS-7 CHANNEL IOC DATA: SEFDT DAILY MEAN
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10
11
12
1 3
14
15
16
17
18
19
30
21
hZ. h«

23
24

31
32
33
34
J5
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

10
11
1 :
14
15
17
18
1 '-i
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98 i
'- 1 O i-„•' O J

4 St.
r i r i 'HO l

988

yyO
991
9 9 :'•
y^4
995
997
'"•"90
9 9 ' "•'

(W/m2) number ^ ^av (

J ".' 1 1 . Ut.1 IL , 1 , ||"| 1 1

1

1
J

L
I
J
1
1
L
11

1
I
1
L
1
t
1
1

L
1
1
1
1
L
1
L
L
i
i.(.
1.
L
1
1
1
1
1
1
1iL
1
1
1
1
1
1
1

1
1

-' 1

-i t

"i '
I1 1

37
1 7

J 7~, --I

_' i
j i

^7
„' 1

i i

~ 1

-' t

J I*"

2 1

j i
_' i
~< i

_i i
:i 7
J i
37
J i
- '~, - 1
.' i., ~,

-it.

:''t'
3r.
36
36

3t

37
«' 1

> l

-' 1
! ••

Zf \

?* t"'

"!h

i.
1
J. a

1.
1 .
0.
8.
H.

IJ.
" •
8.
3 .
L .
8.
0,
„

8.
n.
8.

u,
0.
0.
8 g

8.
8.
n.
8,
8.
8.
8 .
8.
8.
9.
9.
ft
1 n

1 a

O .

i"i
O »

y.

8.
0.
8.
8.
n.
3.7 n

9.
q

34
T ..<

34
34
b 6

b9
CJ..I

68
i i.
O l

2 8
18
96
'-I '-J

57
24
"*i CT
O .'

U.« k«.

21
48
58
71
61
56 '
73
86
29
•"' ~'

42
44
8 ."J
31
29
88
78
83
~i r*i
JO
I-J ™"Jl

71
64
89
67
51
47

™ -™i
O l

57
Q -1

i l, 1 1 If 1 L

75J 1C18J 1
7S4 I HH i I
7'. 5 LUU ' i I

71"!!"' luC '7 1

,'V-i LUlu 1

7 i . l 18 J : 1
7b,:' lUl-l 1
7 i . " i i n l ' i 1
7T.4 Lull. i
r ' f , ' , in 17 1.
7bb lull' 1
rr,7 mi/1 i
" 'i . f ! 1 Ci ' 1 1) M l l L r l i ^ J f

7i~,M in,-:,-' |
7 7 1 1 L i U i 1
77 L L8 . -7 . L
"'7 • i n 'i . liii i ' ' i . ' i
[ , ~ '"
7 1 4 1 Hi " '
, ' 7 ' j LU in
7, '^ L 8 . : |
1 1 1 L r 1 " i i

l . 1 - ! ! i n "'.t
| 1 L 1 1 M' '

,- ' : : i J IMJ7
" i l l 1 1 1 " !I t 1 | | i i i i i

7o'i 184J
,:'i.r!4 L U 4 , '
? ;•:':, in4.-i
"•'i ii:, 1 1.|.| .II ' ' '».' I '!. ' 1 1

',"! ifl 1841,
70y L U 4 7
790 U341'

?'':!:' [n5l'

7'1 '"! UJE'li
7 '-'6 1857

79i:i I85:
:i

?''•*'"* 1861

'~ ~ - u

W/m2)

! i ' 1'J * b ' i

' I" ' i u • ' ' "i
i78.C|9
•!i'ri. ijn
1 'l"1 i~H
' ' ' f 1 " '"-' i
.1711. 7b
VI ,11

71 . i.j
71.4^

1 , ' J . M1 '1

-178. 7 U

i i «
i i !• J „ i u"_

!7fi. 8i-j
i ' i 1 .'1 i i. u J. 1

: 7 1.04
. 1 1 j "

J i 1 „ 1 b
:. 78 . ! !U
-1 ,'|"l „ | l",

J7U. 17

i , 'M .b4
- : . ' 8 .47

1 i ' I 1 „ ! i ' -I

J7fl. 71
i i ' l .01

L J , 1 . 4 :!
u'l . i"i .""'

: ! ' J " .'.'
- : 7 J . B*

1-1 1 ~? -i
.'i 1 . l •>

J71 , 39
.-:71.44

J71. 28
1. ":71 .51
L J 7 1.62
1371. 14
I J, ' i j , 97
1 J 7 0.9 5

1 J 7 K 3 2
L • 78 u 29
1 3 1 9 . 6 7

56



ERB NIMBUS-7 CHANNEL IOC DATA: SEFDT DAILY MEAN

observation mission irradiance observation mission irradiance
number day (W/m2)number

801
802
8@3
804
895
80S
807
808
809
8 1 0
811
812
813
814
815

day
1063
1065
1066
1067
1869
1070
1971
1072
1073
1074
1075
1077
1078
10T9
1081

(W/m2)
1 369.23
1369.13
1 368.63
1368.67
1369.55
1369.62
1370.29
1370.60
1371.28
1371.24
1371.15
1371.33
1371.52
1371.73
1370.98

57



DISCUSSION OF MICKEY PRESENTATION

FOUKAL: With the new data set, what happens to the August 1979 dip?

MICKEY: It gets a little less deep when correction is made for the off-axis
pointing.

FOUKAL: What is the slope when you compare the ERE data to SMM?

MICKEY: 0.8.

FOUKALi Then there is a 2O% calibration difference?

MICKEY: If you remove the trends, the residuals show a slope of 0.977.

FOUKAL: How do the dips compare in amplitude between the instruments?

WILLSON: The sampling is too infrequent, so you get a noisy fit.

FOUKAL: The noise looks low to me.

SCHATTEN: When there are errors in both coordinates, the regression line has a
slope less than the true one.

MOORE: Yes, you should do the regression both ways and average.

NEWKIRK: Why are there slope differences between the two data sets?

WILLSON: I'll explain that one in the discussion section.
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FACULAR LIMB-DARKENING FUNCTIONS FOR IRRADIANCE MODELING

T. Hirayama, T. Okamoto, and H.S. Hudson1

Tokyo Astronomical Observatory

ABSTRACT

The limb-barkening function of faculae is an important factor in
estimating facular contributions to solar irradiance variations. We review the
existing photometric data and generate a synthetic limb-darkening function for
faculae, which we then compare with the limb-darkening functions currently in
use for irradiance modeling. We find that the excess facular flux ranges from
0.017 to O.O349 of the solar photospheric flux for the various representations.
The present limitation appears to be the lack of comprehensive photometric data.
The representations are especially varied near the limb, where photometry is
most difficult.

synoptic data on calcium plage areas can be used as a substitute for
facular areas in modeling. Based upon the existing data, the present best value
for the effect of faculae on the solar constant is given by

AS/S = 3.9 x 10~8Aplage,

for an active region near disk center, where A is the calcium plage area in
millionths of a solar hemisphere. Representative data on the development of
plage and spot areas in an active region suggests that the respective energy
excess and deficit are comparable in magnitude, when integrated over the
lifetime of the active region.

INTRODUCTION

The Solar Maximum Mission and Nimbus satellites are now making accurate
measurements of variations of the magnitude of the solar constant. The largest
of these variations, amounting to at most a few tenths of one percent, are
strongly correlated with the presence of sunspots on the visible hemisphere
(ref. 1). The presence of sunspot deficits in active regions without appreciable
plage areas, as observed by Willson et al., implies that a given active region
may store energy for a time comparable to its lifetime. This storage must take
place beneath the photosphere and most likely is associated with the magnetic
structures that form the spots. At the same time, a correlation with facular
regions also exists (ref. 2), and it is clear that effective modeling of the
total irradiance variations requires consideration of both sunspot deficits and
facular excesses.

1Permanent address: Center for Astrophysics and Space Sciences, UCSD

59



The modeling effort consists of an attempt to find an accurate
description of the solar irradiance variations in terms of the physical
parameters associated with the models, for example the areas and effective
temperatures of the sunspots. The model parameter information can then be used
to elucidate the physical processes involved in the variations. The ultimate
goals of these exercises, as regards solar physics, lie in obtaining
observational information on the internal structure of the solar convection
zone, the nature of stellar magnetism, and the nature of convection itself.
Since these phenomena have heretofore been describable only in terms of their
surface effects, any advance in observational capability would be extremely
welcome.

The purposes of this paper are to review the empirical limb-darkening
functions obtained from existing observations and to explore their impli^ ions
for irradiance modeling. An accurate representation of the facular
limb-darkening function is important not only for this purpose (and for
understanding the physical nature of faculae) but also for the interpretation of
solar oblateness data (e.g. ref. 3). Finally, we give the present best estimate
for the calibration of facular irradiance in terms of calcium plage areas,
although a considerable improvement can be made on this relationship with better
data.

OBSERVATIONS OF FACULAR LIMB DARKENING

Observations of faculae are greatly hindered by the necessity for
excellent angular resolution. The individual facular granules are small, and
most observations appear to be at best marginally able to resolve them
adequately for a real determination of the specific intensity. Nevertheless
ground-based observations (refs. 4,5) have given us some reasonable data with
which to supplement the brief observations from above the atmosphere. Several
balloon-borne solar telescopes have provided snapshots of individual active
regions at different times and with telescopes of differing capabilities. The
earliest and some of the best balloon-borne data come from the stratoscope
project (ref. 6), but unfortunately the facular data consisted of only a single
region close to the limb. More recently, newer balloon data have been reported
(refs. 7, 8). We have considered the problem of representing these heterogeneous
data for the purpose of constructing a "best" approximation to the facular limb
darkening function. It is easiest to work with the peak intensity observed in a
given facular measurement, although this value might vary quite widely even for
the same faculae as viewed by the different instruments used, because of
variations of the spatial filtering caused by systematic effects of seeing,
telescope modulation transfer function, and scattered light. To accomplish the
intercomparison in as simple a manner as possible, we have considered only data
sources that provide observations at two or more positions on the sun. This
allows us to reduce the comparison to results on the shape of the limb-darkening
function, rather than its absolute normalization, which must be determined
separately. The underlying hypothesis is that the simultaneous observations at
two positions on the solar disk will have comparable systematic terms in the
photometry. We have included one single-point observation in this procedure,
namely the Stratoscope data (ref. 6). All data, except these of Chapman (ref. 9)
who did not report original data, are uncorrected for smearing due to
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instrumental or seeing effects. The Hirayama (ref. 10) data have been
re-evaluated, and have an average wavelength of 5400 ± 200 A.

The observations considered appear in Table 1. We have formed the data
into a single composite limb-darkening distribution by adjustments of the
normalization of each set to produce a minimum scatter in the plot of Figure 1.
Note that the adjustment was performed on the logarithmic representation of the
reported facular contrasts. The table shows the values of the factors needed to
make these adjustments in the raw photometric data. As can be seen from the
figure, a reasonably clean correlation (log AI/I ^o.l) exists that traces out a
limb-darkening function with a maximum contrast in the vicinity of \L = O.3,
where (JL is the usual cosine of the vertical angle of viewing. We have arbitrarily
chosen to normalize to the balloon data of Hirayama and Moriyama, although these
are not necessarily the definitive data, and a numerical representation of the
resulting limb-darkening function appears in Table 2.

The existence of a maximum in the facular contrast in the vicinity of
At = 0.3 seems inescapable. Waldmeier (ref. 11), for example, placed this maximum
at 71°, corresponding to (l = 0.33. The lack of a maximum in observations with
only moderate angular resolution is at present a puzzle.

REPRESENTATIONS OF FACULAR LIMB DARKENING FOR MODELING

Several authors have provided different analytic forms to represent the
limb darkening of facular regions (refs. 12, 14, 15, 25) We summarize these forms
in Table 3, including the numerical representation of the plot shown in Figure 1.
Figure 2 compares these different analytic forms, which differ considerably.
This lack of agreement is one of the main motivations for the present summary of
the data. In order to clarify the definitions of the different quantities used to
describe the facular radiation, Table 3 gives the different representations and
calculates the facular excess flux, AF/F, where

F =

where I(A) is the specific intensity. Frequently the photospheric
limb-darkening function is represented by

with the central specific intensity of the quiet photosphere I = 2.55 x 1010

ergs(cm2sec sr)'1. The flux F of the quiet photosphere F = 477/5 I = 6.41 x 1O10

erg(cm2sec sr)~2. Most of the facular observations are monochromatic, and we
make use of the tabulations of Kurucz (ref. 17) to obtain a rough bolometric
correction to the data. For 540O X, the correction factor is approximately 0.81
(ref. 14), not significantly different from unity in view of the uncertainties
in the different representations shown in Figure 1.

The quantity AF/F is the key quantity that allows a comparison between
the total energy deficit of a sunspot group and total energy excess of its
associated facular region. It gives the angle-integrated total flux per unit
area in the facular region in terms of the flux of the quiet photosphere. The
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corresponding quantity for sunspot deficits (ref. 18) is

AFspot/F = '" x Aspot

with a = 0.315 for the data given in Allen (ref. 16), and the spot area (umbra
plus penumbra) measured in millionths of the hemisphere.

Thus for the limb-darkening representation of faculae in Table 2, a facula/spot
area ratio of 0.315/0.0301 = 10.5 is needed to establish exact balance; more
precisely this is the ratio of the time integrals of facular and spot areas. The
observed ratio of areas is approximately a factor of four on the average for a
given spot group, although it varies from group to group and as a function of
time within a given group (e.g. ref. 19). The area-time integral ratio may be
close to the needed value, but there is uncertainty related to the
identification of a plage region with a spot group that may have died several
rotations earlier.

It is of interest to note that the integrand for AF has its maximum
contribution at intermediate values of tL. The uncertainty in the value of AF/F
displayed in Table 3 therefore does not depend very strongly on the extreme limb
photometry, and there is no reason why improved data should not be readily
obtained.

CALIBRATION OF Ca PLAGE AREA FOR REPRESENTATION OF FACULAE

The existing synoptic facular data are very limited in extent and in
quality. Hence there is a desire to use alternative better-measured quantities,
such as calcium plage reports or 10 cm flux indices to represent the faculae.
This can be done provided that an adequate calibration of these proxy data can be
made. This is therefore an urgent requirement for any extensive modeling of
solar irradiance variations. To date only two initial attempts at such a
calibration have been made (refs. 7, 9).

For active regions near disk center, we obtain a calibration of AS/S, the
fractional variation of total solar irradiance, in terms of the Ca plage area
A ( millionths of the hemisphere ):

AS/S = 3.9X10~8 Aplage.

This agrees with the Chapman determination (ref. 9) of the plage calibration,
based upon photoelectric photometry.

With this calibration of the facular area in terms of Ca plage, we can
estimate the ratio of facular excess to sunspot deficit for representative data.
Figure 3 shows the time development of plage and spot areas for a large active
region in 1972, taken from the Solar-Geophysical Data. From the above
calibration, we find

AWf a(, - ( AF/F ) x Fp x ( 1.56X10 - 2 )/( Cf-l >J
A
plage

dt •

Here (AF/F) is the photospheric flux excess as tabulated in Table 3 for a given
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representation of the facular limb-darkening function, I = 4TT/5 I . and c is
the facular contrast. Similarly the sunspot energy deficit

For the representative data in Figure 3, we find

AWf a<, = 1 . 1 x 10 3 6 ergs

AW t = 0.9 x 1036 ergs,

so that in this case there was an approximate balance of energy between spots and
faculae for the lifetime of this active region. The implied energy storage time
would be on the order of one month, although it is interesting to note that
Fig. 3 shows an extended period of slower decay of the plage region following its
initial rapid decay.

The approximate agreement that we have found does not really prove
anything, since it is based upon an approximate calibration of Ca plage and an
ill-understood facular limb-darkening function. A conservative estimate of the
uncertainties in these areas would be a. factor of two; in addition it is known
(e.g. ref. 28) that individual active regions do not have the same value of the
parameter a, for example. One can conclude, however, that substantial energy
does appear in faculae. The circumstantial evidence is compelling that this
energy comes from the reservoir filled by the convective flux blocked by the
sunspot group. This compensating flux reappears in a non-diffusive manner, quite
unlike the prediction of the Spruit thermal model (ref. 29).

CONCLUSION

The facular limb darkening functions used by various authors for
modelling of the total irradiance variations show a surprising uncertainty. The
last column of Table 3 shows a facular flux excess ranging from 0,0167 to 0.0349,
but to achieve even this factor-of-two range required very ill-defined
normalizations of the existing photometric data. We have attempted to place
these different treatments into a common framework in order to reduce the
confusion, and have collected various observations together to make up a
synthetic facular limb darkening function for future use. The uncertainty in the
relationship between facular contrast and total facular flux, together with
great uncertainty about the facular brightness at the extreme limb, are the
present limiting factors in using facular data as a component in
total-irradiance modeling. The present attempts to calibrate calcium plage
areas for use as a representation of facular brightness are only preliminary for
the same reason, namely the inadequacy of the present photometric data. One
strong conclusion from these considerations is that routine photoelectric
photometry with adequate spatial resolution should be carried out in the
forthcoming solar minimum period. This photometry should not only provide better
white-light data, but also data on chromospheric emission such as the Ca K line
or Her X1083O A (ref. 30), so that both deficit and excess components of the
active-region energetics can be studied.
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The present situation can well be summarized in the words of Wormell
(ref. 20), who apparently anticipated xn 1936 the need for space-borne
observations of the solar constant:

"We are thus led to anticipate a variation in the total radiation of
the Sun as an area of disturbance travels across the disc, the
radiation being below its normal value when the disturbance was was
near the center of the disc, and perhaps above its normal value when
the disturbance was close to the limb. Such a variation would
scarcely be detected by the ordinary methods of determining the
solar constant."

After the passage of a half century, this opinion might be reversed. It is now
the "ordinary methods" of ground-based synoptic measurement that desperately
need improvement.
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Table 1. Facular Contrast Observations

Authors

Schmahl (ref. 21)
Frazier (ref. 4)
Stellmacher and
Wiehr (ref. 22)

Richardson (ref. 23)
Rogerson (ref. 6)
Chapman (ref. 24)
Muller (ref. 5)
Hirayama (ref. 10)
Hirayama and
Moriyama (ref. 8)

Symbol

X
•
o

X(A)

4929+5777
5200
5780

Type i A log

C
C
C

5780 C+L
5940 C+L
5300 C+L
5250+5750 C+L
5300 C+L
5300 C+L

0.60
0.65
0.55

0.45
O.O
0.30
0.30
0.30
0.0

Comments

10O Gauss

Single point
Corrected data

Normalization

*C refers to continuum photoelectric observations; C+L
to photographic observations which include lines.

Table 2. Synthetic Facular Contrast at 5200-5600A
(Table 1 x 0.235)

cos 9

0.05
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

7.5
10.3
10.8
7.1
4.0
2.8
2.2
1.7
1.4
1.3
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Table 3. Representations of Facular Contrast

AF/F

0.0167

0.0300

Author (I*~I

Kiepenheuer (ref. 12) 0.2(l-/i)/(2+3/O

Chapman (ref. 9) 0.04(1/M - 1)

Foukal (ref. 14)

Sofia e< a/, (ref. 15)

0.81(a+bM+c/*2 ) b
c

a
b
c

(I = a+bM+cM2)p

Hoyt & Eddy (ref. 25) 0.15/(3M+2)

Present compilation Table 2

a -

c =—i

0.068
0.124

-0.205

0.205
-0.40
0.20

0.2558
0.9732
0.2284

0.0349

0.0325

0.0375

0.0301
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FIGURE CAPTIONS

1. Compilation of data on facular contrast, with sources identified in Table 1.
The various data have been shifted vertically to provide a best fit, and the
corresponding factors are also given in the Table. With the exception of the
Stratoscope data, only sources providing observations at two or more values of /x
have been considered. Note that the normalization is arbitrary, and that the
best fit (Table 2 and Figure 2) has been adjusted by a factor of 0.235.

2. Comparison of the synthetic facular limb-darkening function from Table 2
(dots) with various representations used for modeling solar total irradiance:
light line. Chapman (ref. 9); heavy line, Foukal (ref. 14); dashed line, Sofia et
al. (ref. 15); dotted line, fit by Kiepenheuer to the early data of Wormell (ref.
2O). The modern curves contain multiplicative adjustments to approximate the
conversion from high-resolution measurements of contrast to total facular flux,
as described in the text and summarized in Table 3.

3. Time histories of tabulated synoptic data for plage and sunspot area in a
representative active region of 1972, taken from the Solar-Geophysical Data.
Areas are plotted in millionths of the solar hemisphere. The time integrals of
areas are approximately 6 x 102 5 cm2sec for the spots, and 6.4 x 1026 cm2sec for
the plage.
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DISCUSSION OF HUDSON PRESENTATION

MOORE: What is the difference between faculae and active network?

ZIRIN: Active network corresponds to dispersed unipolar magnetic regions,
faculae corresponds to bipolar active regions.

HEATH: They are not physically different, but are just accounted for
differently?

ZIRIN: They are physically different, in that one is old and the other is young.

SOFIA: The facular contrast Al/I near the limb is not important for the solar
constant, but is important for the oblateness measurements.

HUDSON: Yes.

SOFIA: The ratio of facular to Ca K plage areas is not known.

HUDSON: Chapman and Hirayama give the ratio as one to four (plus or minus 25%).

SCHATTEN: What facular contrast did Hoyt and Eddy use?

EDDY: We used 3%, independent of the central angle. That value was also varied to
see what happens.
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GROUND-BASED MEASUREMENTS OF SOLAR IRRADIANCE VARIATIONS

Gary A. Chapman

San Fernando Observatory/CSUN

ABSTRACT

A brief review, is presented, of observing and data
analysis programs being carried out at the San Fernando Obser-
vatory. A digital analysis of sunspot area from full disk
photographs shows an especially good correlation with areas
published in the Solar Geophysical Data Bulletin with scale
factor near unity. Results are presented from photoelectric
photometry of active regions using the Extreme Limb Photometer.
These results suggest energy balance between sunspots and
faculae. Preliminary results are presented from a new program
of photoelectric photometry using a linear array of diodes.
Results are presented for th August 1982 passage of a large
active region. This active region caused a maximum dip in the
quiet sun irradiance of about 800 parts per million.

INTRODUCTION

This review will be concerned with recent attempts to re-
late solar features to global indicators of solar variability.
I will emphasize that work with which I have been associated
since other work will be covered by other speakers at this con-
ference. At the San Fernando Observatory/CSUN we have been
studying solar activity and its effect on solar variability for
several years. Our work is based on photographic and photo-
electric work. Photographic work involves the analysis of full
disk photographs obtained at SFO or at other observatories.
Photoelectric work has been done at SFO with the Extreme Limb
Photometer (ELP) as well as diode arrays mounted on the vacuum
spectroheliograph. The analysis of the ELP data is the most
advanced and I will end my review with some speculations con-
cerning the energy balance of active regions.

ANALYSIS OF PHOTOGRAPHS

Much of the work relating solar activity to spacecraft
measurements of solar irradiance variations has been based on
estimates of the area of sunspots, published by the National
Bureau of Standards, either the Space Environment Services
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Center or the World Data Center A. These measurements of sun-
spot area are incorporated into a fluctuation index such as
that due to Hudson, tne Photometric Sunspot Index, PSI. The
PSI is defined by

PSI =

(ref. 1). The quantity a represents the bolometnc effect of
the umbra and penumbra of a sunspot, weighted by their relative
area.

We have measured the area of selected sunspots during
several months during 1980. The photographs were made avail-
able from the synoptic program carried out at the Sacramento
Peak Observatory. These full disk photographs, on 35mm film
are digitized by an Optronics P-1000 with a square spot of
50 pirn spacing. This corresponds to about 6 arc sec on the sky.
The data are calibrated assuming a mid-visible limb darkening.

Relative intensities are determined by normalizing with the
quiet sun limb darkening. Figures la and Ib show the raw digi-
tized image and the calibrated local contrast, AI/I, respect-
ively. The computer can then search for sunspot pixels on the
"flattened" solar image, count them, and determine their
position. In this way we have obtained quantitative measure-
ments of sunspot areas. The position is used to correct for
foreshortening in order to obtain sunspot area in millionths of
a hemisphere (ref. 2). We have regressed the SESC and SGD
areas against the area from our program, FDAP. The results are
shown in figures 2 and 3. We find that the data are more
complete in the SESC listing than for tne SGD listing. For tne
period of time from 27 February to 15 May 1980, we find that
the linear regression SGD = a + b* FDAP, gives a = 4.0 ± 12.5
ppm and b = 0.990 ± 0.026 with the linear correlation
coefficient r = 0.975, where FDAP is the computer-determined
area and SGD is the published sunspot area in the
Solar-Geophysical Data Bulletin, both areas in milliontns of a
hemisphere. For this interval the number of data pairs is 78.

For the same period of time, tne analysis of SESC data,
using SESC = a + b* FDAP, gives a = 30.4 ± 8.1 and b = 0.843
± 0.018 with r = 0.963. The number of data pairs is 171. In
the case of the SGD data, tne mean residual is 81 ppm. For tne
SESC data, the mean residual is 83 ppm. The distribution of
the residuals is not quite gaussian and there may be some non-
linearities in the determination of sunspot areas. There is
clearly a significantly different scale factor for the two
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sources of data. The SGD data give a slope very near 1.0 but
there is more missing data for this compilation. We are per-
forming further statistical tests on the data with large
residuals and this aspect will be discussed in ref. 2. These
data will also be used to calculate a PSI (ref. 1) to be
compared to fluctuations in the ACRIN signal.

Each photograph requires approximately 3 minutes to
digitize and approximately 10 minutes of machine time to copy
the tape and run the program FDAP. We believe this analysis
points to the need and feasibility of providing objective,
digital sunspot areas. The determination of facular or plage
area may be as important as for spots but more difficult due to
the lower contrast and larger area of facular regions. A
computer controlled search for faculae will require the highest
quality white-light photographs. Several full disk images so
far analyzed by the full disk program, FDAP, show significant
non-uniformities across the image (figure Ib) . These
non-uniformities make it very difficult to detect faculae.

ACTIVE EESISH PHOTOMETRY WITH .TJLE E1&

Two-dimensional or areal photometry has been carried out
with the Extreme Limb Photometer (ELP) of active regions at
various disk positions (ref. 3) . This photometer has been
described in ref. 4 and ref. 5. Measurements reported here
were carried out in October 1980 and the summer of 1982. The
ELP scans in a circular path using a slit with dimensions 3" by
39". A circular swath across an active region has a resolution
given by this slit size. It has been determined that during
1980 and 1982, over 45 active regions were well mapped by one
or more swaths with the ELP at a wavelength of 525 nm. The
detailed results will be published (ref. 6). The ELP cannot
determine the "intrinsic contrast" of sunspots or faculae
because of its rather long slit. It can "map" or photometer a
complete active region with only a few separate pointings of
the telescope. By a knowledge of the position of the swaths,
either from a sunspot map, or from the ELP data, the brightness
fluctuations of the active region from the separate swaths can
be combined into a brightness fluctuation for the entire
region, relative to the quiet sun.

An example of several swaths covering an active region is
shown in figure 4. This active region was several days from
the limb yet the facular emission can be seen to be roughly
equal to the sunspot deficit. This effect cannot be explained
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by scattered light, since scattering will cause a loss of the
positive facular signal as well as the negative sunspot signal.
We have found, in general, that sunspots dominate in the
central regions of the disk but faculae dominate near the limb.

We have correlated the Photometric Sunspot Index, PSI,
(ref. 1), and the Photometric Facular Index, PFI, (ref. 7),
with the sunspot and facular signals from the ELP. The PSI and
PFI are defined by

PSI = Cs Asji(3M + 2)
and

PFI = Cp Ap(M - 3M
2 + 2),

where As and Ap are the areas of the sunspots and Calcium
plage, respectively, in millionths of a hemisphere published in
the Solar-Geophysical Data Bulletin. The ELP photometry of an
active region has been divided into a sunspot brightness
fluctuation, (AB/B)s and a facular brightness fluctuation,
(AB/B)f. The sum of (AB/B)f and (AB/B) s gives the net
brightness fluctuation of the active region in units of
millionths of the quiet sun irradiance, assumed constant.

From an analysis of 45 active regions at various points on
the solar disk and at various stages in their lifetime, we find
Cs = 0.164 ± 0.0083 and Cp = 0.0092 ± 0.0014. Applying bolo-
metric corrections to these monochromatic contrasts (ref. 4)
gives Cs = 0.143 ± 0.0073 and Cp = 0.0078 ± 0.0012.

Integrating PSI and PFI over /*, we find that the flux
deficit, per unit area, due to sunspots is 24 times that due to
faculae. The area of Ca plage has been found to be approxi-
mately 25 times that of sunspots (ref. 8). The near equality
of these ratios strongly suggests that there exists energy
balance within an active region.

Statistical comparisons with ACRIM data (ref. 9) support
the energy balance, which was suggested earlier (ref. 10)
from a more extensive statistical analysis of modeled
ground-based synoptic data with ACRIM data. Sofia et al. (ref.
10) suggested, implicitly, that the energy balance was rather
immediate. The ELP results suggest that there must be energy
storage within the active region. I will return to this point
in the conclusion.
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DIODE ARRAY PHOTOMETRY

The use of linear diode arrays allows the photometry of a
large area yet with relatively high spatial and spectral reso-
lution. Considerable work with this type of detector has been
carried out by Foukal and collaborators (ref. 11,12). The
advantages of diode arrays over film are linearity and large
dynamic range. At the SFO we are using Reticon S-series
arrays. These arrays are reported to have a dynamic range up
to 104:1. The results obtained so far from the 1982 data are
reported in more detail by Lawrence et al. (ref. 13).

Photometry in 1982 at SFO was carried out/ for the most
part, in a 1.5A band near 6264A in a continuum region clear of
absorption lines in the photospheric and the sunspot spectrum.
Placed over the exit port of the vacuum spectroheliograph, the
diode array is read out at approximately 5 lines per second.
At this speed, we have a dynamic range of about 3000:1 with a
signal-to-noise of about Ifl3. The data are converted to a
12-bit binary number and written onto tape for subsequent pro-
cessing. Some data were also obtained at three other wave-
lengths, 5245A, 7824A, and 10,OOOA on some days. These data
will be used to determine bolometric corrections.

As a rule, observations were obtained that included the
limb and sky. These data will combined with ELP calibration
scans, going out into the sky 2.4 solar radii, to yield cor-
rections for scattered light.

Data for several active regions have been obtained for up
to 4 solar rotations. We intend to study the irradiance
balance during the disk passage of as many regions as can be
identified during the observing season. Analysis procedures
have been carried out mainly on one large active region, BBSO
no. 18511, from 3-16 August 1982. These data are shown in
figure 5. For a more complete discussion see ref. 13. The
curve connects daily points from diode array photometry.
Several aspects deserve mention: (1) The curve appears to be
relatively smooth indicating noise is not overwhelming, (2)
the diode array results follow, approximately, the PSI values,
indicated by x's, and (3) at both limb transits, there exists a
net excess in the irradiance fluctuations, indicating the
importance of facular emission. More recent analysis brings
the diode array excess up to or higher than the squares, which
represent the ELP results.

We see clear evidence, near central meridian passage, for
a rapid change in the irradiance deficit, probably indicative
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of sunspot evolution. Such changes point out the need for
accurate photometry at intervals of less than 1 day, perhaps as
little as 6 hours.

CONCLUSION

As discussed, it appears possible that there exists energy
balance within an active region between sunspots and faculae.
Since there is a considerable difference in the lifetimes of
these two phenomena, there must be energy storage. Since sun-
spots and faculae are, in most cases, magnetically connected it
follows that the energy "blocked" by sunspots is stored in the
magnetic fields of the active region. Since it is difficult to
imagine thermal energy being stored in magnetic flux tubes, I
suggest that the energy is converted into magnetic energy (ref.
14) which later is degraded back to heat in the faculae.

The complete understanding of irradiance changes will
require improved synoptic ground-based observations, improved
in accuracy over current practices and improved in temporal
coverage.
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FIGURE CAPTIONS

Figure l(a). Printer plot of digitized full disk photograph
for 7 April 1980 from Sacramento Peak Observatory (L. Gilliam).
The film density is represented by symbols. (b) Printer plot
of calibrated contrast relative to published limb darkening
(ref. 2).

Figure 2. A linear regression of the published sunspot areas,
published in the Solar Geophysical Data Bulletin (SGD) versus
the areas from the Full Disk Analysis Program (FDAP) using
synoptic "white-light" images from the Sacramento Peak
Observatory.

Figure 3. A linear regression of SESC sunspot areas, published
in the weekly forecasts of solar activity. The linear regres-
sion coefficient is further from unity than in the first case
but the number of data pair are twice as great.

Figure 4. Adjacent scans with the Extreme Limb Photometer
(ELP) across active region 18474 on 20 July 1982. The scans
are displaced for clarity.

Figure 5. Monochromatic brightness fluctuatioin of active
region BBSO #18511. The brightness fluctuation, AB/B, is the
net fluctuation faculae minus sunspot, in units of millionths
of the quiet sun irradiance. The preliminary diode array
results are open circles connected by solid lines (the dashed
line bridges a missing day). The error bars are ± 1 standard
deviation except where only two observations have been examined
in which case the error bars are the separation of the two data
points from the mean (6 Aug. 82). Where no error bars are
shown, they are within the circle (these are formal errors and
do not include any systematic errors). The open squares
represent results from the ELP corrected to this wavelength,
6264 A. Recent improvements in the quiet sun limb darkening
have raised the diode array results, near the limb, to or above
the ELP data points shown here. The other symbols are
discussed in ref. 13.
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Figure l(a)
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Figure l(b)

83



POINTS 78

Y INTERCEPT 3.96

SLOPE 0.99

LINEAR CORR. 0.9748

S.D 12.539

S.D 0.026

13.00 30.00 45.00 M.OO 78.00
FDAP

•0.00 108.00
• 10'

1*0.00 138.00 180.00 1*8.00 180.00

Figure 2

84



POINTS 171

Y INTERCEPT 30-43 S.D 8 .114

SLOPE 0.84 S.D 0.018

LINEAR CORR. 0-9628

V.OO 00 135.00 180.00 ICS.OO 1*0.00

Figure 3

85



10.00 20.00 30-00 40.00 50.00 60.00 70-000.00

86



500

0

AB
B

-500

-1000

32 .42 .56 .72 84 92 1.0 1Q .96 .90 76 .54 .50.37-i 1 1 1 1—*| r*—i i i i • II

J V

o-

x«

-I 1 ' ' i
6 8 10

AUG 1982

Figure 5

I I I « ' «

12 14 16

87



DISCUSSION OF CHAPMAN PRESENTATION

RABIN: How large are the photographic density gradients across the image?

CHAPMAN: Seven percent.

SKUMANICH: Does scattered light affect the conclusion that the facular emission
outweighs the spot deficit?

CHAPMAN: No.

MOORE: But this is only true very near the limb.

CHAPMAN: The spot wins out three to four days from the limb. The spot loses at
one day from the limb.

FOUKAL: Scattered light and seeing will change this result by a factor of two.

CHAPMAN: No, the measured intensity is an integral over the 38 arc second slit
length, so we do a set of scans and just sum. We use an area of 200 by 200 arc
seconds, so nearby scattering doesn't matter.

FOUKAL: It depends on the measured area of the spots and faculae.

CHAPMAN: We don't measure the areas, just sum the intensities.

FOUKAL: Then it depends upon the zero level.

CHAPMAN: The zero level is unknown to a few percent.

FOUKAL: Then you can't know the true total well.

MOORE: Do faculae look dark at disk center in the continuum?

CHAPMAN: No, but the data aren't good enough.

FOUKAL: How deep is the spot if magnetic energy is to match the energy not
emitted?

CHAPMAN: The depth of the convection zone.

FOUKAL: That's pretty large!

HUDSON: It depends on the variation of the field strength with depth.

HEATH: Since an observer at the poles can see faculae in the active latitudes
better than the spots, there is a net excess of emission from the Sun toward the
polar directions, which must affect the spot-faculae balance.

HUDSON: The angular dependence of the emission is included in the integrals.
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NEWKIRK: What bandpasses do you use?

CHAPMAN: We have three or four filters from UV to the near IR.

SCHATTEN: I don't see how kinetic energy gets transformed into magnetic energy.

CHAPMAN: There is no model, but it is inferred from the balance of the spot and
facular emission.

SCHATTEN: Why don't the spots just keep growing bigger and bigger?

CHAPMAN: I don't know.
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TWO-DIMENSIONAL PHOTOMETRY OF ACTIVE REGIONS*

J. K. Lawrence, G. A. Chapman and A. D. Herzog
San Fernando Observatory

Department of Physics and Astronomy
California State University, Northridge

J. C. Shelton
TRW, Inc.

ABSTRACT

We describe a set of two-dimensional photometric images of solar active
regions (AR's). Preliminary analysis of the data is described, and estimates
are presented of the contribution of an AR to total solar irradiance varia-
tions during its 1982 August 3-16 disk passage. Results indicate an excess
contribution near the limb and a deficit away from the limb. Also apparent is
an evolutionary change in the AR which can be represented as a decrease in sun-
spot area. Future plans are also discussed.

OBSERVATIONS

Our purpose in this contribution is to characterize two-dimensional pho-
tometric data we have taken with the San Fernando Observatory (SFO) Reticon, a
512 element linear diode array system, and to describe the results we are now
beginning to achieve on the contributions of active regions (AR's) to varia-
tions in the total solar irradiance.

The observations are carried out with the SFO 28 cm vacuum solar tele-
scope and vacuum spectroheliograph (SHG). The SHG exit slit is set on a clean
continuum portion of the solar spectrum at 6264 A with a bandwidth of 1.5 A.
This wavelength band was selected for its freedom from both photospheric and
sunspot absorption lines. It is also conveniently close to the 6303 A line
used for other studies. The diode array, mounted at the exit slit, produces
512 x 512 pixel images as the entrance slit is swept across an AR. The Images
are stored on magnetic tape using one of SFO's two Varian 620i computers with
12 bit precision per pixel. With this arrangement the pixel spacing is 0.94"
allowing pictures with resolution > 2" and a field of view of 480". The scan-
ning time per picture is 104 sec, and scans can be repeated at intervals as
short as 2 min. Typically intervals greater than 20 min were used between
scans of a given region, to randomize the signal from granulation patterns.
The observations were repeated for up to 4 hours near local noon so that later
digital averaging could suppress the effect of transient features and enhance
the signal-to-noise ratio of subtle brightness structures. Short calibration
scans were included frequently to record both the dark current response of the
diodes and sunspot-free photosphere near disk center. The solar limb and near-
by sky were observed periodically. Occasionally, observations were made of

* This work was supported in part by NSF Grant No. AST-8121863.
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sunspot fine structure with the SFO 61 cm vacuum telescope, which provided a
pixel spacing of 0.42". A few observations were made at other wavelengths to
obtain color/temperature information on various AR components. These observa-
tions were made in the IR at 10000 A, in the red at 7824 A, and in the green
at 5254 A. Some AR scans were also made in the Ca II line at 8662 A.

Except when interrupted by bad weather or equipment failure, observations
were made continuously from 1982 July 8 to October 23, a period including 5
solar rotations. Coverage during the full interval was 80/112 days or 71%.
Better weather earlier in the summer permitted 87% coverage from July 8 to Sep-
tember 12. On the average, observations were made of~5 AR's per day (range
0-9) with an average of ~5 scans/AR/day. Note that AR's near the limb require
fewer scans because of their greater facular contrast coupled with a somewhat
lower granulation contrast. Several regions have been observed on as many as
four disk passages.

An example of a 512 x 512 digital picture of an AR is shown in Fig. 1.

DATA REDUCTION

Reduction of a digital picture like that in Fig. 1 to a value for the
AR's contribution to a solar irradiance deficit or excess requires several
steps, not all of which have yet been carried out. For example, no correc-
tions have yet been applied for scattered light or for color differences be-
tween AR components. The results presented here must therefore be regarded
as preliminary.

Raw data are first corrected for differing responses of the individual
array diodes by means of dark (shutter closed) and bright (spot-free, disk
center) calibration scans. The quantity (observed - dark)/(bright - dark) is
normalized to an arbitrary value of 200 units at hypothetical disk center.
Then data are square averaged down to make a 256 x 256 pixel array.

The next series of steps corrects the data for limb darkening. Using
Mt. Wilson sunspot drawings a first estimate is made of the location of solar
disk center in pixel coordinates. Then each pixel is divided by a calibrated
quiet sun (QS) brightness obtained from a Pierce and Slaughter 5th-order poly-
nomial limb-darkening curve (Ref. 1) which has been interpolated to our wave-
length (6264 A). Disk center coordinates are then re-adjusted to give the best
fit (flat background), and, if necessary, the zero level is adjusted to bring
this level to the arbitrary 200 unit value. After this, pixels with values
below, within, or above the range 193 - 207 units (± 3.5% of the average value)
are assigned to "sunspot", "photosphere", or "faculae" categories, respectively.
This offers a number of quality-of-fit parameters, such as the relative numbers
of pixels assigned to the three categories, or the standard deviations of the
pixel values within each of the categories. Also, a correction factor is deter-
mined to bring the average of the "photosphere" pixels back to 200 units.

At this point it is possible to subtract the theoretical limb darkening
from the calibrated data pixels. The residual values are then summed and the
result expressed in parts per million (ppm) of the total QS brightness. The
process is repeated for up to four same-day pictures of the AR, and an average
of the results is obtained.
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RESULTS

The procedure we have described was carried out during the passage of
Big Bear AR No. 18511 across the solar disk from 1982 August 3 to 16. The
results are shown in Fig. 2. The average deficits and excesses are plotted
as circles with error bars (^) signifying the standard deviations of the
means of these averages, in ppm of QS. No results are available for August
14 or 16. In cases where no error bar appears, the formal error is smaller
than the plotted circle.

Also plotted in Fig. 2 are a number of other measures of the effect of
ARs on solar irradiance. All are in the same units. Plotted as small squares
(D) are irradiance deficits and excesses for AR 18511 as measured by the SFO
extreme limb photometer (ELP) described in (Ref. 2). Plotted as dots (•) are
the sunspots-only (faculae ignored) contributions measured by the ELP. Plot-
ted as x's (x) are daily values of the AR photometric sunspot index (PSI)
based on sunspot areas A, in ppm of the solar hemisphere, published in Solar
Geophysical Data and corrected for limb darkening according to

PSI = - 0.164 Ay(3y + 2), (1)

where y = cos 0 = (0,1) at (limb, disk center). See Ref. 3. Inverted tri-
angles (V) in Fig. 2 represent differences between the diode array results
and a PSI figure based on a constant a*-ea sunspot with its area normalized
to fit the central meridian data. Right-side-up triangles (A) represent the
difference between the ELP results and the constant-area PSI values.

DISCUSSION

As can be seen in Fig. 2, the diode array results show contributions
to an excess irradiance when the AR is near the limb (y < 0.5) and a deficit
when it is away from the limb (y > 0.5). This is expected because of the
known enhancement of facular contrast near the limb. The ELP results show
greater excesses than do the diode array results. This may be caused in part
by the fact that the diode array calculations have been stopped several arc
seconds from the limb, so some facular contributions have been left out. We
are currently trying to improve limb darkening fits so that this situation
may be improved. The ELP - diode array discrepancy on August 5 (y = 0.56)
may be more difficult to reconcile.

Our belief in the reliability of the diode array results is increased
by their reasonable agreement with the PSI values from published sunspot areas,
It should be kept in mind, of course, that, by definition, PSI can never show
an excess irradiance. Note, however, the close agreement of the PSI values
with the ELP results with faculae excluded. This indicates that in reconcil-
ing results near the limb we will more probably end up adjusting the diode
array calculations.

The asymmetry of the diode array deficit about central meridian passage
can be interpreted as a decrease with time in the AR sunspot area. Values
near the limb appear to be influenced by facular effects, so to study AR
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evolution we here consider only values for August 5-13. The deficits are
converted to effective sunspot areas by inverting the equivalent of Eq. (1).
These areas show a decreasing trend that can be approximated as linear. A
regression analysis gives a slope for this of dA/dt = -137 ppm/day = -5 x 109

m2/s. Note that this is about an order of magnitude faster than published
decay rates for long-lived sunspots (Ref. 4). This effect, together with the
fact that sunspots alone can not show irradiance excesses, is also illustrated
by the plot of differences between diode array values (V) and ELP values (A)
on the one hand versus the constant disk sunspot model on the other. The
asymmetry illustrates the convolution of AR evolution effects with projection
effects in our observations.

Our hope is to be able to separate these effects so that we will be able
to determine the dependence of the brightness and color of the various com-
ponents (e.g., sunspots, faculae) of ARs. We would then hope to be able to
determine the contribution of ARs to solar irradiance as a function of thei-
full evolution. We may then be able to determine the relative contributions
to energy balance of sunspots vs faculae over the complete lifteime of an AR.

As stated above, we have observations of ARs like 18511 on 4 disk pas-
sages, and we have observed regions where ARs have recently disappeared to
search for residual faculae. On the other hand, it will be necessary to ac-
quire further multi-color data, and the formidable problems of fitting dark-
ening near the limb and of corrections for stray light have not yet been
fully faced.
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FIGURE CAPTIONS

1. Diode array digital image of Big Bear AR No. 18511 made 1982 August 8 with
the SFO 28 cm vacuum telescope.

2. Contributions to irradiance deficit or excess in ppm due to Big Bear AR
No. 18511 during the disk passage of 1982 August 3-16. Details are
described in the text.

94



o

lir

95



+500

O

AB
B

-500

-10001-1

32 .42 .56 .72 84 .92 1.0 1Q -96 .9Q .76 .54 .5Q .37

v
. —-O

8 10
AUG 1982

12 14 16

96



PHOTOMETRIC STUDIES OF HEAT FLOW AT THE PHOTOSPHERE

Peter Foukal
Atmospheric and Environmental Research, Inc.

840 Memorial Drive
Cambridge, Massachusetts 02139

Abstract

This paper summarizes three years of continuum photometry carried out at

KPNO, and the results of comparing these observations with models of photo-

spheric heat flow developed at AER. The main results so far are; a) a possible

detection of weak (~0.2%) bright rings around some spot penumbrae implying that

the eddy thermal conductivity K near the photosphere calculated from mixing

length models might be significantly too large, b) no evidence is found for

large scale (5 x 10 km < L < 2.5 x 10^ km) photospheric brightness inhomogen-

eities exceeding 2-3 K; this appears to place tighter constraints on models of

global scale convection than do previous observational limits on a pole-equator

temperature difference, c) supergranular-scale continuum structures observed

across the photosphere appear mainly due to random clumping of granules, but

the spatial structure of 5-minute brightness oscillations may also contribute

to this pattern, d) the one case observed of a sunspot emergence shows no "the-

rmal shadow" exceeding 1.5 K rms one day prior to umbra appearance; rough cal-

culations on the depth and scale of the spot at that time suggest values of K

consistent with those predicted by Spruit's (1974) convection zone model, and

higher than the Baker and Temesvary (1966) model, e) network and faculae are

found to show a small (~0.1%) excess brightness even at y = 1, so our earlier

detection of faculae at n = 1 by differential photometry seems to indicate a

gentler temperature gradient near T = 1 in the facular (relative to cell) atmo-

sphere. It does not mean that Tefj is lower in faculae in clean continuum as

we originally believed, f) our limb-darkening study shows no significant global

variations to within 0.1% rms over 0.2 < p < 1 between 1980 and 1982. Earlier

variations we reported (Rosen et al. 1982) were caused by facular noise. This

lack of variation between 1980-82 rules out a change in VT near T = 1 as large

as that reported by Livingston and Holweger between 1976-1980 from line

strength variations.
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1. Introduction

The main subject of this overview is the photospheric photometry we have

been carrying out at KPNO since 1980. I will also mention some results ob-

tained from comparison of the photometry with a time-dependent model of heat

flow developed at AER for interpretation of sunspot effects on solar lumin-

osity.

The observations divide naturally into two areas; two-dimensional photom-

etry of the solar active latitudes, and one-dimensional photometric scans to

study possible slow changes of the solar limb-darkening function. The two

dimensional photometry has been carried out with L. Fowler at AER, and in col-

laboration with T. Duvall and B. Gillespie at KPNO. Some of the solar struc-

tures we have investigated or searched for in continuum radiation include facu-

lae and network, bright rings around spots, thermal shadows preceeding sunspot

formation, large convective cells and supergranular convection.

The one-dimensional photometry has been carried out for the past 3 years

at the McMath telescope in collaboration with W. Rosen of Vassar and AER, K.

Pierce at KPNO, R. Kurucz at SAO, and L. Petro at AER. This paper is intended

to review some published results, correct and extend these in the light of

recent findings, and suggest some future directions we intend to pursue. Two

papers in preparation (Foukal and Fowler 1983, and Petro et al. 1983) describe

our recent work in the 2-D photometry and limb-darkening respectively. The

reader is referred to these for a more detailed account of the procedures and

results summarized here.

2. Two-Dimensional Photometry

a) Instrumentation

The KPNO vacuum telescope and 512-channel magnetograph have been used to

generate continuum raster pictures of the solar active latitudes at a scale of

one arc-sec per pixel. Each raster picture covers 512 x 2048 arc sec and

requires roughly 10 minutes. The spectrograph is used to isolate a narrow

(~0.25 A) passband of clean continuum, most frequently at A5256. Details of

the instrumentation and procedures have been given by Foukal, Duvall and Gil-

lespie (1981) and Foukal and Fowler (1983). Some recent runs have been per-

formed via long-distance telephone link between the KPNO vacuum telescope and

AER in Cambridge.
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b) Reduction

The first step in reduction of the photometric raster pictures is removal

of limb-darkening to the level of 0.1%. This is a difficult task; the best

scheme we have found is based on generating a limb darkening template from all

the data in a run of typically 5 days length. Sunspots and bright faculae are

removed from the data a priori. This template removes the need to approximate

the shape of photospheric limb-darkening with polynomial fits, which tend to

produce low-amplitude rings after subtraction from individual scans.

Subsequent steps involve i) correction of successive scans spaced by 10

mins for mean solid-body solar rotation, ii) summation of up to 10 successive

scans of the N or S active latitude belt on a given day, iii) final de-streak-

ing to remove diode variations across the 512-element array.

c) Summary of Results

Fig. 1 shows a photometric raster picture of the active latitudes on May

22, 1982. The 1 arc sec data have been degraded to 4 arc sec, and ten succes-

sive scans have been summed to generate this picture. The grey-scale has been

adjusted to cover a dynamic range of AI/I = 2.6%, or AT/T = 40 K. On this

highly expanded brightness scale, sunspots are completely saturated dark, and

the brightest limb faculae lie outside the upper limit of the scale.

Continuum Mottles

The most conspicuous feature is a pattern of mottles of scale and shape

reminiscent of the CaK network. However, investigation (Foukal and Fowler

1983) of the poor spatial correlation with magnetic network near sun center,

and of the temporal autocorrelation of these mottles (yielding a time-scale of

5-10 mins) shows that this resemblance is illusory. In fact, numerical simula-

tions we have performed show that a field of spatially independent random

brightness oscillators might reproduce the basic morphology of the large-scale

mottles through spatial smoothing of granules by a plausible instrumental pro-

file. This indicates that the supergranule-sized mottles we see in Fig. 1 do

not necessarily require any physical mechanisms (beyond instrumental smoothing)

that would act to correlate granular brightness fields over larger scales.

Nevertheless, we note that some of the observed pattern may be due to a

real 5-minute oscillatory component in the continuum. Isolation of this com-

ponent would be of some interest in revealing the spatial structure of the 5-

minute oscillation and in studying its interaction with granular convection.
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Large-Scale Convection

Fig. 2 shows a photometric raster sum of 10 scans covering the active lat-

itudes, but now with the data spatially averaged to 64 x 64 arc sec spatial

resolution. The full range of the temperature scale in this picture is 5 K.

When the variations due to active regions are discounted, inspection of coarse-

grid rasters such as Fig. 2 indicates few large scale convective structures in

the range of dimensions 5 x 10 km < L < 2 x 10 km, above an amplitude of AT ~

2-3 K. Structures at this level are occasionally seen, but their symmetry

about sun center and/or their reluctance to rotate at the solar rate from day

to day indicates they are most likely residual imperfections in our limb-dar-

kening correction scheme.

The limit of 2-3 K for large-convective cell temperature amplitudes might

be compared with the predicted amplitudes of AT = 10-100 K estimated theoreti-

cally by Glatzmaier and Oilman (1981). Although this cell-center to edge vari-

ation of AT is comparable to the pole-equator AT predicted by the same models,

the cell variation may prove a more useful constraint on the models. The

reason lies in the fact that AT (pole-equator) is predicted to be quasi-steady,

while the cells are expected to change on turn-over times of order 10 sees.

Thus the cell variation is less likely to be smoothed by the lateral heat dif-

fusivity of surface layers (Foukal and Fowler 1983).

Sunspot Bright Rings

Fig. 3 (Fowler, Foukal and Duvall 1983) illustrates the procedure used to

analyze possible continuum bright rings around spot penumbrae. After time

averaging of up to 10 rasters around a spot, the area outside the penumbra was

divided radially into annular regions extending to roughly 120 arc sec from the

spot center. The mean intensity in each annulus could then be plotted against

radius. In practice, this plot was constructed separately by 4 quadrants or by

octants, so that the effect of asymmetrically distributed faculae could be

evaluated. Fig. 3b illustrates I(r) for these quadrants individually, and Fig.

3c shows the grand average for the spot.

The main result of this study was that we detected no evidence of contin-

uum bright rings exceeding 0.2-0.3% in observations of 10 different spots on 18

days. The extended bright areas of AI/I = 1-2% reported by Hirayama and

Okamoto (1981 ) seem to be faculae rather than the diffuse bright rings

expected from heat diffusion calculations.
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A second result was that 6 of the 10 spots observed showed some evidence

for a weak 0.2-0.3% bright ring, visible in all quadrants. Fig. 4 shows this

evidence. One must be cautious since bright rings as weak as this might be

caused by a slight excess continuum brightness of small facular points some-

times distributed around the penumbral perimeter. This needs to be checked

with near-simultaneous scans made in continuum and a line such as Mglb. On the

other hand our observations (see Fowler, Foukal and Duvall 1983, Table II) show

no correlation between the presence of a bright ring and the limb-distance of

the spot. This argues against a magnetic point explanation, since it is well

known that magnetic faculae show marked continuum limb-brightening.

We have compared the peak amplitude and shape of these weak bright rings

with calculated values computed from a time-dependent numerical model of heat

flow around thermal obstructions. This model has been described in detail by

Foukal, Fowler and Livshits (1983), and is illustrated schematically in Fig.

5. Heat flow near the photosphere is assumed to be an eddy diffusive process

on the length and time scales of interest near the spot. The "spot" is repre-

sented as a thermal plug inside which the eddy thermal conductivity K = 0.

Fig. 6 shows the bright rings of excess heat flux AF/F computed around

"deep" and "shallow" spots immersed in a standard model convection zone. The

comparison indicates that even a very shallow spot barely produces the weak

rings of 0.2-0.3% amplitude. The influence of incorporating inevitable radi-

ative leak from the ring into the cool umbra (see Spruit 1977a) is to further

reduce the calculated AF/F for a given spot depth and convection-zone profile

of K.

The main conclusion is that bright rings even as weak as 0.2-0.3% require

a substantially lower eddy thermal conductivity near the top of the convection

zone, than calculated from conventional mixing-length models.

Thermal Shadows

Models of heat flow as described above predict "thermal shadows" (see

Spruit 1977) at the photosphere, caused by submerged magnetic active regions.

Fig. 7 shows the decreased photospheric heat flux computed for a standard con-

vection zone model above a "spot" obstruction submerged 6 x 10 km below the

surface (from Foukal, Fowler and Livshits 1983).

Our photometric observations include a set taken over 4 successive days

before and after emergence of a spot group in previously quiet photosphere. We
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are able to place an upper limit of AT _<_ 1.5 K rms on any thermal shadow over

the area of the active region, one day before its emergence. Comparison with

the calculated AT expected for an obstruction of the estimated scale and depth

indicates closer agreement with the depth-profile of K given by the mixing

length model of Spruit (1977b) than with that of Baker and Temesvary (1966).

More observations (or limits) on thermal shadows associated with larger

spots are desirable. But in principle the lack of observable thermal shadow

implies a lower limit on K, to be compared with the upper limit on K (in some-

what shallower layers) implied by the observation of bright rings described

above. Some observational constraints on the effective value of K near the

photosphere would be useful for improvements in mixing-length theories of the

solar convection zone (see e.g., Mullan 1971) and for dynamical models of solar

convection, whose results depend upon the uncertain ratio of eddy diffusivity

and viscosity - the Prandtl number.

Faculae and Network

Recent photometry indicates a correction is required in our earlier claim

(Foukal, Duvall and Gillespie 1981) that the sun-center appearance (Fig. 8) of

faculae in our differential continuum photometry probably implies a temperature

deficit near T = 1 in those magnetic tubes. Plots of continuum intensity vs.

magnetic flux show that even at sun center, network and faculae are slightly

(~0.1%) brighter in clean continuum than are non-magnetic areas (i.e., cells).

This indicates that the high visibility of faculae near sun center in pictures

formed from the difference of two widely separated continuum passbands is prob-

ably due to formation of the two continuum passbands at substantially different

heights in both the facular and quiet atmospheres. In particular, as suggested

in the Foukal, Duvall and Gillespie paper, the visibility of faculae near sun

center could be caused by a difference in temperature gradient in the facular

atmosphere from that in the photosphere, between the formation heights of X5256

and X7009 continuum. The sense of the difference is consistent with the tem-

perature gradient in faculae above T^QOO = 1 being gentler than in the quiet

photosphere.

We plan to test this interpretation by carrying out further two-wavelength

observations at continuum points to either side of the H opacity peak. If

this interpretation is correct, the facular signal at sun center should disap-

pear when the two intensities at widely separated wavelengths of equal H opa-

city are used in the subtraction.
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3. Limb-Darkening Variations

Measurement of limb-darkening variations might serve as a useful (and

inexpensive) ground-based technique for studying slow (months to decades)

global changes in the temperature structure of the solar photosphere (Abbot

1922; Rosen, Foukal, Kurucz and Pierce 1982). Any changes (or lack of varia-

tion) would be useful in placing constraints on variations of the solar lumino-

sity and uv flux over the solar cycle through global processes not directly

connected to active regions.

a) Instrumentation

Our limb-darkening scans have been obtained at the main spectrograph of

the KPNO McMath telescope. A narrow (0.2 A) continuum passband at A4451 has

been used for most of the observations, but about three hundred profiles have

been taken at X8902 also. The scans are obtained by allowing the sun's diam-

eter to drift across a 25 x 2.5 arc sec entrance slit. This simple one-dimen-

sional solar-rate scanning has the advantages of obviating vignetting or air

mass corrections and the scan rate is highly stable. Some disadvantages that

we are seeking to remove are discussed below.

b) Reduction

Fig. 9 shows daily averages of the typically 10-100 scans taken on a given

day for our runs between June 1980 and November 1982. Three more runs have

since been obtained in 1983, and are being reduced. Aside from spots and large

faculae which are easily recognized and rejected, the rms noise of granulation

and scintillation in an n-scan average is reduced to the level of roughly

Other sources of error in comparing runs taken months apart are. variations

in atmospheric and instrumental scattering and residual facular noise at y <

0.5. Early difficulties with photomultiplier hysteresis have been eliminated

by using a blue-sensitive diode as a detector, and seeing variations have neg-

ligible effect over the range of y > 0.2 of interest here.

A careful study of scattered light variations at the McMath telescope has

been carried out (Petro et al . 1983). A satisfactory fit to the aureole can be

made on a day-to-day basis, and the scattered light contribution across the

disc can be corrected to the 0.1% error level. Faculae contribute to error

closer to the limb than y ~ 0.5 in our scans taken near solar activity maximum.
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However, it is now clear that even in this range of y, the error can be signif-

icantly reduced by rejecting parts of scans where facular features are quite

easily recognized.

c) Results

Fig. 10 shows the residuals of averaged limb-darkening curves for 4 days.

The residuals are obtained by subtracting an arbitrary "standard" limb-darken-

ing curve from the data, so that small-amplitude variations are more easily

seen. In the case shown here, the subtracted standard was the Pierce and

Slaughter (1977) limb-darkening curve at A4451.

The upper left curve shows a pronounced slope due to the asymmetric effect

of detector (PMT) hysteresis on the preceeding and following limbs. About 30%

of the data were rejected altogether on grounds of such a clear asymmetry of

instrumental origin. The other three curves illustrate typical behavior before

scattered light, spots and faculae are removed. The dashed curves show the

size of the scattered light correction to be made across the disc.

All the residuals show a tendency to rise near the limb; this excess has

been identified as an error in the Pierce and Slaughter curve (Petro et al.

1983), which is based on only 1 scan at X4451. The largest limb residuals are

due to faculae which had not been removed when this figure was made.

Fig. 11 shows the the change of limb-darkening at X4451 as a function of y

that would be expected if the photospheric temperature gradient near T = 1 had

changed between 1980-1982 as much as reported by Livingston and Holweger from

observations of line equivalent widths made between 1976-1980. A change of some

0.7% would be required near y = 0.5. This size of change is easily ruled out

by our limb-darkening data whose rms variation over the 3 years lies between

0.06% at y = 0.9 and 0.13% at y = 0.2. Since our observations do not extend

before 1980, and Livingston's more recent data do not show the clear trend

reported between 1976-1980 (private communication), it is not clear that there

is any contradiction between the two techniques of studying changes in global

photospheric structure. In principle, the two techniques should be nicely com-

plementary, since the lines studied by Livingston are formed somewhat above our

continuum which originates deeper, between 0.2 < T <1.

This work is supported at AER under NSF grants ATM-8112339 and ATM-

8200763.
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Captions

Figure 1 Photometric raster sum at X5256 on May 22, 1982, 4 arc sec resolu-
tion (from Foukal and Fowler 1983).

Figure 2 Photometric raster sum at X5256, with 64 x 64 arc sec resolution
(from Foukal and Fowler 1983).

Figure 3 Photometric raster sum of area around a spot showing annular areas
and quadrant subdivisions used for analysis of bright rings (from
Fowler, Foukal and Duvall 1983).

Figure 4 Evidence for weak bright rings around 3 spots showing for each spot
the 4 quadrants separately, and the average curve (from Fowler,
Foukal and Duvall 1983).

Figure 5 Schematic diagram illustrating the thermal blocking model (from
Foukal, Fowler and Livshits 1983).

Figure 6 Plot of bright ring excess flux AF/F against distance from spot
center for a shallow spot of depth 1000 km (curve a) and a deep spot
(curve b) of depth 10 km. The dashed line represents the shallow
spot curve at a time before an equilibrium heat flow pattern has
been established (from Fowler, Foukal and Duvall 1983).

Figure 7 The decrease in spatially integrated heat flux $ as a function of
time t after an obstruction of radius 4 x 10 km is placed at a
depth 6 x 10 km below a planar photosphere of radius 2 x 10 km
(from Foukal, Fowler and Livshits 1983).

Figure 8 Photometric rasters near sun center; (a) is the sum of intensities
at XX5256, 7009, (b) is the difference of the two intensities, (c)
is a magnetogram of the same area (from Foukal, Duvall and Gillespie
1981).

Figure 9 Limb darkening scans (daily averages) at X4451 taken between June
1980 and November 1982.

Figure 10 Residuals of daily-average limb-darkening curves for 4 days.

Figure 11 The change in limb-darkening at X4451 calculated by R. Kurucz using
the change in photospheric temperature structure reported by Living-
ston and Holweger (1982) between 1976-1980.
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DISCUSSION OF FOUKAL PRESENTATION

HUDSON: Why don't you see stronger leftover contrast from the granulation?

FOUKAL: It depends on the instrumental broadening.

HUDSON: What is the radiative leak in the heat flow models?

FOUKAL: Emission into the spot.

ZIRIN: What is the amplitude of the temperature difference between X 5200 A and
X 7000 A?

FOUKAL: The calibration is relative, there is no temperature scale.

EDDY: How do you reconcile these results with the Japanese observations of
bright rings around sunspots?

HUDSON: It may be a language problem. I think that they also believe that their
excess brightness is in faculae.

EDDY: What are the giant bright rings in the data?

FOUKAL: If they do not rotate with the Sun, then there is just an error in the
analysis.

ZIRIN: If the large bright rings around spots existed you could see them.

HUDSON: Power spectra of the ACRIM data have a lot of power in periods longer
than five minutes, but shorter than 27 days, probably due to larger convective
motions. You should see them rotating in a sequence of data.

FOUKAL: We're trying!

HUDSON: Don't those models say that the mixing-length theory is way off?

FOUKAL: They argue for a high lateral diffusivity or that the Prandtl number is
off by an order of magnitude. You get the wrong differential rotation if the
Prandtl number is changed that much in a convective-zone model.

MOORE: Why do you assume isotropic thermal diffusion?

FOUKAL: The diffusivity K is estimated, so it's not well determined. We just use
the simplest physics.

MOORE: What if it were really anisotropic?

FOUKAL: That may work better.

SKUMANICH: If the scales are about the size of supergranules, then it may well be
anisotropic.
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FOUKAL: Since there is no temperature signal observed in supergranulation, they
may not be convective cells. The only convection we see is granulation.

MOORE: Doesn't the contradiction of the bright ring and the spot shadow results
tell us about this issue?

POUKAL: The magnetic fine structure has been ignored and it shouldn't have been.
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INTERACTION OF CONVECTION AND SMALL-SCALE MAGNETIC FIELDS:
INFLUENCE ON THE SOLAR LUMINOSITY

Ake Nordlund1

High Altitude Observatory/National Center for Atmospheric Research2

ABSTRACT
This contribution discussed changes in the local solar luminosity

due to the presence of a small-scale structured (facular) magnetic field
in the photosphere. The discussion was based on three-dimensional
numerical simulations of the magneto-hydrodynamics of the top of the
convection zone, and the adjacent stable photosphere (Nordlund, 1983).
The simulations demonstrate that practically all of the magnetic flux
present is concentrated into intense magnetic flux structures with flux
densities of the order of 100 to 150 mT (1 to 1.5 kG), such that the mag-
netic field pressure is balanced by the gas pressure of the surrounding
plasma. The flux concentration is caused by the convectively unstable
stratification, as discussed in detail by Spruit (1977, 1979). In this situa-
tion, the average luminosity of the area is influenced by three effects: 1)
The brightness of the flux concentrations, 2) their filling factor, and 3)
the average luminosity of the surrounding (field-free) plasma.

The interior of the flux concentrations have a brightness that
depends strongly on the degree of evacuation; i.e., on the Wilson depres-
sion. The flux concentrations are brighter than the average photo-
sphere for large Wilson depressions, and darker than the average photo-
sphere for small Wilson depression (Spruit, 1976). Observations of these
flux concentrations ("solar filigree") in the photospheric continuum
(Mehltretter, 1974; Muller, 1983) suggest that they are brighter than the
average photosphere only part of the time. The strong limb-brightening
of these (facular) structures was explained by Spruit (1976) as due to
the increased visibility of the hot, very thin "walls" of the flux concen-
trations. This can, as yet, not be directly verified from the numerical
simulations, because the horizontal resolution is insufficient to describe
the wall structure accurately.

The filling factor of the flux concentrations is, because of their well
defined flux density, just a measure of the horizontally averaged flux

JVisitor from the University of Copenhagen
8NCARis sponsored by the National Science Foundation
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density of the area.

The average luminosity of the field-free plasma is probably not un-
influenced by the presence of the magnetic flux concentrations.
Because of the short duration of the numerical simulation (16 solar
minutes), this cannot be directly inferred from the numerical simula-
tions. However, the presence of the flux concentrations in the inter-
granular lanes restricts the horizontal flow of the granules, and this is
likely to change the efficiency of the convection. The recently observed
variation of the number density of granules with the phase of the solar
cycle (Rbsch, 1983) may be observational evidence of this.

At a depth of only some 1500 to 2000 km below the photosphere, the
temperature stratification is already very nearly adiabatic (cf Spru't,
1974). The local surface luminosity is determined by how efficiently the
last 1500 to 2000 km of the convection zone can transport energy to the
photosphere, given this constant entropy ("potential temperature") at
the bottom of thzs Layer. The presence of a magnetic field changes this
efficiency in the three ways discussed above. These are Local effects,
and depend i;. ro way on the presence of sunspots elsewhere on the sun,
or locally at earlier times. The presently popular conjecture (cf. this
volume) that there is a detailed balance between luminosity deficit in
sunspots and luminosity excess in facular areas must therefore be
rejected as unphysical.
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DISCUSSION OF NORDLUND PRESENTATION

FOUKAL: What is the signature of convective changes in the bisector?

NORDLUND: An absolute lineshift.

FOUKAL: Do the models reproduce the velocity contrast?

NORDLUND: Yes, it comes out when we fit the bisectors, with no fudge factors.

HUDSON: Does this work imply the lifetime of an active region in terms of the
Kelvin-Helmholtz time scale?

NORDLUND: No one knows the depth of the spot.

CHAPMAN: Do you assume Spitzer conductivity?

NORDLUND: Yes. It doesn't matter since different resistivities do not alter the
topology, but only the sharpness of the magnetic boundaries, and add some Joule
heating.

CHAPMAN: But we see discrete magnetic points in the K-line.

NORDLUND: But they are much larger than the modeled scales.

SKUMANICH: From Herse's data with one to two arc second resolution, the
lifetimes of points at the temperature minimum are minutes.
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ENERGY FLOW CONTINUITY IN SOLAR ACTIVE REGIONS

K. H. Schatten
NASA/Goddard Space Flight Center

ABSTRACT

The models for sunspots of Parker and faculae hy Spruit are combined into
an active region model with consideration for the energy flow beneath active
regions. In our active region irradiance modelling, there is an apparent
average energy balance between the sunspot deficit and the facular excess,
i.e. - no 11-year variations in solar luminosity associated with the activity
centers. This is seen as a consequence of the upper convection zone's
inability to store these significant amounts of energy for periods greatly in
excess of weeks. This view is supported by observed active region behavior
and detailed numerical modelling. Bray and Loughhead and Brandt review the
development of activity centers and find that increases in facular and spot
brightness are nearly commensurate, with the faculae outlasting the spots on
time scales of the order of weeks to a couple of months. Foukal finds "the
radiation (deficit from a sunspot blocking model) recovers slowly on a
timescale of approximately 83 days."

ACTIVE REGION ENERGY FLOW CONTINUITY

The brightness of faculae has been studied by Spruit (ref. 1), and a
reasonable model for them suggests that they consist of many (usually)
unresolved flux tubes. Spruit (ref. 1) shows that the inner hot wall of a
thin flux tube can yield an intensity contrast increase when the faculae are
viewed at large angles. Differing size flux tubes can yield either a central
bright or dark structure, consistent with the bright filigree and the dark
pores. Some emission from a hot gas above the faculae can also explain this
chromospheric behavior. We incorporate Spruit's facular model with Parker's
sunspot model into a combined active region model, which provides a consistent
picture for the active region average energy conservation found in our total
irradiance modelling.

Figure 1 shows the Parker (refs. 2,3,4) spot model and the Spruit (ref.
1) facular model (not to scale) for a young active region. In the young

active region the sunspot fields are large with only a few facular flux tubes
having "peeled off" of their associated spot group. Thus the downdraft of the
sunspots predominate with less emission of energy leaving the active region
area (compared with a quiet region) as shown in the figure. Heat builds up
below the active region, causing a gradient in temperature and pressure. This
contributes an outward pressure gradient force which may lead to the gradual
dispersal of the sunspot flux tubes (after Parker's model).

Figure 2 shows the active region in a later stage of development. Now
the temperature enhancement is more widespread, but the spots are nearly
decayed (or all decayed), and the faculae are more numerous. The extra
thermal energy below the surface increases the convection and the faculae emit
more energy than the quiet sun until a return to normal conditions occurs.
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The appearance of faculae may not necessarily be associated with the diffused
magnetic field of sunspots, but perhaps the need to remove the heat excess.
Mclntosh (ref. 5) discusses the decaying plage and sunspot fields and points
out there "are no dispersive proper motions among decaying sunspots" and plage
elements. The spreading and weakening of active region plage elements seem to
occur by the formation of new elements more distant from the center of the
region. These observations have the appearance of a diffusive phenomenon.

The approximate timescale for the above phenomena to occur may be
estimated using both experimental and theoretical values. Choosing a
moderately large active region, we take a sunspot with an umbral radius of
20,000 km (400 millionths of a solar hemisphere). We allow the subsurface
energy storage region associated with the sunspot to be comparable in area to
the surrounding plage region size. This has an area ten times larger than the
sunspot area (see Allen, (ref. 6)). The depths to which the sunspot flow
energy can prevent the upward convection heat transport must be considered.
Parker has calculated his flow models to depths of order of a few thousand
kilometers. Foukal (ref. 7) has chosen a sunspot blocking depth of 7,500
km. We choose a range of depths from 2,100 km to 7,000 km. Significantly
greater values appear to be unrealistic, insofar as the sunspot magnetic
fields break up into flux tubes which decrease in areas markedly with depth,
and thereby lose the ability to interact significantly with the surrounding
fluid. Spruit has shown that the horizontal convective transport of heat is
so effective at these depths as to obliterate any bright ring around the
sunspot. Foukal's model also allows for horizontal transport of heat to occur
thereby enabling the heat to flow to the surface at several thousand
kilometers distance. The intensity of the spot umbra is near 24% of the
photosphere (ref. 6), and with a solar emission of F = 6.27 x 10 erg cm"
s~ , we find an energy flux deficit of AF = 4.7 x 10 erg cm" s , which
does not leave the photosphere due to the spot umbra, or a total power of near
5.9 x 10 erg s . Allowing this energy to heat the gaseous regions beneath
the active region in accordance with the above model, we calculate the
approximate time scale, T, for energy storage as follows. We assume that the
surface gases can only be heated to increases in temperature, AT, of order of
the standard convection zone model temperature, T, although this is clearly an
upper limit. We let the deficit in energy output, AE, heat the gases as
follows:

AE = PT = NkAT * NkT = kT / A n dh (1)

where P is the power deficit, N is total number of particles, AT is the
temperature increase, which we assume is of order of standard convection zone
model temperatures, T, at depths, h; with particle number density, n, in an
active region area, A. Choosing solar structure densities and temperatures
from standard models (ref. 6), we obtain a timescale, T of 2 days, 5 days 10
days, and 100 days, for depths of 2,100 km; 2,800 km; 3,500 km, and 7,000 km,
respectively. The modelling of Foukal (ref. 7), where he chose a sunspot
blocking depth of 7750 km, gave a comparable transport timescale of 83 days.
Both timescales are comparable to the times by which active region faculae
outlast their sunspot compatriots.

The model of Foukal appears to be an accurate computer model for the
rectangular sunspot structure chosen, however, this geometry leads to an
overestimation of the sunspot's ability to store energy. This is due to the
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increasing field strength and decreasing area of a sunspot field with depth
(see Parker (ref. 2) and Spruit (ref. 1). For example, if a sunspot
completely occupies an area A at the photosphere, owing to flux conservation
and pressure balance, at a depth of 700 km, it will occupy only 1/3 A; at
3,500 km, 6% A; and at 7,000 km 2% A. Thus at moderate depths in the
convection zone, the sunspot fields are considered to be thin "fibril" fields
moving with the fluid motion.

The timescales just calculated for energy storage appear to be comparable
to the sunspot and facular aspects of active region development. Some aspects
of Bray and Loughhead's (ref. 8) review of a representative history is as
follows. The sunspots increase in area until, on average, day 6-13. At that
point the faculae brightness is still increasing. On days 14-30 all the
spots, except the western (following) group, have disappeared but the faculae
are now "very extensive". They continue to decrease from days 30-60 and at 60-
100 they resume the "form of a bright network". This is similar to Brandt's
(ref. 9) active region review where spots and faculae originate on day 1, and
grow until maximum development for the spots on day 11, with the magnetic flux
growing until day 27, while the faculae still increase until about day 54-
81. On day 54, the facular brightness decreases and on day 81 the faculae are
dissolved. This appears to be consistent with the model of Sofia et al. (ref.
10) where it states "there is no evidence that the active region does anymore
than redistribute the out-flowing energy, with no storage beyond the fact that
the reemitted energy for faculae is spread over a longer time interval than
the energy deficit of spots,...".

Thus the present view, which draws together existing ideas for the energy
flow in and below an active region is summarized, as follows. A sunspot mag-
netic field floats to the photospheric surface. Associated with the hydro-
dynamics involved, to conserve fluid, a downdraft occurs. This prevents the
entire heat flow from reaching the surface and causes a sunspot. Consequently
heat builds up at several thousand kilometers depth. The associated pressure
and horizontal transport near the surface gradually destroy the sunspot's
magnetic flux tubes and pores are formed in the surrounding supergranular
network. Horizontal heat flow (and/or Alfven waves) transports the energy to
surrounding regions many thousands of kilometers distant, where it emerges as
facular enhancements. The spot dies and the last remaining heat is dissipated
in weeks to months timescales.

There does not appear, on average, to be any net deficit within our
present observational and calculational uncertainties. At any average time,
the average spot deficit is closely matched by the facular excess over the
whole sun. There is only a brief period (much less than 11 years) for
storage. The thin layers of the upper convection zone cannot store energy for
more than a few weeks. The top 3,500 km of the sun has a base density of 2 x
10 gm/cm . Storing a single sunspot's energy flux deficit of 6 x 10 erg
s~ for a few days in a layer 3,500 km thick, with the above density, over the
entire surface of the sun, could raise the level, 1,000 km against gravity.
Thus, the heat energy of the sun, unless stored much deeper, must leave the
sun in near real time. That is, the luminous flux deficit associated with
sunspots cannot be stored for a solar cycle in the upper convection zone. If
any secular variational trends exist in the solar constant, we suggest they
are not due to the surface manifestations of solar activity, but a more deep
rooted and global phenomenon.
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Figure Captions

Figure 1. A sketch of the magnetic field configuration near a young active
region. The sunspot field divides into individual flux tubes some
distance below the visible surface. The dashed arrows represent
the presumed convective downdraft which helps to hold the separate
flux tubes together in the tight cluster that constitutes the
sunspot. The downdraft inhibits the upward transport of heat and
the temperature increases below the active region, shown by the
isotherm. The energy flux, AF, is negative from the spot and
faculae lag the spot development. Thus the net flux difference is
negative.

Figure 2. The field and energy flow around an older active region is shown.
The faculae emit more energy than the small spot deficit and the
net energy flux, AF, is greater than average. The isotherm
enhancement is returning to undisturbed conditions.
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ACTIVE REGION CONTRIBUTIONS TO SOLAR IRRADIANCE VARIATION,

DISCUSSION, AFTERNOON 20 JUNE 1983

INTRODUCTORY REMARKS

Gordon Newkirk, Jr

High Altitude Observatory

Perhaps, we might begin by restating some of the questions that are on
everybodies' minds to establish the perspective for this afternoon's discussion.
It seems an accepted fact that sunspot blocking is the principal cause of
short-term variations in the total solar irradiance. This major advance in our
understanding is recent a little more than three years ago many would have
placed the question of the reduction of total irradiance by sunspots in the "yet
to be demonstrated" category although hints of a sunspot modulation had
emerged from, the reanalysis of the historic ground-based data assembled dur-
ing the Smithsonian solar constant program. However, this advance immedi-
ately brings us to the first series of questions.

Is there any short-term, release of the blocked flux either in the immediate
locality of the active region or on a global scale?
What fraction of the blocked flux is released?
What is its temporal behavior?
Also relevant to the question of short-term energy balance, is the role

played by active region faculae. Is there any evidence that active region facu-
lae are different from their counterparts far from active regions in their tem-
perature structure, brightness, and limb darkening? Or are active region facu-
lae simply packed together more tightly9 We must also inquire more deeply
about the photosphere in the neighborhood of an active region that is unoccu-
pied by faculae. We heard this morning that some active regions show evidence
of a bright ring, which accounts for a small fraction of the blocked flux but is
still much larger than predicted by the theoretical models. Is such a ring a
general feature of all active regions in a certain stage of their development? It
appears that the tools for precision photometry of the solar disk now available
can go a long way towards answering many of these questions.

We can ask yet other questions regarding active region faculae The facu-
lae and sunspots in an active region show a similar temporal behavior, both are
magnetic structures, and both inhibit convection. Is there any reason to
believe that thermal processes play any role in coupling the growth and decay
of these two phenomena? If active region faculae even partly balance the flux
blocked by sunspots, what physical processes are responsible for channeling
this excess from the neighborhood of the spot into the faculae and how do the
latter respond? Earlier we heard theoretical reasons why no such channeling is
to be expected; yet not everyone at this symposium is convinced that faculae do
not play a compensating role.

Turning to much larger spatial and temporal scales, we note that the total
magnetic flux of the sun changes by a factor of 3 or 4 during the solar cycle.
The magnetic field which appears in such macroscopic forms as sunspots varies
by two orders of magnitude over the cycle. Is there any influence of this
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dispersed, large-scale magnetic field upon the radiant flux?

Is there any long-term storage of the blocked flux? Certain theoretical
models suggest that storage should persist for a very, very long time compared
to the lifetime of an active region. What precision measurements over what
time-scales are required to yield empirical answers to the questions of long-
term storage?

Although the last few years have brought us exciting discoveries, serious
roadblocks to further progress still exist. Since the late 1970's we have had
elegant and precise measurements of the bolometric solar irradiance from
spacecraft made by Hickey, Willson, and their collaborators. The ACR1M obser-
vations made during the first nine months of SMM operation achieved a relative
precision of 3xlO~5. Still higher precisions of better than 10~8 are apparently
feasible The interpretation of such observations is crucially dependent upon
knowledge of the radiometric properties of sunspots and faculae. Yet our
methods of measurement of sunspots and faculae have been, with a couple of
exceptions, little different from the techniques pioneered by Galileo and
Scheiner. In fact, they are the same—the 17th century technology of drawing
sketches from which areas are estimated! It is rather amazing that this antique
method has allowed us to explain even half the variance in the fluctuations in
total irradiance. Papers and plans presented at this meeting are very encourag-
ing in demonstrating a rapid move into the 20th century with plans to measure
the bolometric contributions of sunspots, faculae, and limb darkening as essen-
tial ingredients in the interpretation of the precise, space-based measures of
total irradiance.

These thoughts raise another question. Suppose the precision of the next
satellite-based observations of irradiance is 10~8 or somewhat better and that
a temporal resolution of about one minute is obtained. What are we going to do
with such observations? Now is the time to consider what subsidiary ground-
based observations will be needed to interpret improved, second-generation
measurements of the solar constant.

Let us turn for a minute to theory. Two significant theoretic models—those
by Spruit and by Foukal, Livshits, and Fowler—describe the influence of sun-
spots on the radiant flux. Both models predict that there should be essentially
no short-term release of the blocked flux and that this flux is stored almost
indefinitely in the convection zone. My personal reaction to these models is
that they are really fun. Solar physics has become so complicated that it is
rare that a simple model can so richly illustrate the basic physics behind the
phenomena and also guide the practical interpretation of new data However,
present sunspot blocking models have limitations that cannot be overlooked.
The most serious limitation arises from the fact that these are pure, diffusive
transport models. They might be thought of as describing a Sun of solid copper
covered by a thin insulating skin. The diffusion coefficient is taken to be unin-
fluenced by the heat flow around the sunspot. Yet the models predict a supera-
diabatic temperature distribution with a distinct horizontal gradient due to the
buildup of heat below the sunspot. Such gradients will inevitably lead to large-
scale organized flow, which will also transport heat. The models developed thus
far are simple approximations of unknown accuracy to a complex dynamical
problem. The dynamical problem must be solved before we can have confidence
that we have a theoretical understanding of the thermal response of the sun to
the presence of sunspots and faculae.

I wish to close with one final remark. Most of us are now intent on inter-
preting very specific phenomena on the Sun. However, the interpretation of
these phenomena have the potential for leading to fundamental contributions
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to the understanding of the physics of turbulent convection Our models of
turbulent convection on the sun are extremely crude The entire spectrum of
turbulent eddies which doubtless occur within the convection zone are com-
monly characterized by a single number—the mixing length ratio. Yet the most
casual observation of our own atmosphere, which should be no more complex
than the convection zone of the sun, reveals a broad spectrum of turbulent
eddies. A more detailed analysis of the thermal response of the Sun to sunspot
blocking will surely reveal some of the failures of the simple mixing-length
theory of the solar convection zone We may even hope that our analyses will
point the way towards more realistic descriptions of these fundamental
processes.
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SABATINO SOFIA: The Goddard Model of ACRIM Data

SOFIA: I'll begin with the conclusion. We have modeled the total ACRIM data set.
The model is the Goddard standard, except we no longer assume that the spots and
faculae do not evolve. We use the daily observed values and interpolate the
missing days.

The difference (observed-predicted) jumps after "one year, or about when
the satellite changed modes of operation. There is no temporal drift in the
residuals in the first year, but there is after that time. Or, one could
represent this as a change in level. I can't tell the difference. If we did not
include faculae in the model, the departure would be greater. A model without
facular emission should go up (because of the reduced spot contribution) but the
data is going down.

The drift or ]ump is important because either we have the wrong model, or,
as some have suggested, there is modulation of the irradiance by something other
than active regions.

The ACRIM and the ERB experiments have shown there is anisotropy in the
solar radiation, and one should talk about the luminosity and the irradiance as
separate entities, since the latter is directional while the former is a total
over all directions. If one imagines a fictitious zero level as an integral over
a hemisphere of quiet sun, variations in irradiance have two components. One is
active regions, and the other is from this background, what I believe to be a
structural readjustment of the Sun.

One question is whether the presence of solar activity modifies the quiet
sun background and if so, on what timescale? There are two separate ways to
answer this question. One is theoretical, analogous to Peter Foukal's work. This
is a complicated problem. The other solution is to look empirically. If we assume
the background variation is zero, we just plot the residuals from the active-
region model and see if it is so.

The basis of the model is straightforward. The area of the spot, with
appropriate geometric factors, is multiplied by the contrast as a function of
limb distance. The faculae are treated similarly. What can be in error?

-The contrast may vary with the area.
-The limb darkening may vary with the area.
We have assumed the area of the faculae equals the area of the plages. This

is not a significant problem as long as the ratio of one to the other is a
constant. We must make this assumption because the plage areas are available
while the facular areas are not.

DISCUSSION

HUDSON: Is the limb contrast law for faculae based upon the facular photometry or
on a fit to the ACRIM data?

SOFIA: It is based upon the facular photometry. The difference in the limb
contrast curves look large near the limb, but when you weight by area (cos9) it
is not important.
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EDDY: How does it affect the model if the ratio of facular and plage areas is not
unity?

SOFIA: The facular contribution could be changed by a factor of two and still be
within the uncertainties of the data.

Also, the area values for the same spot on the same day differ by a factor
of two among different observers.

EDDYs I don't agree.

SOFIA: Most of the irradiance variation is represented by the spot signal. In the
first year of ACRIM the residuals oscillate around zero, but after that there is
a trend.

RABIN: If most of the variation is in spots, is the correlation with faculae
significant? When you add more parameters, you always get a better fit.

SOFIA: The significance of the fit goes from 12O to 140.

HUDSON: But is that significant?

SOFIA: We are not free to discard the faculae, we know they are present and
bright. Further, the high-frequency variation of the irradiance comes from the
faculae, because at each disk passage you get two maxima, one at each limb.

FOUKAL: I distrust these models which try to show a detailed balance of spots and
faculae. We know these phenomena have lifetimes of several months, and spend
half their time on the invisible hemisphere. Even if you know completely the
properties during the visible disk passage, there still is an uncertainty of
order 50% in the question of the time-averaged energy liberation. We are
spending a large effort, but will it answer the question?

SOFIA: The burden of proof lies with those who propose that the sun does not
conserve energy I

FOUKAL: if we just want to know whether facular emission balances spots, since
the timescales are several rotations, you always will have the uncertainty of
not knowing what the faculae were doing when you could not observe them.

CHAPMAN: The purpose of the model is to match the observations from the
satellite.

FOUKAL: We know from some extreme cases when the Sun has spots and insufficient
faculae to balance them that there must be storage.

SOFIA: The model has storage because faculae outlive spots.

FOUKAL: And in specifying that storage over the lifetime of the object you have a
50% uncertainty right away.

SOFIA: The purpose of the model was simply to compare the data with the known
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spots and faculae. When the fit appeared very good, we asked what the average
contribution over several months was. I expected there would be a difference
(spots-faculae), because when you look at the pole, there is more of an excess.
There is no reason why there is a balance in the ecliptic plane. But, we found
there was no difference to 20 or 30%. That is within the uncertainty of the data.
Our statement is there is no evidence for energy storage beyond the lifetime of
the faculae. If someone thinks the timescale is 105 years, let him prove it.

FOUKAL: That is not an educational statement.

SCHATTEN: Do you believe the back side of the Sun is different from the one we
see?

FOUKAL: No. But as Helen Dodson-Prince points out, strange things happen on the
other side of the Sun.

WILtiSON: Just because you cannot see it half the time does not give you a 50%
error.

FOUKAL: You get an error at least as large as the one for the visible hemisphere,
which is claimed to be 20 or 30%.

SOFIA: Rather than argue over whether there is detailed balance, we should
reduce the error by improving the observations.

LAWRENCE: One way is to take an ensemble average by studying many active regions.
The uncertainty of the regions on the unseen hemisphere can be reduced to a
negligible size.

SOFIA: The points I wanted to make are:

(1) The measures of spots and faculae are very poor. If we get better data, one
product is the residuals (observed minus predicted), with much reduced error.
Any trend would then be easily seen.

(2) we assume the intensity of all faculae are the same, independent of size. An
uncalibrated Brightness Class is given for each plage; perhaps we should
calibrate it.

ZIRIN: In the new data being reported, the brightness is calibrated.

SOFIA: Good. Once we get the residuals down, I would be surprised if we did not
see trends. Trends can come from horizontal redistribution of energy or
structural changes (for example, the radius). It is probably just such long term
changes, or timescales longer than active regions, that have the most
significant consequences.

FOUKAL: We have talked about faculae as though they only perturb the thermal
behavior of the photosphere at T=I. But they also are major perturbers of the
nonthermal heating of the atmosphere. I have a hard time understanding why the
Sun would want to keep the sum of the thermal perturbations due to spots and
faculae, plus the nonthermal perturbations due to faculae constant. The
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nonthermal heating is due to wave or joule heating - what keeps the sum constant?

SOFIA: The balance is over all spots and faculae present, of varying ages, when
you average over a few months.

HUDSON: I side with Sabatino. You do not have to have a model to accept the
observations. We should be able to count the energy fluxes from spots and
faculae, using the areas and brightnesses. It is a simple question to ask if the
two numbers are comparable.

FOUKAL: You have to produce a physical model that explains why such a balance
occurs.

NORDLUND: If there were a physical model that explained the energy flow from one
place to another, then an uncertainty of 20 or 30% would be consistent. But when
there is no model, just saying they are of the same order of magnitude is not
significant.

LABONTE: The spot blocking causes the storage of heat in some upper layer of the
convection zone. The lower opacity in faculae causes a somewhat thinner layer at
the top of the convection zone to leak energy faster than it would otherwise. In
some sense both structures influence the same reservoir.

CHAPMAN: If the total lifetime energy deficit of a spot is roughly balanced by
the lifetime excess of its faculae, then there must be a (magnetic?) connection.
Why would it occur in case after case, if it is an accident?

FOUKAL: We seem to polarize into those who want thermal models and those who want
detailed balance. There are lots of models which are neither, and this early it
is not useful to get locked into one viewpoint. Perhaps most of the spot energy
goes into Alfven waves and deposited at depth - this fits neither side, it
concerns me that we are going off to do photometry to prove the detailed balance,
which I find do be a low probability situation.

NEWKIRK: Generally, rather wild theories accompany poor observations.

RABIN: Is there evidence for a rough balance of spot and facular signal
independent of the ACRIM comparisons?

SOFIA: Our model was constructed just from the optical data. The comparison with
ACRIM comes later.

HUDSON: Given all the uncertainties of areas, lifetimes, etc. we seem to be about
where we started 2 years ago. During the lifetime of the spots the faculae cancel
some 15 or 20%. After the spots go away, the cancellation may go to 50%, (± 5O%
just due to observation error).
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JACK -EDDY: The Quality of Existing Spot and Facular Data

EDDY: I want to limit my remarks to the sunspot and facular data. I agree with
Sofia that better measurements are needed. I disagree with their statements
about how bad the data are, or that we are limited with what we can do. I do not
think the comparison of model with data have been conclusive.

It is usually said the spot data are no good to a factor of two,
particularly the SEL data commonly used. We have done a comparison of several
stations that report a daily measure of the total spot area, some by the 17th
century method, but some by photography. They are SEL, that reports a daily value
- there are no gaps in the data set; Catania; Rome; Taiwan; and a string of data
from Lee, in Peking. So there are data from around the world that report on
sunspot area. Now, how much improvement do we need to make; How much can it be
affecting the model?

I will show 70 days from 198O which are picked at random to compare the
data.

HUDSON: Are there political reasons for choosing the particular colors?

EDDYs Red for China, for sure. These are projected areas in millionths of the
solar disk. The SEL data run more or less through the middle of the others. There
are periods when it is low. This time interval was chosen because it has peaks
and valleys in it. You can see that when the spot number got low, there was a big
divergence. This is what Sofia would point to for his factor of two.

SOFIA: Yes.

EDDY: There is at least a factor of two between Taiwan and SEL. I think that is
unusual. If you look at the rest of the interval, the measures all cluster
together. If we could not get better data, I would suggest we just take the mean
of all these datasets. You find the standard deviation of the mean is quite
small, much better than using a single station's data.

LABONTE: Why are the data as noisy as they are? There are many days on which you
can find a range of 10OO millionths, which is a big area.

EDDY: Yes. I suspect it is seeing. Another problem is, how much are we losing in
all these measures due to loss in visibility at the limb? That is emphasized in
the Goddard model, which assumes you lose so much that you should not trust the
observations. Perhaps that's an overstatement. I think you can recover the limb
loss. We looked at the SEL data for one year. Assuming that in the year there is
no preference for spots to be on any particular longitude, you expect the
corrected areas to be distributed uniformly in longitude. We derive a limb
visibility function, which shows as a function of central meridian distance how
the areas sum in the course of the year. One expects this to be a cosine in
longitude. You can see where you are losing area at the limb of the Sun. If you
assume you see all the spots there are at disk center, by this method you can
measure the loss. The total loss is 13%. This is for the SEL, that I suspect is
typical of the other observatories. Maybe that is part of the answer - different
stations have different visibility functions, with 10 to 15% loss in total.
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ZIRIN: For years there was an east-west asymmetry of spot areas, that was
explained by saying the growing new regions were followed better. You have the
opposite asymmetry.

EDDY: I do not think you can say much from one year's data.

FOUKAL: Maunder's old result was that you see more spots on the east limb than on
the west. The explanation was the west spots are masked by faculae in the
following parts of regions.

ZIRIN: Yes, you are right. But another explanation is that you see the growing
spots from the east on later days, while those on the west rotate out of sight.

EDDY: It is probably accidental that this year of data come out that way. In any
case, you only miss 13% of the spots in one year, and that is a lot less than the
Goddard correction.

SOFIA: We overestimated the correction. We assumed that if you take the spot area
at central meridian passage and assume no evolution, the errors should balance
out. But occasionally, because of data gaps, the spot area used was not from the
central meridian but some distance off. That systematically would increase the
correction, by 10 or 15%. We have done away with that assumption, and just take
the observations.

EDDYs Not just the central meridian areas?

SOFIA: We do not do that any more. Do you see any systematic difference between
photographically determined areas and the others?

EDDY: No, and that is surprising.
The other issue is the facular areas. We all agree that a large

improvement is needed. What is the facular to sunspot area ratio? There have been
complaints that in our model we used a ratio which is too small, and I suspect
that is true. But the models that suggest detailed balance use a ratio which is
much too large.

There is one source of data that has not been discussed - the long series
from the Greenwich Observatory. Between 1874 and 1976 they made daily measures
from photographs of the Sun.

First, we see there is not a simple relationship between the sunspot and
facular areas. The ratio changes with time and activity. As the sunspot areas
have increased during the 20th century, the facular areas have not increased as
much. Further, when the sunspot area is highest, the facular to spot area ratio
is lowest. From a biased view, that is another argument against detailed
balance. If the faculae dutifully radiate the energy trapped by spots, you would
expect their areas to track, with some constant ratio. But they do not. A plot of
the ratio of corrected facular to spot areas falls with increasing spot number.
When the spot number is as high as it was in 1980, about ISO, the expected area
ratio is nearly 1, rather than 10. Were the Greenwich observers missing 90% of
the faculae?

MOORE: Perhaps when the spots were most numerous the observers were so fatigued
from counting them all that they did a poor job on the faculae.
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EDDY: They measured them the same way they do sunspots. They look at the pictures
with a grid.

ZIRIN: All the faculae are near the limb?

LA BONTE: That's a big point. The spots are seen at all central distances but the
faculae are only near the edge.

FOUKAL: We did a power spectrum of the rotation of the Sun using the Greenwich
data on faculae and sunspots. We came out with this marvelous 28-day peak plus
there was this booming peak at 9 days. We concluded that they only see faculae on
the east and west limbs. We asked the people at Greenwich and they said that is
the case. They see no faculae within ±6O° of Sun center.

EDDY: They do not look for polar faculae?

FOUKAL: I do not know. They are not seeing faculae as they track across the Sun.

ZIRIN: It is impossible to see them near the center of the disk.

LA BONTE: So the facular areas need to be multiplied by 3 to get the total area on
the disk, since they only measure in l/3rd of all longitudes.

SOFIA: We put the faculae where they are, and when they are near the center the
contrast is zero.

EDDY: If we multiply by 3 we have to divide by 2, which is the correction for
projected to corrected areas. Again, the ratio of faculae to spot area falls the
more spot areas there are. When the spot area is as high as it was in 1980, the
projected facular area, which is what counts for modulating the irradiance, that
is about equal to the spot area.

CHIPMAN:(?) Can you get to the point where the amount of facular area is a
sizeable fraction of the total area they can detect them in? This would set a
limit to the total area.

EDDY: You mean all the real estate is taken up by sunspots and faculae?

CHIPMAN: Yes. They fill up the area.

ZIRIN: I think the large spot areas come when you have big spots near the center
of the Sun, but the faculae are always restricted to the limbs. You just do not
get big increases in the facular area. But for 9 days the spot area counts
heavily, when no faculae are visible. The most interesting thing is the facular
areas are 2 to 3 times the spot areas, and the contrast is only a few percent,
while the spots knock out 50% of the light. There is no way you can ever balance
them.

EDDY: I agree.

CHAPMAN: The faculae are down in contrast by an order of magnitude. Jack pointed
out they are already missing 13% of the spots and if you knock down the contrast.
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you could lose much more of the faculae in the measurements.

ZIRIN: They are measuring what they are seeing. If the faculae are down so low
you have to have so many of them.

SCHATTEN: One reason why the spots give large irradiance dips and faculae do not
is the lighthouse effect. Faculae spread their excess brightness over a large
solid angle. Spots appear dark only if you view them directly.

ZIRIN: We should consider what the Sun looks like from the solar poles? But that
only adds a factor of 2, and you are off by a factor of 5 or 10.

SCHATTEN: No, we are not off that much.

EDDY: Yes, you are.
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KEN SCHATTEN: A Model for Balancing Spot and Facular Emission

SCHATTEN: While Jack has raised doubts about whether there is energy
conservation in active regions, we have found evidence experimentally that there
is. I will talk about how this might happen theoretically.

I have looked at a combined Parker and Spruit model for faculae and
sunspots. in a young spot region, with spots and faculae, in Parker's model you
get a downflow in this region. Below the surface the spot breaks into a lot of
little flux tubes and the downflow makes it stable, and also prevents the heat
from going upward. You get a buildup of heat, so the isotherm, which used to be
on an equipotential surface, changes, becoming slightly elevated. In the faculae
in Spruit's model, you see the inner walls of a hot fluxtube at large angles. In
the young active region there are few faculae, and the net effect is a lower heat
output. Remember, the heat flows only out of the Sun, not into it.

We are talking only about changes in heat flow. You cannot take the
energy from the relatively cool shallow layer of the active region and send it
back into the center of the Sun. The key factor in determining how long the
energy can be stored is the depth of this region. Foukal has this about 700O km
in his sunspot blocking model. Parker has suggested this depth is 2000 to 70OO
km.

In a young active region there is a net deficit irradiance because you
have large spots and relatively few faculae. As the region ages, the spot decays
and more faculae are produced in the breakup. A large amount of energy has been
stored below the surface and the isotherms are slightly higher. The faculae
continue to emit until eventually all the excess heat has been liberated, and the
initial state is reached.

I have done some simple calculations of the timescale by redistributing
the energy to different depths and asking how long it takes to be released. For
2000 km depth the storage time is 2 days; 2800 km gives 5 days; 3500 km, 10 days;
and 7000 km, 100 days. Foukal's model with a spot depth of 7700 km gave a
timescale of 83 days.

DISCUSSION

HUDSON: What is the mechanism of energy transport in your calculations?

SCHATTEN: This is Parker's idea that there is a downflow in the spot which
inhibits the upward flux. He has shallow sunspots.

HUDSON: Is it diffusive or is it convective?

SCHATTEN: The upward transport of convection is inhibited because you have a
downflow.

Foukal's value may be a little overestimated but is still of the right
order of magnitude. The spot will not have a square cross-section as his does. If
you conserve magnetic pressure and flux with depth, the fields are compressed to
a small area. At 3500 km depth, the area is only 6% of its surface value, and at
7000 km, only 2%.

The important point is that once the energy gets to these shallow depths,
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there is no way to stop it from coming out. It' s like trying to dam the
Mississippi. You may temporarily store the energy, but there is large horizontal
heat transport, so it will go around obstructions. There will not be storage for
anything like 11 years, which would be needed to get solar cycle variations.

NEWKIRK: Why do the magnetic faculae act as preferential transporters of heat
outwards? The usual picture is that vertical magnetic fields are inhibitors.

SCHATTEN: I have mostly taken other people's models. Spruit's faculae have an
evacuated region in the high field. At large angles you see the hot inner walls.
The faculae just sit around cooling the Sun.

NEWKIRK: Why do faculae anchored in the region of stored heat radiate more than
ones anchored elsewhere?

LABONTE: I want to ask Foukal a question. Why is the time delay so large?
Convection is very efficient and the difference from the adiabatic gradient is
so small. If you put in a small temperature perturbation it should just drive all
the energy out. Why is the timescale for storage longer than the turnover
timescale?

FOUKAL: It goes back to the analogy with the Mississippi, which is wrong. If you
build a dam, the water continues to flow downstream, but the elevation of the
water propagates upstream. That is what happens with a thermal plug. The heat
flows outwards, but the thermal signal propagates downward fast. The heat flow
right down to the bottom of the convection zone is perturbed in such a way as to
store energy. The product of the difference in temperature and the specific heat
gives you the stored energy.

SCHATTEN: After a very short time the sunspot is gone and then it all comes out.

FOUKAL: The propagation time downwards is < 10% of the lifetime of a spot. Once
you have perturbed the whole convection zone, the timescale that comes into play
is the time it takes to radiate the stored heat from the photosphere. The amount
of heat stored is enormous because the specific heat is very high. The amount of
temperature excess you generate at the photosphere is extremely small. So that
gives you a timescale that is long.

ZIRIN: One should not use sunspots as interchangeable with plages. While they
are associated, the recent work of Wallenhorst and Topka tried to study what
happened when the sunspot decayed. It does not leave a puddle of plage behind. We
also gave some examples in our paper on naked sunspots, where the existence of
naked sunspots shows you that spots and plage do not always match up. It is not
clear what the difference between them is.

HUDSON: The thermal diffusion models have not been done completely because the
hydrodynamic expansion has not been included, which should be a major element in
the response of the Sun to the blocking of heat.

FOUKAL: Spruit has done that.

HUDSON: Is it published?
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FOUKAL: In his paper it is a non-issue because the amount is small. The increase
in potential energy due to the expansion you can get from the virial theorem and
it will be about 3 to 1.

NEWKIRK: He has done the buoyancy calculation but he has not done the dynamical
calculation, for the heliostrophic wind. Nobody has, it is a mess.

HUDSON: What is a heliostrophic wind?

NEWKIRK: That is because you have a horizontal temperature gradient which means
a horizontal pressure gradient which means a flow. It is a nonlinear problem.

FOUKAL: I agree, but I do not think that is going to change qualitatively what is
going on. The answer you get will be model-dependent since the calculations will
be as uncertain as the mixing-length approximation. They have to be because they
are parametrized by things like the eddy viscosity. But the answer most likely
will be the efficiency of the heat transfer upward from the bottom of the sunspot
versus the heat transfer downward will change. There will be a slightly
different correspondence of the observed dips and the calculated ones.

NEWKIRKs It may supply the amplitude of the few bright rings you see.

SCHATTEN: As you go down, the area of the spot gets smaller and smaller. The root
is like a fibril. They are not going to affect the heat transport in those
regions.

FOUKAL: The sunspot blocks all but 1O% of the heat flow. The heat flow coming up
against its bottom knows that it is there. Parker's model is meant to explain how
as much as 1O% gets through what is supposed to be a monolithic block of field.
To get the model to work he hypothesizes a downflow which is not observed.

SCHATTEN: Meyer et al. originally hypothesized the downflow to make the spots
stable.

FOUKAL: Why do you focus on this uncertain downflow to provide the blocking when
there is a much simpler explanation?

SCHATTEN: We do not need the downflow. It is irrelevant to the area vs. depth
argument.

HUDSON: A second point about the thermal models is that they do not do one thing
that we know is happening. They do not put energy into the faculae. it is clear
that in active regions energy comes out of spots and goes into faculae.

NEWKIRK: I do not think that is clear. We know both spots and faculae occur; one
of them is bright, the other dark. Whether there is a physical coupling has not
been established.

FOUKAL: The angular sizes of the Moon and the Sun are the same as seen from the
Earth, but you better be careful what you conclude from that.



GARY CHAPMAN: What are Faculae?

CHAPMAN: There are some observational characteristics of faculae that we should
keep in mind. In the upper photosphere, between r = 1 in the quiet sun and the
temperature minimum, these are bright structures that are magnetically
associated. This is above the level where the hot wall effect is seen. This is
evidence that there is dissipation of energy in that location. The energy is then
radiated to space. There is energy transport of some form in the photosphere and
chromosphere in and above faculae. One wonders where that energy comes from.

Recent observations by Bonnet and Acton show there is not a clear
division between pores and faculae. There are beautiful cases of pores in the
continuum that disappear in the ultraviolet bands. This has been known for some
time. Frazier and Stenflo worked on it. In a couple papers they showed there is a
relation between the magnetic flux in a feature and its behavior as a pore or
facular. So there is a distribution of properties. There is a flux « 10 MX above
which the feature will be recognized generally as a pore, and below which it will
be seen as a facula.

We do not know whether these objects are a single flux tube or a
collection of even smaller tubes.

DISCUSSION

FOUKAL: Is there a sharp cutoff between what you call faculae and the network?

CHAPMAN: Not very sharp, but in magnetic flux a factor of 5 ± 2.

FOUKAL: Is there a qualitative cutoff in the physics?

CHAPMAN: There is a change in the physics. As you go to smaller flux tubes, you
get heating at lower heights. Parker's idea was wrong about Alfven wave heating
upward. The energy missing from the spot does not go up. But at certain
wavelengths, the sunspot is the brightest thing in the transition zone. As you
decrease the flux, the heat being deposited in the atmosphere drops to lower
levels.

FOUKAL: If you go to the observational evidence I do not see any discontinuity
either in the continuum or in the UV.

CHAPMAN: Yes, there is no discontinuity.

FOUKAL: They are just smaller versions of the same thing.

CHAPMAN: They are not the same thing.

FOUKAL: Can you give an observational reason why they are different?

CHAPMAN: From Stenflo's articles, there is a clear distinction between spots and
pores on the one hand and faculae on the other.
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FOUKAL: But I am asking about the difference of faculae from even smaller faculae
and network. What this leads to is, if there is no distinction, then all the
energy coming out of the network is the relic of missing sunspots. I do not see
any observational distinction besides size, which is not a qualitative
distinction.

CHAPMAN: I think that is possible. There is not a distinction between network or
faculae. The magnetic field is still 1.5 KG. The size of the flux tubes is the
only difference.

HARVEY'. Just remember that flux does come up in forms other than sunspots. That
flux does produce faculae. There are lots of faculae that cannot be traced back
to a spot.

CHAPMAN: That's a good point; it's not quite as clear cut.

FOUKAL: That would seem even more fatal to the argument of detailed balance.
There are self-contained flux tubes that never contained sunspots.

SCHATTEN: When we talk about detailed balance we mean roughly equal, within 1O or
20%.

CHAPMAN: I am not interested with the doctrinaire view of detailed balance. It's
a tool to get at how energy might be stored or transported. If you come close,
you already have a problem - how do you transport heat from sunspots to faculae?
If there is 10 or 2O% leak it is interesting but not pivotal.

FOUKAL: If you believe the network at high latitudes is being fueled by missing
energy from sunspots, you have to have a good mechanism.

ZIRIN: The observations show big irradiance dips that match the sunspots. Is the
idea that the loss is made up in between over some long period of time?

NEWKIRK: That is the irradiance, not the luminosity. The question is, does the
luminosity change with the appearance and disappearance of sunspots, or is it
compensated either locally or globally?
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RECENT GROUND-BASED OBSERVATIONS

OF THE GLOBAL PROPERTIES OF THE SUN

Barry J. LaBonte
Institute for Astronomy
University of Hawaii

ABSTRACT

Ground-based observations have achieved sufficient sensitivity
and duration to scrutinize many global properties of the Sun. Varia-
tions in the properties of granular and supergranular convection have
been measured. The surface rotation measurements continue to present
contradictory results. A spectrum of torsional motions has been
detected. A variety of oscillation measurements now are available
for nearly direct probing of the solar interior.

INTRODUCTION

At every workshop I give a paper with the same title. Fortu-
nately, the contents change.

In talking about the global properties of the Sun, you must keep
in mind that we only measure the surface. The only large-scale phe-
nomena we can study directly are those of large horizontal scale.
Any information about the depth variation of properties is inferred
in the context of a model. Indeed, some of the so-called global
properties are actually quite local, but must be measured by compar-
ing distant areas on the Sun, such as disk center and limb. We thus
assume the phenomena are uniform on a large spatial scale.

The topics I discuss are roughly in order of the "depths" that
we believe we are sampling. These are surface convection, surface
rotation, torsional motions, and interior structure.

SURFACE CONVECTION

GRANULATION

The granular convection at the surface is not a global phenome-
non in the sense of being deep-seated. However, it is the only
directly observable convection in the Sun, and as such is critical
for testing theoietical models. In addition, the small apparent
angular size of the individual cells prohibits accurate fine-scale
measurements, so it is necessary to use comparisons of averaged
properties from distant regions on the Sun to characterize the
convection.
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Livingston, the foremost worker in this area, has devised two
different programs. The first measures the equivalent widths of a
variety of spectral lines of different temperature sensitivities (1).
Over the interval 1976-1980, the widths of the individual lines
decreased by amounts in the range 0-2.3% in a way uncorrelated on an
instantaneous basis with surface magnetic activity. Considering the
different excitation properties of the observed spectral lines, the
pattern of equivalent width changes is best modeled by a decrease in
the photospheric temperature gradient with time.

A change in the photospheric temperature gradient is only
accomplished by changing the heat flow in and out of that layer. The
radiative losses at the surface are controlled by excitation and
radiation processes that are well understood and should be sensitive
only to physical conditions in a very local volume. Thus, a change
in the temperature gradient ought to directly reflect a change in the
photospheric convection. Livingston and Holweger (1) claim that the
observed variation can be accounted for by a change in granular
convection equivalent to a 15% increase in the standard convective-
mixing length. The solar luminosity would remain constant if this
change is restricted to a thin surface layer. No physical mechanism
is readily apparent to induce such a change.

The second area of Livingston's work is in measurement of disk-
integrated line profiles (2). In convective cells, hot bright gas
rises and cool dark gas falls, so there is a net line asymmetry and
line shift due to the intensity weighting of the profile. A system-
atic decrease in the asymmetry and in the convective blueshift is
observed over 1976-1981. It is inferred that the "strength," that
is, the intensity-velocity correlation, of the convection has
similarly decreased. Livingston shows that a similar change in line
shift and asymmetry is seen in magnetic plages, and suggests the
increasing surface magnetic activity in the interval is responsible
for the disk integrated line changes. He points out that although
the sunspot number peaked in late 1979, he sees no equivalent turn-
over in the line profile changes.

Several comments must be made about this result. First, the
entire change in the disk-integrated profile cannot be caused by the
surface fields. By comparing the shifts shown by Livingston, I find
that about one-fourth to one-third of the Sun would have to be
covered by plage strength fields. This is not observed. Second, at
least part (and perhaps most) of the lineshift observed in magnetic
regions is a true material inflow. Howard (3) and Beckers and Taylor
(4) used a variety of spectrum lines with different convective shifts
to show the presence of true mass flow and the absence of gross con-
vective changes. I would also note that in Ha and the Ca infrared
triplet we see clear evidence of mass inflow in plages, although the
mass flux in the chromosphere is much less than what is inferred in
the photosphere. In Hawaii I have been working on repeating and
extending the work of Beckers and Taylor, and I've finally figured
out how to do it correctly.

As far as the failure to see turnover in the line asymmetry at
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the time of maximum spot number, it must be noted that other activity
indicators show a more prolonged maximum than the spot number. In
each of the last two 11-year cycles the magnetic flux had a broad
peak that centered 1 to 1-1/2 years after the maximum in spot
number. In each of the last three cycles, the 2.8 GHz radio emission
also had a broader, later activity maximum. If the phenomenon that
Livingston observes is truly correlated with the surface activity, I
would expect it to reverse its trend only in the last year.

There does exist another data-set that could be compared with
Livingston's, namely, the Mount Wilson velocity maps. Although a
Babcock magnetograph with wide exit slits is used, the center-to-limb
variation of the convective lineshift is measured with high preci-
sion. We Vnow that time variations are present in the data, but the
presence of radial inflow (or convective distortion) in magnetic
regions disturbs the simple measurement of the quiet Sun velocity
limbshift (5). Herschel Snodgrass is now reanalyzing the Mount
Wilson data, taking explicit account of the surface magnetic fields.

SUPERGRANULATION

The supergranulation represents another kind of cellular structure at
the solar surface. Although the supergranulation has no temperature
structure, and so does not carry convective energy at the surface, it
may do so at depth. The supergranular scale is most important in the
organization of surface magnetic fields.

At the last solar constant workshop at Goddard, it was frequent-
ly suggested that some variation in the "character" of large-scale
convection might be expected during the 11-year activity cycle. The
Mount Wilson velocity maps resolve supergranules, and I tried to
search for pole-equator or temporal differences in the supergranular
velocities. Unfortunately, the products of the standard reduction
program are organized in latitude-longitude bins, so there is possi-
ble bias at the 10-20% level. The raw velocity data should be
analyzed to look for possible changes in the supergranulation.

The supergranulation can be studied by mapping the Ca K emission
network, which lies around the edges of supergranules. Brune and
Wohl (6) used this method to look for a pole-equator difference in
supergranule size. They found no difference, with an upper limit of
~10%. A problem in this kind of measurement is the increasing confu-
sion as one looks closer to the limb, that is, nearer to the pole.
Singh and Bappu (7) measured the Ca K network at disk center and
claim to have found a variation of supergranular cell size anticorre-
lated with activity. The effect they see is a 10% decrease over the
range of Zurich sunspot number Rz = 0 to 180. Their quoted error is
~1%« This measurement could be contaminated by systematic effects;
at low activity levels, the network is less completely defined, and
the pairs of small supergranules may be erroneously identified as
single large cells. Additional measurements of this type are needed
to test Singh and Bappu's results, as it is potentially of great
importance.
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SURFACE ROTATION

During the last couple years it seemed that the major contro-
versies in solar rotation measurements were being resolved. Most
recently, however, new results have thrown us back into confusion.
The basic methods of rotation measurement remain (a) the observation
of Doppler velocity shifts of spectrum lines and (b) the proper
motion of identifiable features (tracers) across the disk.

The basic issues are defined by the difference between the Mount
Wilson and Stanford Doppler rotation measurements. Both
observatories study velocity fields using the Fe I 5250 A line with
pit spectro-graph-Doppler compensator instruments, and use similar
data analysis procedures. Mount Wilson finds a mean rotation rate
~2-4% below the rate measured for recurrent sunspots by Newton and
Nunn (43), and also finds variation in the rate by ±2% on all
timescales. Stanford (42) finds a mean rate within 0.5% that of the
sunspots, with no time variations above the measurement noise level
(~0.5% for a single day's measurement).

As corrections were made for several systematic effects (8) the
Mount Wilson rotation rate was increased, nearer to the spot rate.
Also, the variations in the Mount Wilson rotation rate on short
timescales were found to be instrumental (9). A constant, high
rotation rate has been confirmed by Snodgrass (10). He has measured
the rotation rate by using magnetic fields as tracers. He finds a
differential rotation curve that matches the sunspot rate near the
equator and the Mount Wilson Doppler rate near the poles (?!)• He
also finds no measurable variation with time above a noise level of
~1% (for a one-solar-rotation interval).

This seeming unification of rotation results has now stopped.
First, a new systematic error has been found in the dispersion of the
Doppler spectrographs. The problem is that the lines used for the
dispersion measurements are only ~400 mA apart, but have wavelength
uncertainties of ~4 mA. Correction for this error lowers both the
Mount Wilson and Stanford Doppler rates by 0.5% (11), increasing the
difference relative to the sunspot rate.

Second, an independent Doppler rotation measurement by Snider
(12) gives a rate ~3% below the spot rate. Snider's instrument is a
resonant scattering cell, similar to the ones used by Fossat and
Isaak for their very precise 5-minute oscillation observations. This
machine is intrinsically more stable and precise than the pit
spectrograph-Doppler compensator instruments used by both Mount
Wilson and Stanford. It should also have quite different systematic
errors, although all such bias seems to be much smaller than the few
percent level that we are considering.

Finally, Gilman and Howard (13) have presented the first results
from a program that measured 60 years of sunspot positions from the
Mount Wilson plate collection. They have measured the day-to-day
rotation of individual spots rather than rotation-to-rotation recur-
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rences. They have found a cycle-related variation In the spot rota-
tion rate with an amplitude of 2% peak-to-peak. Thus, at least part
of the long-term variations in the Doppler rate are probably real
solar effects, not just instrumental effects. The constancy of the
Stanford Doppler rate is less easily understood in this context.

TORSIONAL MOTIONS

In discussing the solar rotation, we blithely talk about its
variation over latitude and time. The only reasonable assumption,
however, is that the total angular momentum of the Sun is conserved,
and that we simply measure redistribution of that total by internal
flows. Thus, the solar rotation rate should properly refer to the
time averaged velocity field, and all temporal variations should be
considered as torsional motions.

A whole spectrum of torsional motions is now known and is sum-
marized in Table I. The latest addition (A = 0 mode) is the observa-
tion by Oilman and Howard (13) of a variation of the sunspot rotation
rate that shows two peaks during the 11-year activity cycle. The
data are averaged over a latitude range of 15° on each side of the
equator. This motion is caused by a redistribution of angular momen-
tum in depth; the upper limit on a 5.5-year, A = 2 torsional mode,
which would represent latitudinal redistribution, is ~2 m s"1. This
motion makes the surface rotation appear fast at sunspot maximum and
just before minimum.

The other torsional motion discovered since the last solar
constant workshop is the I = 1 mode (14). This is a difference in
the low-latitude Doppler rotation rate between the north and south
hemispheres. The amplitude is so small that it is probably premature
to consider this a true periodic oscillation. This motion makes the
northern hemisphere rotation appear fast during the rising phase of
the activity cycle.

The 3. = 2 mode that is observed (15) has an 11-year period.
This motion is presumably caused by latitudinal redistribution of
angular momentum. This torsional motion was first observed by
Livingston and Duvall (16) but not so identified. The phase of this
motion causes the ratio of polar to equatorial rotation rates to
maximize at activity maximum.

The last motion listed in Table I is the only one intimately
related to the surface magnetic activity in latitude position, as
opposed to the period alone. The eastward and westward velocity
phases of this traveling wave straddle the equatorward-moving zone
of magnetic activity. However, the torsional wave is seen for a full
22-year interval as it travels from pole to equator. The amplitude
of the torsional wave is nearly constant over the whole interval, but
we have found a small increase in amplitude occurs 1 year before the
rising phase of the magnetic activity (14).
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TABLE I

OBSERVED TORSIONAL MOTIONS

Latitudinal Period C1) Peak-to-Peak Observed
wavenumber A _ (yr) _ Amplitude (m s"1) Character _ Reference

0

1

5.5

11

40

4

low latitude
spot rotation

north- south

(13)

(14)
low latitude
Doppler rotation

2 11 20 pole/equator (15)
Doppler rotation

6 11 10 activity related (15)
___ ____ traveling wave

Notes: (1) The Doppler observations cover an interval of ~15 years;
the periods of the H = 1 and H = 2 modes are thus provisional

There have been attempts to observe this activity related wave
by measuring the motions of tracers. These have not yet succeeded,
either becauss the noise level was too high (10) or because the
tracer data were incorrectly binned (17).

INTERIOR STRUCTURE

There are several recent observational results that (we think)
have recently probed the interior structure of the Sun. Their
interpretation is necessarily uncertain, but the potential for the
relatively direct tests of solar models is large.

FIVE-MINUTE OSCILLATIONS

The frequencies of the resonant pressure-mode oscillations are
directly related to the variation of sound speed (and thus tempera-
ture) with depth (e.g., 18). Ulrich and Rhodes (19) have shown that
the observed frequencies do not match those predicted by the standard
interior models. They point out that nonstandard models developed to
explain the observed solar neutrino flux still provide worse fits to
the p-mode frequencies. Most remarkably, the discrepancy between
observation and theory occurs for low-degree modes formed deep in the
radiative core, and disappears for high-degree modes concentrated
higher, in the convection zone (20). This contradicts the standard
belief that convection is poorly modeled in stellar structure calcu-
lations.
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The Birmingham group has gone beyond simple measurement of the
low-degree mode frequencies. They additionally claim to observe
frequency-splitting of the modes, which they believe is evidence that
the solar core rotates more rapidly than the surface (44). One prob-
lem with a simple interpretation of the data is that more frequency
components are observed (2£ + 1, £ the longitudinal degree) than
should be present (H + 1 only). Isaak (21), Gough (22), and Dicke
(23) have all tried to explain the observations by postulating that
the core is distorted from a purely spherical shape by a strong mag-
netic field (B ~ 108 G); such a distortion alters the p-mode patterns
and permits more components to be observed. This seems to hang a
large hat on a small hook, and I will be happier when more observa-
tional results are available. The splitting could simply be due to
systematic effects in the time-series analysis (32).

One result that is clear from all the comparisons of observed
and predicted p-mode frequencies is that the solar convection zone is
deeper than originally thought (19, 24, 25, 26). Current estimates
all fall near one-third of the solar radius, compared with earlier
estimates of about one-fifth. In crude terms, the increased depth
corresponds to a ratio of mixing length to pressure scale height ~2,
rather than ~1 as commonly used. This result has been suggested for
several years (41), but the new data place it beyond question.

MEAN VELOCITY OSCILLATION

The Birmingham group also has measured an apparent 13" oscilla-
tion of the disk-integrated solar velocity (27). The resonance-
scattering cell they use is effectively an absolute velocity instru-
ment, and comparison of the mean observed solar velocity from day-
to-day is possible. The amplitude of the velocity oscillation is
~12 m s~l peak to peak, and is clearly seen for most of a 90^ observ-
ing run. They suggest the oscillation is caused by the rotation of a
distorted solar core with a 13<* period.

However, several analyses have shown that the likely source of
this variation in the apparent solar velocity is the asymmetric
distribution about the central meridian of dark sunspots and bright
faculae (28, 29, 30). The asymmetry, coupled with the projection of
the 2000 m s"1 rotational velocity across the disk, produces net
variations of the disk-integrated solar velocity. The apparent
period is 13^ rather than the 27^ rotation period because active
regions happened to cluster near longitudes ~180° apart. This
distribution of activity is not unique (45).

Even though this velocity signal is uninteresting for solar
physics, it may be of great importance in the search for planetary
systems around other stars. One method proposed for such a search is
to monitor the radial velocity of stars to detect period variation as
the star orbits the center of mass of the star-planet system. For
example, the Sun should show a ±10 m s~l velocity oscillation with a
12-year period as it orbits the Sun-Jupiter barycenter. The presence
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of spots and faculae on other stars Is known; thus this additional
noise source must be considered*

LIMB INTENSITY OSCILLATIONS

Hill (31) has continued to observe intensity variations at the
extreme limb, which he identifies with internal p-and g-mode oscilla-
tions. In addition, he has observed splitting of the mode frequen-
cies, which he has interpreted as evidence for a rapidly rotating
core. Unfortunately, confirming observations of the modes are not
yet available, unlike the situation for the Doppler p-mode oscilla-
tions. As a true hidebound astronomer, I want to see more observa-
tions, and some unification of the limb and p-mode oscillation
results. Indeed, comparison of the two data-sets ought to resolve
issues of mode identification, since different properties of the same
modes ought to be observed.

MERIDIONAL FLOW

Observations of meridional flow are presently at the limit of
sensitivity of Doppler velocity instruments. The measurements indi-
cate a poleward flow ~20 m s"1, but a major complication is the pres-
ence of apparent inflow in magnetic regions (33). Since both inflow,
meridional flow, and the convective limbshift are all symmetric about
the central meridian, small errors in fitting the much larger limb-
shift and inflow velocities can distort meridional flow measures.
Magnetic field patterns have been used as tracers to measure a pole-
ward meridional flow of the same order as the Doppler results (34),
but the diffusion of fields can produce a similar effect, and work is
in progress to model diffusion and meridional flow in a unified way
(35).

Meridional flow is produced in the convection zone by the same
convection-rotation interactions that generate the differential
rotation. However, since the meridional flow velocity is more than
one order of magnitude smaller, it is probable that any model of the
solar interior that matches the differential rotation will need only
minor adjustments to also match the meridional flow.

RADIUS VARIATIONS

At the Goddard Solar Constant Workshop the issue of using
variations in the solar radius to probe the interior structure or to
infer the solar constant was one of the dominant topics• This has
become much less interesting, for several reasons. Theoretically, it
appears that arbitrary combinations of radius and luminosity
variations are possible, depending on what change in the internal
structure is postulated. Thus, there is no clear target for
observations to focus on.
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Observationally, several promising programs have failed to
produce definitive results. The Mount Wilson photoelectric (36) and
photographic (37) measures have some presently irreducible systematic
effects, as does the project started by Duvall at Kitt Peak (38).
The limit on radius variations is "stuck" at ~0.1 arc second over the
span of a few years. Analysis of historical radius measures from
transit instruments appear to show long-term variations near the 0.1
arcsecond level (39), but the issue of systematic effects is
difficult to put to rest. However, one positive outcome of the
flurry of activity on the solar radius has been the construction and
operation of a dedicated instrument at High Altitude Observatory
(40). Perhaps this will provide definitive answers in the future.

This «ork was supported by NASA grant NGL 12-001-011.
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DISCUSSION OF LABONTE PRESENTATION

[long discussion between Bruning and LaBonte]

Question: What was the time base over which the correlation analysis was done?

LABONTE: That was about fifteen years or so of Mt. Wilson data.

CHAPMAN: I don't understand how the resonance cells get you away from the
scattered light problem.

LABONTE: No, he's still got a scattered light problem. The issue always has been
about whether there's a difference between the spectrographs at Mt. Wilson and
Stanford, and at Kitt Peak where a lot of work has been done. They are all using
pit spectrographs, long focal lengths. The resonance cell is a different kind of
spectral analyzer, basically, and it has a great deal of intrinsic stability. It
does these p-mode observations that you can't really hope to do with a
conventional grating spectrometer. I think the spot result is interesting, but
there's a real question.

Question: I'm expecting a comment on how fair do we have to be in accepting
sunspot rotation rates? ...?

LABONTE: That's right, they're very different, there are large individual proper
motions. I think the new spot results are interesting, but we will have to check
very carefully.

SCHATTEN: A good way of thinking about the radius variations, with respect to the
other kinds of observations we have been talking about - p-mode oscillations and
so forth - is that perhaps these other kinds of observations are better probes of
the solar interior. They might let us understand the average structure of the sun
better, but I don't think that we are expecting them to be be sensitive to
variations in time, particularly secular changes. The radius variations would be
very sensitive to those things, but perhaps aren't going to tell us a tremendous
amount about the solar interior structure.

CHAPMAN: But the radius of the sun is supposed to change rapidly, isn't it? With
flux blocking, for example.

LABONTE: You mean, does it? No, you don't expect it to change much. For many
common sorts of things the radius isn't expected to change much; you get more of
a luminosity variation, and since we have some limits on that, they tend to limit
the radius variations to very small values.

NEWKIRK: I can't quite agree with the statement you made about the radius
variations; that if one had concomitant, I'm not saying over what time-scales,
radius and luminosity measurements, the combination between the two can form a
useful diagnostic as to what process is causing both.

LABONTE: Yes. It would diagnose it in that sense, but I think the problem is that
there are enough postulated processes that any ratio between the luminosity and
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radius could be achieved.

SOFIA: Surely the situation is a lot clearer. It appears that the relationship
between radius and luminosity depends upon one parameter, and that is the depth
at which the perturbing mechanism operates. If it is very shallow, like a Doppler
observation, then then the response of the radius is very small. The fact that
(probably) radius changes have been observed implies that that is not the
mechanism. If on the other hand you use any kind of mechanism - you mix the core
or whatever - you have a unique relationship between the radius and the
luminosity. So as long as the origin of the perturbation is below 95% of the
radius there is a unique number, very well defined, that brings very sensible
values. It is not a "quickie." We are carrying out a very exhaustive perturbation
analysis by mixing the core, by magnetic perturbations, on different time
scales, etc.. and it is taking years to get the answers. It is not that there are
no answers. What everybody has done is the "alpha" perturbations, to get a small
result and then drop it. That is only a very tiny portion of the question and
indeed, whenever you perturb anything very shallow, in the super ad iabatic zone,
there is no appreciable radius change. But if you do anything else, then there is
an appreciable change.

CHAPMAN: Doesn't that involve a much larger heat content?

SOPIAs Not necessarily, it turns out that the magnitude of the process is never
really overwhelmingly large. It is primarily the adjustment simply if you want
to find the adiabat. The problem is more under control and meaningful than you
give credit. But on the other hand it is not [yet] published,
that signal will be anticorrelated?

SKUMANICH: I can answer your question; what you have here is ACRIM plotted upside
down, also plotted in repeated upper and lower panels, a plage signal solely from
plage models that Judith Lean and I computed, and the actual K flux measured
[photometrically] by Livingston.

QUESTION: What time period is this?

SKUMANICH i This is the middle of '81 to July '82.

MOORE< So the answer to the question is yes?

SKUMANICH: The amplitudes there's a factor of 10 difference between the ACRIM
range of 1-3 mmag and the K-line range is 30 mmag or so. They are definitely
anticorrelated.

[general grumbling and complaints about low correlation]

CHAPMAN: So at least paper 1 seems to go along with this, right? As the continuum
flux in the star goes down, although the data are very spotty (sic), the calcium
goes up.

GIAMPAPA: Yes, but that's paper 2.

HUDSON: Are we at the limits of ground-based photometry here?
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LIMB DARKENING VARIATIONS

David H. Bruning
Mount Wilson and Las Campanas Observatories
of the Carnegie Institution of Washington

ABSTRACT

Variations of the solar limb darkening as measured in the line wing of
the Fe I line at A5250 have been observed at Mount Wilson Observatory. The
measurements were made over the visible solar disk excluding those points
where the magnetic field strength exceeded 5 Gauss. This exclusion of mag-
netic points should reduce the effects of faculae upon the derived limb
darkening curve. The observations cover 160 days during 1980 and show evi-
dence of variations of 0.002 IQ over timescales of thirty days.

INTRODUCTION

Variations of the solar limb darkening were first noticed by Abbott in
1922 (ref. 1). At that time, it was noticed that the solar limb darkening
varied from day to day, and from year to year, with an amplitude of 0.003 I0•
In 1982, Rosen, Foukal, Kurucz, and Pierce (ref. 2) presented observations
that also suggested that the limb darkening varies and that the variations
might be positively correlated with the ACRIM solar irradiance variations.
These variations might have been due to the presence of large facular regions
near the solar limb; however, examination of the intensity at points far from
the limb suggests that the limb darkening variations were indeed observed.
This conclusion is reinforced by the work of Rosen, Foukal, Petro, and Pierce
(ref. 3) which also shows limb darkening variations.

The Rosen et al. papers may be criticized because their observations
cover such a limited period of time, the limb darkening curves are derived
from drift curves which represent only a single scan line across the sun and,
as that mentioned above, their data is affected by facular regions near the
limb. This paper describes an attempt to produce a daily set of limb darken-
ing data obtained from the entire visible disk of the sun. The effects of
faculae have been minimized by excluding from the analysis all points where
the magnetic field strength is greater than 5 Gauss.

OBSERVATIONS

As part of the daily magnetogram observation at Mount Wilson Observatory,
the intensity of each point on the sun as measured in the wing of the Fe I
X5250 line is recorded. These intensities are used to form a least squares
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solution to the limb darkening formula used by Pierce and Waddell (ref. 4).

I(y) = A + B u + C u [1 + log (1 +l/u)] +

D t + E t2 + F x/R

where the additional terms D and E account for variations in atmospheric
transparency and F for vignetting by the telescope. Each observation consists
of roughly 22000 points and takes one hour to complete. The data sets com-
prising the present study are those deemed of highest quality by Bruning and
LaBonte (ref. 5), which amounts to 160 days during 1980.

The limb darkening curve as written above uses all of the data over the
surface of the sun, but it is of interest to investigate the quiet sun limb
darkening curve separately. It is commonly assumed that the solar irradiance
variations are due entirely to the effects of active regions and that the
background quiet sun remains constant. However, this may not be the case and
it is therefore of interest to investigate the nature of the quiet sun irra-
diance. To do this, we omit all points on the surface of the sun whose mag-
netic field strength is greater than 5 Gauss in the magnetogram obtained
simultaneously with the intensity data.

RESULTS

The average values for the limb darkening coefficients for 1980 are

A = 0.674 a = 0.0016
B = 0.501 0.0010
C = -0.571 0.0023

mean intensity = 0.775 0.0019.

From days with two observations, we find the standard deviation for the mean
intensity to be 0.0012. The difference between the two values for the stan-
dard deviation suggests that part of the scatter of the observations is due
to systematic variations of the mean intensity. A plot of the mean intensity
for each day is shown in Figure 1. If we use only the data obtained during
periods of high sky transparency, we obtain the plot shown in Figure 2. The
mean intensity is seen to vary in both figures on timescales of roughly 30
days.

It might be suggested that the variations are related to scattered light
in the telescope. Figure 3 shows a scatter plot of the mean intensity versus
the scattered light as measured for each observation. There is no apparent
relationship between the two quantities suggesting that scattered light does
not seriously affect our observations.
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Rosen et al. found for their data around day number 275 of 1980, that
the mean intensity rose in tandem with the increase seen by the ACRIM experi-
ment. Comparison of our mean intensity values with the residual irradiance
obtained by Hoyt and Eddy (ref. 6) and Sofia, Oster, and Schatten (ref. 7) by
subtracting their model predictions from the ACRIM data values for each day
indicates that there is no correlation between the limb darkening variations
and the irradiance residuals.

CONCLUSIONS

There appears to be a variation in the quiet sun limb darkening curve as
measured in the Fe I A5250 line wing. This results in a variation of the
mean solar intensity of amplitude 0.2 with timescales of roughly 30 days.
These variations do not appear to be the result of instrumental scattered
light and do not correlate with ACRIM irradiance measurements. More observa-
tions of the solar limb darkening need to be made before the existence of the
variations can be established. These observations would best be made at
several different wavelengths to better probe the temperature response of the
photosphere as per the studies by Livingston and Holweger (ref. 8).
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FIGURE CAPTIONS

Fig. 1. Mean intensity of the sun for 1980 as derived from the limb darkening
curve for the Fe I line at A5250.

Fig. 2. Mean intensity as in Fig. 1 but for those days of high sky
transparency.

Fig. 3. Scatter plot of the mean intensity versus instrumental scattered
light. No correlation is seen to exist suggesting that our observations are
not seriously affected by scattered light.

168



• •

O
CO

0>
r-

co to

o
cvi

O
co
ro

O
O
ro

O >;
«fr <
CM O

O
00
O>

O ^*
00 UJ

O
CM

O
<D

01
Ma,
•H

A1ISN31NI NV3W

169



•

••

O
CO

O
(0
rO

O
O
rO

CO

O
CO
O)

§

CM

0)
1-1

60

AJLISN31NI NV3W

o
CJ

o
00

O) 00N- (0
N-

to

170



•r

•/ *
•

00 (0

in

m
CM

o
o

cc
UJ

m cj
Is- CO

Oin

in
CVJ

m

CO

0)
t-l

A1ISN31NI

171



DISCUSSION OP BRUNING PRESENTATION

FOUKAL: Actually, what are you plotting on the y-axis?

BRUNING: This is the mean intensity now derived from the limb darkening curve.
Standard deviation is probably on the order of one or two units here.

SKUMANICH: Have you weighted the ... it's the mean flux, in other words.. .

BRUNING: Yes.

HUDSON: The point is, that's the limb darkening change .. .

BRUNING: No, what I do is I use that curve, that general fi-dependence, to derive
what the limb darkening is for each day, and take that limb darkening curve that
I derive and compute what the mean intensity is for that day. If the limb
darkening has changed, then that's telling you then that the quiet Sun
background that are assumed constant is not constant, and that you have some kind
of global variation in the solar irradiance.

SKUMANICH: This is in units of the center of the disk?

BRUNING: Right.
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PHOTOMETRIC VARIATIONS OF

SOLAR-TYPE STARS: RESULTS OF

THE CLOUDCROFT SURVEY

Mark S. Giampapa
National Solar Observatory

ABSTRACT

I summarize the results of a synoptic program conducted at the Cloudcroft
Observatory to search for the occurrence of photometric variability in solar-
type stars as seen in continuum band photometry. The survey disclosed the
existence of photometric variability in solar-type stars that is, in turn,
related to the presence of spots on the stellar surface. Moreover, the
observed variability detected in solar-type stars is at enhanced levels (~1%)
compared to that observed for the Sun.

INTRODUCTION

In general terms, stellar observations provide the means of comparing the
chromospheres and coronae of stars with varying levels of activity. Given the
fact that solar activity represents but one data point, our ignorance in this
regard reflects itself crucially in our comprehension of solar atmospheric
activity, its causes, and its influence on solar structure. From this
perspective the study of stellar atmospheres becomes an integral part of solar
physics.

The results of the ACRIM experiment on board the Solar Maximum Mission
(SMM) spacecraft indicate that the disk passage of sunspots can produce
irradiance variations at the level of a few tenths of a percent. This result
stimulated the search for the occurrence of photometric (continuum)
variability in solar-type stars that is analogous to that detected for the
Sun. The occurrence of spot-related variability on dMe and RS CVn stars has
been well established. Thus the principle objectives of the Cloudcroft survey
were to (1) monitor a relatively large sample of more nearly solar-type stars
in an effort to detect photometric variability, and (2) ascertain if a
relationship exists between any detected continuum variability and fundamental
stellar characteristics. Such stellar characteristics include rotation rate,
age, spectral type and atmospheric activity (i.e. chromospheric and coronal
emission).

The observational constraints on the program were implied by the ACRIM
results and the previously described objectives. In particular, the ACRIM
results indicated that a photometric precision of better than 1% was
required. Moreover, a large sample of stars had to be monitored to attain
statistical confidence in the results. Finally, the chosen sample of stars
had to represent a range of stellar characteristics. The requirements were
satisfied as described in detail in three papers by R. R. Radick and
collaborators (refs. 1, 2, 3; hereafter Paper I, Paper II and Paper III,
respectively). The observational procedures and data analysis techniques are
extensively discussed in these papers. In brief summary, the photometry was
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referred to an ensemble average for each field. In this way, high photometric
precision « 1%) was achieved combined with high observing efficiency. The
fields chosen were within the Hyades, Pleiades, and a Malmquist field. These
fields offered a range in stellar age that is, in turn, empirically related to
mean rotation rate and chromospheric/coronal emission for the stellar fields
considered in these investigations.

The observational strategy in Paper II departed somewhat from the
aforementioned approach. In particular, a small sample (11 stars) of solar-
type field stars were selected from Wilson's survey of chromospheric activity
(ref. 4). This sample represented a range of a factor ~ 5 in mean Ca II
emission flux. The observational program utilized differential photometry
involving standard stars. Hence Paper II more directly addressed the topic of
the relationship between stellar continuum variability and chromospheric
activity. In the following I will summarize the main results of each paper.

RESULTS

The segment of the Cloudcroft survey program described in Paper I
involved synoptic observations of a Malmquist field and fields in the Hyades
and Pleiades. The main conclusions of this study include:

I. The solar-age main sequence F-K stars in the Malmquist field were not
observed to be variable at the 0.5% level; variability at the 1% level was
typically detected for the late FV-early KV stars in the two cluster fields.
Interestingly, none of the B, A, or early F main sequence stars exhibited
detectable variability.

II. The extreme time scales of variability were weeks to months; typical
variability time scales were days to weeks.

III. An examination of available Ca II, X-ray and photometric variability
data for the Hyades stars revealed no correlation between observed continuum
stellar variability and chromospheric/coronal activity. However, no
correlation between Ca II emission and X-ray luminosity was found for the
sample of Hyades objects discussed in this investigation. Hence the lack of
any correlation is likely due to the fact that none of the Call-X-ray-
Cloudcroft variability data sets were acquired simultaneously.

IV. The typical time scales (~ a few days) of variability detected in the
Hyades and Pleiades fields is compatible with the typical rotational periods
for these stars. This is suggestive that the origin of the continuum
variability is related to the rotational modulation of spots combined with the
emergence and decay of active regions.

The segment of the Cloudcroft survey discussed in Paper III is a
continuation of the previously described program (Paper I) with the addition
of parallel observations of 36 Hyades stars obtained by G. W. Lockwood at the
Lowell Observatory 0.5m telescope. The results of Paper III confirmed and
extended those of Paper I. In particular:

I. The two Cloudcroft lists of variable candidates between the observing
seasons of Paper I and III were completely disjoint thus implying that the
amplitude of variability can change substantially over a time scale of 1
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year. There was acceptable agreement between the Cloudcroft and Lowell lists
of variable candidates given in Paper III.

II. As in Paper I, no stars earlier than F7 were found to be variable. The
late F stars exhibited variability only at relatively low amplitudes.

III. An analysis of the seasonal mean magnitudes for the program stars (as
referred to the ensemble average for a field) revealed variability on time
scales "• 1 year.

IV. An examination of the correlation between variability in seasonal mean
brightness, An, and b-y color displayed a qualitative dependence on spectral
type. More specifically, the distribution of An vs. b-y was tighter for the
early B and A stars than for the later spectral types. The outliers in this
distribution tended to be candidates for variability.

V. Analysis of An vs. changes in short-term variability, Ao , revealed a
positive correlation for the Hyades stars. That is, as mean brightness
declines, short term variability increases and vice-versa.

In Paper II, the association of photometric variability with
chromospheric activity, as suggested by the solar ACRIM results, was directly
addressed through the inclusion of Ca II H & K chromospheric emission data
obtained (fortuitously) nearly simultaneously at Mt. Wilson. The results of
Paper II were:

I. Correlated variability in the Stromgren u,v,b bands was observed in main
sequence solar-type stars at the 1% level. The characteristic time scales
were days to weeks.

II. The continuum variability was of higher amplitude in the shorter
wavelength u and v bands. This is corraborative evidence for spots as the
cause of the variability. Since spots are cooler than the surrounding
photosphere the flux deficit would be greater at shorter wavelengths.

III. The addition of the Mt. Wilson Ca II data revealed that the continuum
variability is associated with chromospheric activity. In particular,
continua minima are correlated with maxima in chromospheric emission (see
Figure 1) which presumably arises from plage associated with the spots.

IV. As in the case of the Sun, these centers of activity are localized but
characterized by filling factors of a few percent on the visible stellar
surface. By contrast, solar filling factors are a few tenths of a percent.

CONCLUSIONS

The principal result of the Cloudcroft survey is that photometric
variations in continuum bands analogous to solar irradiance variability, as
detected by the SMM-ACRIM experiment, is present in solar-type stars. The
variability can be attributed to the rotational modulation (disk passage) of
spots, as with the Sun. The stellar continuum variability, however, can be an
order of magnitude greater in amplitude than solar variability, but an order
of magnitude less than that detected in dMe stars and RS CVn systems.
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The fact that continuum band photometry reveals the presence of spots on
solar-type stars implies that this kind of photometric technique can be
utilized to measure stellar rotation periods and, potentially, differential
rotation. This technique may be more suitable than synoptic observations of
stellar Ca II emission arising from plage for the measurement of differential
rotation. In particular, integrated synoptic solar Ca II K line observations
did not exhibit solar differential rotation because of the wide distribution
in latitude of plage and the solar Ca II network (ref. 5). However, I must
note the caveat that sunspots (and perhaps starspots) evolve more rapidly than
plage (ref. 8). Hence, a localized spot region may not be present for as many
stellar rotation periods as plage. Nevertheless, the results of Papers I and
II reveal that coordinated, synoptic observations are necessary in order to
relate stellar photometric (continuum) variability with stellar
chromospheric/coronal activity.

Finally, I am particularly intrigued by the results for the main sequence
F stars. The Mt. Wilson Ca II surveys (refs. 4 and 6) show no or low
amplitude cycles (analogous to a solar cycle) for F stars. Furthermore,
little or no rotational modulation of Ca II emission is detected in the F
stars. As noted herein, continuum variability is not detected or is detected
at relatively low amplitudes in F stars. These observations imply either a
low level of activity, a uniform distribution of spots, or no spots on the
surfaces of F stars. However, the X-ray luminosities of F stars are typically
10-100 times the X-ray luminosity of the quiet Sun (ref. 7). I therefore
hypothesize that the main sequence F stars are characterized by a uniform
distribution of rapidly emerging magnetic flux that is not sufficiently
concentrated to produce spots. Thus the F stars would have only "network"
uniformly distributed over their surfaces. Perhaps there is insufficient time
for the amplification via the u>-dynamo of interior magnetic flux before it
emerges on the stellar surface. Consequently spots are not formed on these
stars characterized by shallow convection zones.
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FIGURE CAPTIONS

Figure 1: Call H & K emission flux (S) and averaged photometric data (mag),
plotted against Julian Date for HD 152391. Observations separated by 4 days
or less are connected in both panels. Continuum light and Ca II emission both
increase upward.
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DISCUSSION OF GIAMPAPA PRESENTATION

GIAMPAPA: the calcium is low the star brightness is high, and again if the
calcium is high the brightness of the star decreases.

COOK: There's a slight shift on the sun too, so as long as it's a couple of days
it's not bad.

GIAMPAPA: Now, this was convincing to me anyway and it agreed with my prejudices.
But the basic conclusions were that the continued variability at the 1% level,
timescales of days and weeks on solar type stars was present, and was more
pronounced in shorter wavelengths; knowing that spots are cooler you might
expect the flux deficit therefore to be more pronounced at the blue wavelengths.
That was more solid evidence for the variability being ascribed to activity, .. .

NEWKIRK: I don't think you can make the statement you made regarding the
asymmetry of these sorts of stars in comparing them with the sun. You basically
have a selection thing, you've selected out those stars in which there's a large
collection, or maybe one big spot on one hemisphere. If things were sprinkled
around more or less uniformly in longitude on the star, you simply wouldn't see
the fluctuation, since most of your stars are really at the edge of your
detectability of variability anyway.

GIAMPAPA: Yes. That's correct. That was also the point of the solar paper by Keil
and Worden, that plage is distributed in such a way that you don't see the
differential rotation. You can pick out the mean rotation of the Sun. In the
stars that behavior is manifested at an enhanced scale and so, by looking at
stars like that you are looking at different stellar characteristics such as
differential rotation for example, and that may thereby provide a better handle
on the parameters involved in this. The observations of variability will of
course show up in those kinds of stars, and the question is how representative
are they? Or do you think the sun is a very peculiar case? Is that your opinion?

NEWKIRK: I'm not quite sure what the question is!

GIAMPAPA: You seem to be implying that somehow in the stellar observations you
may not be addressing the problems of magnetic field generation in stars in
general, and that we are looking mainly at special cases.

NEWKIRK: If you have stars with an entire distribution let's say in the
clustering of spots, all the way from ones which you might regard as pathological
situations where activity lasts for a very long time on one hemisphere; others
perhaps of the same general magnetic activity may distribute the activity in
longitude. The first type are going to be easier to detect.

GIAMPAPA: That's right. But your second point is not correct anyway. You don't
see stars with high activity that do not exhibit that kind of behavior. With the
exception of the P stars, you don't see solar-type stars with high X-ray
lunminosity, or with strong, calcium emission, that do not show rotational
modulation. So you're right, but the facts don't support the premise of your
second statement.
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NEWKIRK: If you had lots of little spots, my claim is you wouldn't detect them.

GIAMPAPA: That's right, but you don't see stars at high levels of activity that
have lots of little spots.

CHAPMAN: You're saying it's not uniform. If it's a high level of activity it
tends to be non-uniform in time.

HUDSON: Based upon the solar example, as you know very well, there's nothing that
says that the occurrence of active regions has anything to do with solar
rotation. It's not correlated with the rotation of the sun past the earth; so the
more activity you've got, the more variability you're likely to have (you do have
on the sun). So why should we have ....

CHAPMAN: I think the one point, if I may interject myself, that might be
pertinent here is based on the solar example; that Gordon may be wrong on his
second point but you're basing that on the assumption that the sun represents a
good model, are you not?

GIAMPAPA: Well, in the sense that I have a phenomenon like spots that I know
about on the sun.

CHAPMAN: ... but if you had distributed activity that was really well mixed in
longitude then indeed you might not see it. But the sun doesn' t work that way . ..

GIAMPAPA: Well it's not just the sun but many stars don't work that way either,
although with that possible exception .. .

HUDSON: In general more activity should lead to more variability, since the
appearance of active regions should never be correlated with the direction to
the Earth.

CHAPMAN: If I make one point, if I may interject myself here... You are basing
everything on the solar model, but Gordon may be wrong here; is the sun really a
good model here? Yes, but if you had distributed activity that was well mixed in
longitude, you might not even see it except as a fluctuation.

GIAMPAPA: It's not just the sun; many stars don't work that way either.

COOK: I'd just like to mention another paper in the second Cambridge cool stars
workshop. .. some stars showing a faster rise to maximum. . .(inaudible)

CHAPMAN: His example of what, stars being similar to the Sun?

COOK: No, of applying solar-type ideas.

CHAPMAN: Does it seem to work or not?

COOK: Yes.

MOORE: Has anyone shown that if you look at the sun as a star in the K-line, that
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that signal will be anticorrelated?

SKUMANICH: I can answer your question; what you have here is ACRIM plotted upside
down, also plotted in repeated upper and lower panels, a plage signal solely from
plage models that Judith Lean and I computed, and the actual K flux measured by
the valley photometer by Livingston.

QUESTION: what time period is this?

SKUMANICH: This is the middle of ' 81 to July ' 82.

MOORE: So the answer to the question is yes?

SKUMANICH: The amplitudes there's a factor of 10 difference between the ACRIM
range of 1-3 mmag and the K-line range is 30 mmag or so. They are definitely
anticorrelated.

[general grumbling and complaints about low correlation]

CHAPMAN: So at least paper 1 seems to go along with this, right? As the continuum
flux in the star goes down, although the data are very spotty (sic), the calcium
goes up.

GIAMPAPA: Yes, but that's paper 2.

HUDSON: Are we at the limits of ground-based photometry here?

GIAMPAPA: Yes, we might be in fact, if they've correctly identified sources

HUDSON: An error of 0.003 mag is the goal?

GIAMPAPA: Yes, if they've correctly identified the sources of errors, it looks
like we are limited to a half of percent level by the atmosphere.

LaBONTE: Doesn't that mean that you just have to observe the whole subset of
stars in a shorter time?

GIAMPAPA: It would be ideal to get the synoptic observations of the large
telescope and a fast detector [.... a multichannel, chopping, a CCD might be
good.. . brief, confused discussion].

FOUKAL: You could probably do a bit better than that by cross-correlating
results from different observatories.

GIAMPAPA: Yes, that was tried in Paper III; there was acceptable agreement, but
there were some discrepancies which I can't account for.

CHAPMAN: But the errors were about the same, right?

GIAMPAPA: Right. I think that the future for this kind of program looks rather
bleak. As you know, the Cloudcroft facility was shut down by AURA and the
telescope has been mothballed.
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HUDSON: Aren't you being rather pessimistic about what ground-based photometry
might be able to do? For rapid variations, for example, we have the excellent
photometry of Kurtz on Ap stars . He seems to have a value of a about a factor of
ten better than this 0.3 mmag level.

GIAMPAPA: I see. Of course, they are bright A stars. But of course the brightness
shouldn't matter unless you are photon limited.

NEWKIRK: Although it hasn't worked yet, or hasn't been put on the air yet, the
hope is that McGraw's meridian telescope at Kitt Peak will be delivering
magnitude observations with precisions of about a thousandth of a magnitude.

GIAMPAPA: Yes, that's like the scintillation noise. I'd be surprised. . .

His advantage is that he measures a large number of stars in a very
short period of time.

GIAMPAPA: That is true, but as we heard at the Santa Fe meeting, only faint
stars. I would encourage that kind of program, but it's very difficult. They
won ' t even know what they are looking at . There should be a follow-up program to
find the spectral types of the stars they observe.

QUESTION: ?

GIAMPAPA : I'd say that ' s a real compromise compared to having a synoptic
telescope devoted to this problem

CHAPMAN: If we got the real errors down by a factor of five, we would really
start to see things.
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THE K2-DWARF V 471 TAU:
A STELLAR VERSION OF SOLAR VARIABILITY

A. Skumanicfr

A. Young2

High Altitude Observatory
National Center for Atmospheric Research^

Boulder, Colorado 80307

ABSTRACT

Simultaneous observations of the rotational modulation with a 1/2 day
period of chromospheric Ha emission and of broadband irradiance for the K2-
dwarf in V471 Tau are presented. The observations cover eight rotation
periods but do not cover the full surface of the dwarf because of timing con-
straints. Our preliminary results show a phase relation between enhanced
chromospheric emission and continuum darkening similar to that observed on the
sun. A comparison with chromospheric Mg II resonance emission modulation
observed about 2 1/4 years earlier by Guinan and Sion shows that the same
active longitude is involved. This is either coincidental due to lucky phasing
or signifies, as we believe, a stable longitude that has persisted for hun-
dreds of rotations.

INTRODUCTION

The issue of solar variability on active region time scales can not but
benefit from being placed in context with similar phenomena in other solar-
like stars. The point here is that such stars represent different states of
rotation (and presumably differential rotation), convective strength and other
parameters that enter into the underlying magnetic driver of such activity.
We present a preliminary report here on our simultaneous observations of the
continuum and the Ha line in the rotating K2-dwarf in the Hyades eclipsing
binary V471 Tau. This dwarf represents a case of rapid rotation (P = 0.52
days) driven by tidal locking to a white dwarf companion, located at 5 stellar
radii from the center of the K2-dwarf.

Visiting Astronomer, Kitt Peak National Observatory, which is operated by
the Association of Universities for Research in Astronomy, Inc., under con-
tract with the National Science Foundation. The authors have contributed
equally to this work.

2Visiting scientist from San Diego State University.

Sponsored by the National Science Foundation.

185



The Ha observations were obtained at Kitt Peak National Observatory dur-
ing early January 1983 with the Coude" Feed with a ~1A resolution. The expo-
sure times were sufficiently long (-0.7 hr) as to cause undesirable rotational
phase smearing. Simultaneous broadband irradiance measurements at two colors
were made at the Mt. Laguna Observatory of San Diego State University. In
all, eight rotation periods were covered distributed in phase from 0.0 to 0.7.
Extinction effects did not allow irradiance measurements past 0.43 in phase.
Timing constraints prevented observations of the entire surface of the dwarf,
since its period is nearly a half-integral day.

H-ALPHA LINE PROFILE VARIATION

Figure 1 presents a comparison of the Ha line at phase 0.01 with that of
a normal non-chromospherically active K2-dwarf (HR 6806) of matching spectral
type. It is obvious that the lines in V471 are rotatipnally broadened and
that Ha is diluted. We take this to mean that it is partially filled by emis-
sion, so that this face, 180° opposite the white dwarf, has some areas of gen-
eral magnetic activity. We presume that, like the sun (cf. ref. 1), this
residual activity is distributed over 180° in longitude. We take the Ha pro-
file at this phase to be our "zero-point" for identifying plage-like active
regions which are more intense and/or more compact in extent elsewhere on the
star.

Figure 2 compares the Ha profile at phase 0.36 with our zero-point pro-
file (phase 0.01). At this phase the line is filled with active region (AR)
emission which rises above the continuum. The "excess emission" is the
difference of these two profiles and is given in Figure 3. We note that
differences in the continuum at the different phases are ignored here. The
area under the "emission line", in units of the continuum (hence in
Angstroms), represents the radiative loss from the active region. We find
that the "emission line" exhibits doppler shifts in wavelength relative to the
photospheric lines appropriate to the appearance of the active region on the
approaching limb and its movement by rotation across the visible face.

ROTATIONAL LIGHT VARIATIONS

Applying the above procedure to the Ha profiles that have been reduced
for other phases one obtains a time sequence of active region excess emission
that is plotted as phase grouped mean points in Figure 4 modulo the rotational
period. Also plotted as a solid line is the mean irradiance light curve
corrected for ellipsoidal distortion. The observing and reduction procedure
used is described in ref. 2. The error bars indicate the precision of the 5
day mean (8 rotations) light curve. Guinan's (ref. 4) ellipsoidal correction
was used. The curve is inverted so that the magnitude increase (Imillimag =
0.001 magnitudes - 0.09%) or degree of darkening increases upward. We have
marked the location of two "spotted" regions at SP1 and SP2. The location of
the latter is uncertain but it is clear that a second spot exists.

To compare with the solar case we present in Figure 5b the rotation modu-
lation of the solar white light irradiance (in magnitudes increasing upward)
as a solid line (ref. 3) along with the associated chromospheric modulation in
the Ca II K resonance line (A3933A), dotted line, observed for the same period
by Livingston (ref. 4) at Tucson. In Figure 5a the predicted modulation due
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only to Ca II plages, dotted line, based on the model of Skumanich et al.
(ref. 1), is plotted with the white light irradiance modulation.

It is apparent that in both stars a good correlation exists between chro-
mospheric active regions—plage—and "spottedness" and that the chromospheric
signal is broader in phase than the continuum signal. We defer the discussion
of phasing differences to a more careful analysis of the data. The sun
appears to yield a noisier correlation than V471 Tau, suggesting that on V471
Tau spot and plage regions occur in active longitudes that are fewer in number
but larger in relative size.

ACTIVE REGION TIME SCALES AND LONGITUDES

A comparison with the 1979 observations of V471 Tau by Guinan and Si on
(ref. 5) allows one to make some comment about active region time scales. The
continuum darkening curve observed by them indicated two "spotted" regions, a
weak one at phase 0.12 and a stronger one at 0.63. The phase of at least one
of the "spotted" regions is somewhat different between the two epochs. The
localization to similar hemispheres is either coincidental, due to lucky phas-
ing if differential rotation drift occurs, or indicates relatively stable
active longitudes. Figure 6 illustrates the Mg II resonance emission (X2800A)
rotational modulation found by Guinan and Si on in 1980 (private communica-
tion). The chromospheric Mg II emission bears a very close resemblance to our
current epoch chromospheric H«*emission. We would interpret this as possibly
indicating a stable active longitude over the 2.2 year period. In the case of
the sun such persistent active longitudes have been identified, but their
lifetime was found to be 3 to 6 rotations (ref. 6). However, our result is in
agreement with the observation of Ca II chromospheric rotational modulation in
other main-sequence dwarfs (ref. 7) as well as in the "spotted" dMe stars
(ref. 8).

Whether the fact that the activity in V471 Tau is most pronounced at
phase 0.5, i.e., centered on the face directly below the companion, is coin-
cidental or indicative of some kind of tidal locking of activity is unclear at
this time. A similar sub-secondary longitude effect has been found in the
"spotted" dMe binary CCEri (ref. 8). If tidal locking is causal, then binary
stars such as V471 Tau may be poor solar analogues; but instead they may shed
considerable insight into fundamental questions concerning the physics of con-
vective dynamos and differential rotation and that is the purpose of comparing
and contrasting their properties with those of the sun.

A more detailed analysis of our observations is currently in progress.
Photometric observations at Mt. Laguna were made by Victoria Paylor.

The authors are grateful to D. Mihalas for a careful reading of the
manuscript and his suggestions.
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FIGURE CAPTIONS

Figure 1. Comparison of Ha spectral line for V471 Tau at phase 0.01 with that
in a normal K-dwarf. The spectra have been continuum matched.

Figure 2. Comparison of Ha spectrum at phase 0.36 and phase 0.01, continuum
matched.

Figure 3. Difference spectrum of Ha at phase 0.36 relative to phase 0.01.

Figure 4. Ha emission equivalent width relative to phase 0.01 (dots) compared
to photometric darkening (solid curve). The reduced irradiance at phase
0.2 is real and signifies the location of spot SP1. The existence of
spot SP2 is conjectured since the star must eventually brighten, but its
location in phase is indeterminant.

Figure 5. Comparison of solar photometric darkening with: a) calculated Ca II
1.0 Angstrom index for plage component only b) observed Ca II index, (cf.
Ref. 3).

Figure 6. Mg II light curve as observed by Guinon and Sion with the Interna-
tional Ultraviolet Explorer.
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DISCUSSION OF SKUMANICH PRESENTATION

CHAPMAN: Could you pose that question once again? About the packing fraction of
spots in active regions?

SKUMANICH: Yes, what is the ratio of spot area to active-region area? Can that
change when you go to a K-star from a solar-type star? In the average active
region, we know that there's an asymmetry, we know that the spots tend to occur
at the leading part; the field tends to be concentrated in spots, the following
part of the field tends to be more spread out in plage. Can we detect or infer
that kind of asymmetry from stellar observations?

GIAMPAPA: What about other causes of variability in the M dwarfs? Do you need to
have an accretion disk?

SKUMANICH: I think Occam's Razor ought to apply and that we have magnetic
activity on these stars.
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HELIUM 10830A IRRADIANCE: 1975-1983

J. ¥. Harvey
Kitt Peak National Observatory*

ABSTRACT

Digital spectroheliograms made daily at Kitt Peak are processed to deter-
mine values of the equivalent "width of the He I 10830A chromospheric spectrum
line averaged over the visible solar disk. A fairly complete time series from
late- 1974 to mid- 1983 is available. A solar-cycle variation from about 28 mA in
1975 to about 80 mA in late 1981 is the major component of the signal. The
10830 variation reaches minimum about a year before the sunspot minimum
and reaches maximum about a year after sunspot maximum. Superposed on
the solar cycle variation is a modulation of up to ±13mA due to the passage of
active regions across the disk. Power spectral analysis of fie time series shows
a major peak at a synodic rotation period of 27.42 days and smaller peaks at
1/2, 1/4 and 1/8 of this period. The spectrum is well modeled by a basic
fluctuating component with an exponentially-decaying auto co variance function
of scale time of 43 days. The spectrum also shows signals at periods of one year
and one-half year which can be attributed to an annual variation in water vapor
at Kitt Peak and the semi-annual change in the sub-earth, heliocentric latitude
respectively. An analytic signal analysis of the data indicates that the rota-
tional modulation occurs in episodes that last from 4 to 10 rotations. Spatially
resolved images show that these episodes arise when active regions tend to
occur in a limited longitude range. The analysis also shows that the apparent
rotation period increased from 1977 to 1981. The apparent rotation period
since 1981 has been markedly shorter. This behavior is contrary to what one
might expect from the decreasing latitude of active regions during the course
of the sunspot cycle and is due to systematic trends in the longitude at which
activity occurs.

The 1083oA line of He I presents a unique view of the sun. This spectrum
line is sensitive to coronal radiation (ref. 1) and is readily observed against the
disk from the ground (ref. 2). Spectroheliograms show absorption features con-
sisting of active regions, filaments, ephemeral regions, the quiet network and
coronal holes in order of decreasing visibility (ref 3). To some degree, observa-
tions of 10830 should serve as a proxy for ultraviolet observations obtainable
only from space. This spectrum line can be observed in a wide range of stars
(ref. 4) and ought to be a good activity diagnostic somewhat distinct from the
usual H and K and Balmer lines once its behavior in the sun is understood. One
major advantage of the 10830 line compared with other chromospheric lines is
that it is almost entirely formed in the chromosphere and has very little pho-
tospheric contribution (ref. 5). The presence of a photospheric component in

•Kitt Peak National Observatory is operated "by the Association of Universities for Research
in Astronomy, Inc. under contract with the National Science Foundation.
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lines such as H and K degrades their value as indicators of chromospheric
activity (ref. 8). Unfortunately, the details of helium line formation in the sun
are still not well understood (refs. 7,8). A preliminary study of the variation of
10830 in the sun was presented earlier (ref. 9).

nRSKRVATTOMS

Spectroheiiograms using the He I 10830A line have been made with the
512-channel magnetograph at Kitt Peak since February 1974 (ref. 2). Except
for a substantial portion of 1978, the coverage has been fairly complete,
averaging about 65% of all possible days. The observations consist of digitized
full-disk images with a spatial sampling of one arc second. One of the products
of processing the observations is a number which represents the strength of
the He I line averaged over the visible disk, i.e. the sun seen as a star. These
numbers have been calibrated in terms of equivalent width of the He I line by
comparison of 107 suitable corresponding direct observations of the equivalent
width kindly provided by W. Livingston. Based on this calibration, the internal
rms noise of the derived equivalent widths is about ±2 mA and systematic errors
appear to be less than 10 mA.

In preparing the time series for analysis, observations which did not cover
the full disk of the sun were excluded as were a few anomalously noisy observa-
tions after these were justified by examination of the original images. The
amount of data removed in this way amounted to a few per cent. Figure 1 is a
plot of the edited and calibrated time series. Figure 2 is a plot of the same data
but with all fluctuations having periods less than 53 days removed by a sharp
cut filter in the Fourier transform domain.

We see that the 10830 minimum occurred in mid-1975 at a level of 24 mA.
Although much of 1976 is not available, it appears that the trend in 1976 was an
increasing equivalent width and that the 10830 minimum therefore occurred
about a year before the sunspot minimum. This can be understood if small-
scale activity, not producing sunspots, was already increasing in 1976 as part of
the rise of the new sunspot cycle. These data support previous reports that a
minimum in the solar EUV flux occurred in mid-1975 (refs. 10,11). In the
smoothed plot, the 10830 maximum is reached in late 1981 at a level of about
83 mA. The sunspot record shows a clear maximum in 1979, nearly two years
earlier. Although it is dangerous to generalize on the basis of observations of
part of one solar cycle, these observations suggest that chromospheric activity
reaches a minimum prior to the minimum of sunspot activity (as indicated by
sunspot number ./?„) and the maximum of chromospheric activity is delayed
from the sunspot maximum.

The range of the smoothed 10830 solar-cycle variation, from about 28 to
about 70 mA or 1:2.5, can be compared with the range of total magnetic flux on
the sun during the same time period (2 to 7xl023 MX or 1:3.5 from KPNO meas-
urements) and the range of the 1 A K-iine index, 87 to about 100 mA or about
1:1.15 (ref. 12). One might conclude from the much larger range of the 10830
line variation compared with the K line variation that the former would be a
superior indicator of activity. For some stellar spectral types this may be true,
but for the sun, assuming perfect detectors, the high photon noise associated
with the background on which the 10830 line appears cancels its apparent
advantage. It is easy to show that the variation to photon-noise-level ratio is
nearly identical for the 10830 and K-lines in the sun.

Superposed on the slow variation of the signal is a modulation with an
apparent period of about 27 days and an amplitude of up to 15%. Resolved
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images show that this is due to the rotation of active regions, filaments and
coronal structures across the disk. On occasion (e.g. just before mid-1980) the
dominant 27-day period is replaced by a harmonic (in this case a 13-day
period). To study the high frequency variations of the 10830 signal, we turn to
frequency analyses.

A TOIJRTKR ANALYSTS

The first step in this Fourier analysis was to subtract a single function
which fits the major solar-cycle variation of the time series. The form of this
function, which was estimated by eye. was

50 - 22 cos[27r(d - Nov.25,1974)/ 3900] mA (l)

where d is measured in days. The next step was to multiply the first and last
100 days of the time series by cosine bell functions to reduce end effects. Since
the time series has many gaps, a standard fast Fourier transform program
could not be used. In a case like this, the procedure discussed by Deeming (ref.
13) is appropriate. Essentially one does a brute force integration of the data
multiplied by sines and cosines of selected frequencies. The frequencies used
here ranged from 0 to 999 in units of 1/4096 cycles per day. This choice of fre-
quency step slightly overresolved the frequency spectrum but was required for
a later analysis.

The power spectral density of the time series is shown in figure 3. The
power spectrum of the data window function falls below 1% within 4 frequency
steps of the peak and seldom exceeds 0.1% at other frequency steps. Thus the
power spectrum of the data is not significantly corrupted by the irregular sam-
pling of the original data. As the data spectrum is quite noisy, it was filtered (in
power) by a crude 11-point running mean to produce the smoothed power spec-
trum in figure 4. The spectrum shows a low-frequency rise together with sub-
stantial peaks at frequencies that correspond to one synodic rotation period
and its even harmonics, all on top of a significant background level. This type
of spectrum looks very much like what one would expect from a basic fluctua-
tion (at low frequency) that is modulated by a periodic function having a
significant amount of harmonic content (producing the high-frequency hetero-
dynes). To test this idea, we assume that the basic fluctuation is characterized
by an exponentially-decaying, autocovariance function in time, t ,

R(t) = o-2e-a'*l (2)
where a is the standard deviation of the fluctuation and a is the reciprocal of
the scale time of the fluctuation. The one-sided power spectral density of this
function is

where / is frequency. We also assume that the basic fluctuation can be modu-
lated by a cosine function of frequency /„ to yield an autocovariance function

2*/oO (*)
which has an associated power spectrum,

P0(/)=2a<72 | , * 0+ ,..,:. . %0 (5)

199



The proposed model for the power spectrum then consists of a constant back-
ground plus /*(/) plus four functions P0(f), one for each major peak. A least-
squares fit of this model to the power spectrum gave the smooth curve shown in
figure 4. Evidently this simple model fits the data quite well. The value of a
corresponds to a scale time of 43 days which seems reasonable for the growth
and decay of the activity complexes that produce the bulk of the 10830 signal.
However, this value is very likely to be an underestimate because the spectral
peaks at the rotation period and its harmonics are not produced by pure cosine
modulation of a basic fluctuation. For example, the rotation rate is not con-
stant for all 10830 features and this will lead to a broadening of the observed
pieaks and a corresponding artificial increase of the basic fluctuation frequency
(i.e., a decrease of its period or scale time).

The synodic periods for the peaks are 27.42, 13.56, 6.77 and 4.21 days. The
first of these is not significantly different from the Carrington rotation rate.
The other periods correspond to rotation rates that are very slightly faster
than harmonics of the basic frequency, for reasons that are not clear. The rms
noise implied by the background level of the model is about ±6 mA which is a
factor of 3 larger than the estimated instrumental noise. One can attribute 2
mA of the background to observational noise and 4 mA to a high frequency,
aliased component of the solar 10830 signal, the most likely solar source being
the changing network pattern with a scale time of about 1 day. It would be use-
ful in a future investigation to determine the high frequency spectrum of the
solar 10830 signal to test the explanation of the background spectrum pro-
posed here.

There are two narrow spikes in the spectrum at frequencies that
correspond to one year and one-half year with respective amplitudes of 1.5 and
0.5 mA- The annual variation is probably due to a weak water vapor line within
the instrumental passband together with the well-known annual variation of
water vapor at Kitt Peak. The semi-annual variation is probably due to the
semi-annual change in the absolute value of the heliocentric latitude of the
sub-earth point and the resulting changing visibility of polar coronal holes.

One may ask about the fine structure of the spectrum, for example around
the frequency of the 27-day peak. There is a great deal of fine structure but it
is probably caused by modulation of the basic rotational frequency by changing
amplitude, phase and frequency. The result does not convey useful information
about rotation rates in the simple spectrum form. There is a more appropriate
analysis procedure discussed in the next section.

AN ANALYTIC: RTHNAT. ANALYSTS

The preceding Fourier transform analysis eliminates phases which may
contain physically interesting information. To recover some of this information
we construct an analytic signal version of the original time series (ref. 14). This
is a complex function which is band-limited to the frequency range containing
most of the power around the 27-day peak (specifically, periods from 23.01 to
34.42 days). The real part of the function corresponds to the original signal
and the imaginary part is the Hilbert transform of the original signal. The
amplitude of the analytic signal is the instantaneous amplitude of the original
(band-pass-limited) signal and the time derivative of the phase of the analytic
signal is the instantaneous frequency of the original signal. These functions
are illustrated in figure 5.

The analytic signal is characterized by episodes of duration 4 to 10 rota-
tions in both amplitude and frequency. A completely different type of analysis,
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applied to soft X-ray emission (ref. 15), shows an episodic nature of solar rota-
tional modulation. Unfortunately, the episodes of that analysis do not coincide
with the present analysis, probably because the correlation between 10830 and
soft X-ray emission is not very good. Examination of spatially resolved images
shows that the 10830 episodes are times during which one major complex of
activity dominates the 10830 signal or when one longitude tends to be particu-
larly active. The instantaneous amplitude ranges from 0 to 13 mA with 4 or 5 a
typical value. In other words, the rotational modulation of the 10830 signal is
typically 10% of the mean. The behavior of the instantaneous frequency (here
plotted as instantaneous period) is very interesting. Each episode seems to be
unique which suggests that each complex behaves independently. Examination
of resolved images shows that many of the episodes can be attributed to
activity around Carrington longitude 180°. The distinguishing characteristic
between episodes is the longitude evolution of activity. For example, in mid-
1979 the western part of the major activity complex around 180° died, causing
an apparent decrease in rotation rate. This only lasted for a few months to be
followed by a rebirth of the western part of the complex and an apparent
increase in rotation rate. In early 1980, a strong complex of activity developed
near 0° which nearly equaled the strength of the 180° complex. The result was
a shift of signal away from a 27-day period to a 13-day period for a few months.
After the 0° complex died, the 180° complex grew at its eastern edge leading to
a decreasing rotation period.

One surprising characteristic is the tendency for the rotation period to
increase from 1977 to 1981. Since the average latitude of activity is decreasing,
one might expect the period to decrease according to some differential rotation
law. A major decrease only occurred starting in mid-1982. Evidently, the evolu-
tion of activity swamps the effect of differential rotation. This result argues
against simple interpretations of similar observations of other stars. Such
warnings have been issued previously (refs. 9,16). It may be worth noting that a
sustained decline of activity together with the formation of large, long-lived
coronal holes began in mid- 1982 at the same time as the change in rotation
rate. It will be interesting to see what the rotation rate does during the
remainder of the current solar cycle.

The He I 10830A line equivalent width integrated over the visible solar disk
is a useful indicator of global chromospheric activity. It shows a solar-cycle
modulation of a factor of 2.5 and rotational modulation of order 10%. A simple
model fits the observed power spectrum. It consists of an aliased high-
frequency background due to network evolution, and a strong basic fluctuation
due to complexes of active regions that have a characteristic scale time of at
least 43 days. The basic fluctuation is modulated by solar rotation to produce
heterodynes of the basic fluctuation at periods of the rotation and its even har-
monics. An analytic signal analysis shows that activity can be attributed to
episodes of 4 to 10 solar rotations. The behavior of the signal during these
episodes is controlled by the evolution of active regions within large complexes.
This evolution swamps differential rotation effects.
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Figure 1. Equivalent width of the He I 10830 A line averaged over the visible
solar disk as a function of time. Each daily measurement is plotted as a cross
and is connected by lines if gaps do not exceed 3 days. Estimated random
observational noise is ±2 mJL Systematic errors in the ordmate should be
smaller than 10 mA.
Figure 2. Same as figure 1 but all fluctuations with a period shorter than 53
days have been eliminated by a sharp-cut Fourier filter.
Figure 3. Power spectral density (one-sided) of the 10830 observations from
1975 to mid-1983. The ordinate is a linear scale and the peaks around 400 nHz
result from solar rotation.
Figure 4. Same as figure 3 but the power spectrum has been smoothed by an
11-point running mean. The smooth curve is a simple model of the power spec-
trum (see text).
Figure 5. The 10830 signal was filtered to pass fluctuations from 23 to 34 days
period and then converted to an analytic signal form shown here. The upper
panel is the instantaneous amplitude of the signal. The lower panel is the
instantaneous period of the signal. Symbol size in the lower panel is propor-
tional to the amplitude of the signal. Note the trend toward increasing period
from 1977 through 1981.
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DISCUSSION OF HARVEY PRESENTATION

COOK: What is the affect of coronal holes? It should vary at different phases of
the cycle.

HARVEY: I can only give you a crude answer, we haven't done it quantitatively; in
essence you are asking how much of this variance might be due to coronal holes.
Sorry to say that the coronal hole signal is practically negligible compared to
active regions. We'd love to be able to pull out a strong coronal hole signature
especially for comparing with other stars, but it's negligible on this scale.

SCHATTEN: The 10830 signal is correlated with spots, but it is just one-to-one.

HARVEY: There is a degree of correlation, which I have not worked out. But my
point was that the minimum of the sunspot and 10830 curves is not the same in
time, it is a year different than the maxima of this curve and, [for] the sunspot
curve there's two years difference, and I consider that as a significant
discrepancy. I presume that is mainly due to the fact that the signal in 10830 is
primarily due to plages and not sunspots: sunspots are negligible.

GIAMPAPA: Do you have X-ray data?

HARVEY: I just received, courtesy of Dick Donnelly, some nice X-ray data, which I
intend to correlate with this. I tried this before but the correlation was
extremely bad; it was very hard for me to remove the effects of transient
activity in the X-ray signal. Somebody has done a good job on that now.

COOK: [The EUV flux reaches a minimum before the sunspot number. ]

HARVEY: To the extent that this is a proxy for what's happening in the EUV, I
guess I would tend to agree with Hinteregger's result in that; it looks like it's
about a year before.

CHAPMAN: What about sunspot area? Does that peak in '81, or does it peak in '79?
Sunspot number is a different thing.

EDDY: I'll show this afternoon that it peaks at the same time, about two years
after sunspot [number].

CHAPMAN: That's significant because before you draw conclusions, from the lag,
make sure you're talking about the right kind of thing.

HARVEY: I think sunspot numbers are a 17th-century invention I Ephemeral regions
reach minimum numbers one year before spots.

ZIRIN: 1974 was one of the most active years; is there a linewidth change?

HARVEY: We do have '74 data, as yet unprocessed, but Livingston is measuring
that.

K. HARVEY: I know that there's a bit of controversy on ephemeral regions [but] we
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have some data from ... and we also show that for small active regions when they
are lifetimes, we get a minimum in the count.. . flux eruption. . . slightly out of
phase 1 year before.

HARVEY: I had not compared this curve with (say) the total magnetic flux on the
sun. I suspect they will be pretty well correlated. That hasn't been done yet.

LEAN: If you take an active component which you say lasts maybe 1 or 2
[rotations] and [compare it with] calcium areas, do you account for all of the
change in intensity from the active component .. . ?

HARVEY: I don't know, I haven't done that; could be.

CHAPMAN: I have a nasty question. Are you missing any of the line in your slit?

HARVEY: Well, undoubtedly we are missing a part of the multiplet, and this may be
a function of the position on the disk or the degree of activity.

CHAPMAN: Does the amount of miss change with position on the disk; with the type
of activity?

HARVEY: Yes, I'm sure that our fixed slit on a rotating sun is causing some
noise, but we use a very standard alignment procedure every day and it ought to
be some sort of systematic error which I hope is taken out by calibration
comparison with Bill Livingston's stuff. It does provide a source of noise -
perhaps that's some of the background noise. I doubt if it's a serious problem,
because our slit is quite wide.

ZIRIN: You can't see coronal holes in the K-line, at least not very well, can
you?

HARVEY: We have processed the individual images in 10830 to reveal just the
coronal holes. One could make a butterfly diagram or the like, but in these
integrated 10830 signals, the coronal holes are a negligible source of
fluctuation compared to the active regions.

ZIRIN: You could just subtract the integrated K-line from 10830 to see the
coronal holes.

CHAPMAN: If the correlation is tight enough.

HARVEY: Well, that's an interesting possibility.

ZIRIN: That would mean, then, that if you look at stars, and subtract the K-line
variation from the 10830 variation . . .

HARVEY: Well, even with solar data that's going to be a marginal operation. Quite
difficult with stellar [data], I would think.

COOK: [Are the plage areas the same in K and 10830?]

HARVEY: Roughly, yes. But, in detail, the plages seen in 10830 don't look like
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plages seen in any other line. It's kind of a mixture of Ha and K, [that's] the
best way i can describe it for you. Everything is in absorption and there is
strong fibril structure.

MOORE: It looks like Lyman a?

HARVEY: No. Lyman a looks more like K to me than 1083O does; 10830 is weird. The
filamentary structure is very strong in 1O830.
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THE SOLAR CONSTANT, CLIMATE, AMD SOME TESTS OF THE STORAGE HYPOTHESIS

John A. Eddy
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ABSTRACT

Activity-related modulation of the solar constant (S) will have practical
consequences for climate only if storage is involved, as opposed to a detailed
balance between sunspot blocking and facular re-emission. Four empirical
tests are considered that might distinguish between these opposing interpreta-
tions: monochromatic measurements of positive and negative flux, comparison
of modelled and measured irradiance variations, the interpretation of secular
trends in irradiance data, and the direct test of an anticipated signal in
climatic records of surface air temperature. The yet-unanswered question of
the role of faculae as possible re-emitters of blocked radiation precludes a
definitive answer, although other tests suggest their role to be minor, and
that storage and an 11-year modulation is implicated. A crucial test is the
behavior of the secular trend in irradiance in the declining years of the
present activity cycle.

INTRODUCTION

The solar constant is the only strong force in the Sun-weather problem,
sufficient to perturb the lower atmosphere directly; any inconstancy, however
slight, is certain to alter the surface temperature of the Earth. Is our new
knowledge of real variations in the solar constant an advance of practical
significance for meteorologists, or only an academic one? A key question, for
climatology as for solar physics, is the one so vigorously debated at this
Workshop : whether or not observed variations in total irradiance imply any
change in the luminosity of the Sun (ref.l). A^e the fluctuations more than a
directional redistribution? Is there storage beyond the trivial delay between
sunspot blocking and facular re-emission?

The day-to-day and hour-to-hour variations in total irradiance detected
by the ACRIM and ERB instruments must also be felt in the lower atmosphere of
the Earth, where the bulk radiation from the Sun is the principal source of
energy input. Moreover, at the level of only 0.1% they exceed by orders of
magnitude any other direct effect of solar activity on meteorological
processes. Nevertheless, the SMM and Nimbus fluctuations that excite some of
us so much are of little or no interest to modellers of global circulation,
both because of their small amplitude and their brief duration. A fluctuation
of 1 part in 1000 in S lasting but a week is to the climatologist only a
jitter when compared to common modulations of mesoscale insolation by cloud

The National Center for Atmospheric Research is sponsored by the National
Science Foundation.
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cover, for example. To zeroth order, and ignoring thermal inertia, a change
of 0.1% in S implies a direct response of perhaps 0.1 degrees centigrade in
surface temperature (ref.2). By contrast, diurnal high and Tow surface tem-
peratures here in Los Angeles are typically separated by about 10 degrees C
— 100 times the maximum possible impact from the largest, short-term dips in
the ACRIM record.

A year-to-year modulation, or trend, of 0.1% in S (which appears to he a
matter of record in the Nimbus and the SMM data) is still 70 times smaller
than the variation in the same parameter that ensues every year from the
eccentricity of the Earth's orbit: an annual modulation of about 7%, full-
scale, that is widely unappreciated since in the present era in the northern
hemisphere it operates almost exactly out of phase with the more dominant
effect of the seasons.

The climatologists' interest in the ACRIM or ERB results is slightly
enhanced if the day-to-dav fluctuations may be presumed to be cumulative —
that is, if the blocked energy is stored for months or longer (refs.3,4,5).
In that case the jitter implies a persistent trend: a predictable, 11-year
variation in S (Figure 1) with an amplitude of about 0.1%, which might invoke
in inland areas a similar modulation of about 0.1C in surface temperature
(ref.6). That is about 5 times smaller than the temperature change attributed
by some to the recent El Chichon eruption or the Northern hemisphere v;arming
that characterized the period between the late 1800's and World War II
(ref.7). And it is 30 times smaller than the canonical warming of about 3
degrees C that some climatologists anticipate in the next 100 years due to the
progressive buildup of carbon dioxide (ref.8).

POSSIBLE TESTS BETWEEN STORAGE AND DETAILED BALANCE

Can we expect an 11-year modulation based on what has been so far
observed in spaceborne measurements of S? How can we determine whether the
solar luminosity varies or only the solar irradiance? Is there storage beyond
that of facular lifetimes? Four preliminary tests have been applied that
might distinguish between the extreme possibilities of storage and detailed
balance. As of June, 1983, all are probably inconclusive — as we might
expect, given the limited span of reliable data from the SMM and Nimbus
radiometers and our own proclivity for controversy.

MONOCHROMATIC MEASUREMENTS OF POSITIVE AND NEGATIVE FLUX

Bruning and LaBonte (ref.9) have measured full-disk photoelectric images
of the Sun in the wings of the 5250 A absorption line of Fel to test how the
negative flux of sunspots compares with the positive flux of photospheric
faculae in a year of high activity. Specifically they test how the product of
contrast and area of dark features in spectroheliograns (made near the maximum
of solar spectral emission) compares with that of bright features. Were there
a detailed balance between sunspots and faculae — that is, as suggested in a
series of papers by Sofia e_t aj_., (refs.10,11,12) a directional redistribution
of radiation only — we would expect the two to be roughly equal over periods
long enough to average out the effects of active region evolution. One year
seems long enough for that. Bruning and LaBonte conclude that in the year
1980 the bright component (or "positive flux") was nearly constant while the
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dark (sunspot) component fluctuated in a way that was highly correlated with
the SMM ACRIT1 measurements. In that year of maximum solar activity they find,
however, not dominant blocking but a net positive flux— implying that if
this monochromatic measurement can be taken as a bolometric indicator the
effect of solar activity in 1930 was a net increase i n O i e s o l a r constant.
Extrapolation would then suggest that in the course of the 11-year activity
cycle the solar constant might vary in phase with sunspot number with an
amplitude of at most 0.12%. This is of~similar magnitude but exactly opposite
to the out-of-phase modulation employed in the reconstructions that Hoyt and I
published (refs.13,14), where years of maximum sunspot area were taken as
times of minimum luminosity. Nor do Bruning and LaBonte find evidence for
detailed balance, or the directional redistribution of radiation predicted by
the Sofia et al. model. It would seem to confirm, in sense, but not in magni-
tude, the Tirst finding of Foukal, Mack, and Vernazza (ref.15) in their ini-
tial analysis of the Abbot Smithsonian measurements of S, where a weak facular
signal was marginally detected, with no discernible sunspot effect.

A crucial assumption in the 5250 analysis, however, is the relevance of
monochromatic photometry to bolometry, a step that seems particularly ques-
tionable given the strong wavelength dependence of facular contrast. At the
heart of the question is the unknown extent of facular emission in the contin-
uum over the whole disk. Chapman has recently estimated that facular areas
are 25-30 times those for sunspots (ref.16), supporting the notion of detailed
balance, or possibly a net positive effect of solar activity on luminosity.
Yet the long series of historical, broad-band photographs of the disk would
seem to disallow such a possibility. In 103 years of daily, white-light,
full-disk photographs made and analyzed at the Royal Greenwich Observatory
(ref.17) the ratio of projected facular area to projected whole spot area is,
on average, less than two (Figures 2 and 3), more than ten times smaller than
Chapman's more recent photoelectric estimate. Since the positive facular con-
trast is roughly 10 times smaller than the negative whole spot contrast the
historical photographic evidence argues that the effect of solar activity on
continuum radiance must be a predominantly negative effect. This would still
hold were the Greenwich photographic measurements of facular areas systemati-
cally low by a factor of five. This unresolved, order-of-magnitude
discrepancy in a basic parameter of the radiating surface of the Sun now
clouds the clear resolution of the question of storage or detailed balance.

COMPARISONS OF MODELLED AND MEASURED IRRADIANCE VARIATIONS

A second test, applied by Hudson and Will son (ref.18), by Sofia, Oster,
and Schatten (refs.10,11,12), and others (refs.13,14) endeavors to rank the
relative roles of sunspots and bright regions by fitting the more precise
period of ACRIM data with models that employ measured (or deduced) sunspot and
facular areas and contrasts as an input. The goodness of fit is then used as
a figure of merit to evaluate the relative roles of negative and positive
influences, whether there is obvious re-emission following sunspot blocking,
and whether there is evidence of a detailed balance or some form of long-term
storage.

Here there is sharp disagreement and opposite conclusions. In my opinion
neither the models nor the input data used in any of these attempts has been
sufficiently exact to allow any significant improvement on what was done in
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1981 by Will son, fiulkis, Janssen, Hudson, and Chapman in their seminal paper
in Science (ref.19). A difficulty in all of these attempts is that a certain
amount of vertical sliding is allowed in fitting modeled and observed data
strings; that is, in each the absolute value of the so-called "quiet-sun"
irradiance is unspecified. Thus a deep excursion of obvious sunspot blockage
can be interpreted by some as originating at the true "quiet sun" level and by
others as notched out from a preceding or coincident facular increase. It is
much like the problem of identifying the continuum in a dense spectrum of
Fraunhofer absorption lines.

Another source of contention and some confusion is the use of quite dif-
ferent values of daily sunspot and facular areas as inputs to the models.
What should surely concern us is that competing models based on grossly dif-
ferent values of sunspot and facular data seem, like stretch socks, equally
able to fit the ACRIM data. The number of free input parameters, and the
uncertainties in them, severely limit the significance of any conclusions
based on goodness of fit. Hoyt and Hudson and I (ref.20) have endeavored to
quantify the limits of error in the more-easily measured parameter of sunspot
area, including the anticipated loss in visibility at the limbs. But the
equivalent and intrinsically more complex question of continuum facular areas
seems yet wholly unresolved and ill-defined, in spite of sampled measurements
reported at this Horkshop.

Hudson and Willson (ref.18) used synoptic sunspot data in a two-parameter
model with faculae a free parameter and concluded that sunspot blocking
clearly dominated the ACRIM record, with only a small fraction of the "missing
flux" balanced by facular or other local or global re-emission. Their
analysis would seem to refute the possibility of detailed balance, at least on
time scales of weeks to months, and argue in favor of intrinsic solar storage
and luminosity modulation.

Hoyt and I came to the same conclusion with similar experiments at vary-
ing the facular component (refs.13,14). Since the whole spot contrast is
nearly 10 times greater than that of faculae it would require a facula-to-spot
area ratio for the whole disk of about 10 to make them balance. While such a
ratio has been suggested (ref.16), it is at variance, as noted above, with the
long history of routine, continuum photographic m°asurements of the white-
light disk. Chromospheric plages are coarser, higher-lying structures of
greater contrast that are more extensive on the disk and, in narrow-hand fil-
ter grams, far more easily measured, but we cannot assume them to be a direct
proxy of the area! coverage of more filamentary, photospheric faculae. At
this symposium Chapman and Lawrence have reported recent, limb-photometer
measurements that suggest that the facular area may more nearly approach that
of chromospheric plages. Were this the case these unseen faculae might be
adequate to reradiate, by processes as yet unknown, the blocked energy of sun-
spots. But until a more extensive series of broad-band, full disk measure-
ments of faculae demonstrate conclusively that the areal extent of photos-
pheric faculae is indeed five to ten times greater than previously measured
the case is unresolved.

The present state of confusion in model fitting is illustrated by the
fact that in fitting the same ACRIM data that Hudson and Will son and Hoyt and
I did, Sofia, Oster, and Schatten (refs.10,11,12) came to an exactly opposite
conclusion: that there is an "almost complete balance of energy deficit due
to spots and excess due to faculae." They find that the excess emission

i
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averaged over direction cancels out the integrated deficit produced by sun-
spots, within an uncertainty of about 10% of the sunspot blocking term. This
would impose an upper limit on possible luminosity variations of about 10-4.

The reason behind the discrepant conclusions lies in the gross differ-
ences in input values of sunspot and facular areas that the have been used to
fit the ACRIM data. For example, most interpreters of S variations have
employed daily, measured values of sunspot areas taken from standard NOAA SEL
compilations. Sofia e_t^l_. (refs.10,11,12),, however, used analytically gen-
erated values of sunspot areas in an attempt to compensate for discrepancies
in published, measured values and for the loss in visibility of a spot as it
moves away from disk center. They also assumed that every spot endures, with
constant area, for at least 14 days. The generated sunspot areas that were
used in the Sofia et al. model were systematically 47% greater than the daily
measured values pubTTshed by the Space Environment Laboratory (ref.20 and Fig-
ure 4). This is a large and unsubstantiated correction to observed data.

The presently-observed sunspot area data are indeed imprecise and we need
better ones if we are to extract all we can from the more precise solar con-
stant data. But one can show that the loss in visibility of sunspot area at
the limb in the SEL data in 1980 was less than 15%, and that the standard
deviation in mean daily sunspot area from measurements of 5 independent sta-
tions that reported daily values is less than that (ref.20 and Figure 4).
Thus Sofia e£ a_l_. heavily over compensated for suspected errors of measurement
and based their conclusion of detailed balance in part on sunspot areas more
appropriate for RS CVn stars than for the Sun.

That is only half of the story, however, for, as noted earlier, there are
even larger discrepancies in estimates of facular areas. There were no pub-
lished, daily measurements of facular area or contrast for the SMM period so
all of the interpreters were obliged to use proxy ones. Hoyt and I
(refs.13,14) based our estimates of facular areas on the long-term average of
projected facula to sunspot areas in the 103 years of published Greenwich
observations (discontinued after 1976), for which the average value was 1.6.
Moreover, annual averages of the ratio of whole-disk facula to sunspot area in
the Greenwich data are a distinct function of solar activity; in years of high
sunspot number or area, like 1980, the ratio drops to more nearly unity (Fig-
ures 2 and 3).

Sofia et a_l_. generated facular areas based on Calcium II plage measure-
ments at the center of the disk, equating chromospheric plage area to facular
area, but tapering the emission to maximize near the limbs of the Sun. With
this approximation they found the ratio of effective facular area to sunspot
area in 1980 to be about 10:1; from this they must expect a detailed balance
between positive and negative flux since that ratio is roughly the inverse of
the ratio of contrasts of the two phenomena.

As stated earlier, this order-of-magnitude discrepancy in estimates of
the whole-disk, facula to sunspot area surely illustrates the need for
improved disk photometry in the continuum, if we are to interpret precision
measurements of the solar constant properly.

SECULAR TRENDS IN THE ACRIM AND ERB RECORDS
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We may hope to distinguish between detailed balance and storage directly,
through the identification of different secular trends in the string of solar
constant measurements already at hand: these are now 4 1/2 years long for
Nimbus 7 and more than three years for the SMM. Each set includes the period
of maximum activity in solar cycle #21 when we might expect an extremum in
slope were there cumulative storage or other cycle-related modulation of S.
In this sense the apparent downward, secular trend noted in both the SMM
(ref.21) and Nimbus (refs.22,23) data provides important tests between options
of storage, detailed balance, or a dominance of facular brightening. If
long-term storage applies — and is the dominant modulator of luminosity on
time scales of years— then we should have expected S to maximize
(undetected) at the activity minimum in 1976 and then gradually decline until
the maximum of the present cycle #21. That is, when the Nimbus 7 ERB instru-
ment began its measurements, in late 1978, it should have detected a
secularly-declining total irradiance, were storage in effect. The notion of
storage would also imply that at the cycle peak in sunspot area the declining
trend should flatten, reverse sign, and then gradually increase with declining
sunspot areas.

Were there detailed balance between sunspot blocking and facular emis-
sion, on the other hand, we would expect no 11-year modulation and, if these
were the only mechanisms that modulated S, no secular trend. Sofia, Oster,
and Schatten (ref.10) have pointed out another possible 11-year modulation
that might be called the "butterfly effect", arising from the systematic shift
in latitude of active regions in the course of the 11-year activity cycle.
The postulated effect is more subtle, and presumably of smaller amplitude than
that anticipated from simple storage. When active regions are at higher lati-
tudes, early in the cycle, the contrast of faculae is enhanced, relative to
that of spots, diminishing the relative effect of sunspot blocking. If there
were no storage and detailed balance applied, one might still exoect a subtle
11-year modulation of S due to this latitude effect alone, with S increasing
slightly but abruptly with the first activity of the new cycle and diminishing
thereafter, in sawtooth fashion, until the end of the cycle when it would
abruptly rise again. A "butterfly effect" combined with storage, on the other
hand, would act to delay, by perhaps a year or so, the phase of the antici-
pated luminosity variation. The 11-year behavior of S suggested by the mono-
chromatic measurements of Bruning and LaBonte (ref.9) would follow the phase
of the sunspot number curve, with maximum luminosity at the peak of the cycle
and a decline thereafter.

Does the secular trend so far noted in the ACRIM and ERB data allow us to
discriminate between any of these predictions?

What seems clear, in both the Nimbus and the SMM data, is a persistent
downward trend that was in effect when the Nimbus ERB radiometer began meas-
urements in late 1978 (Figure 5). The trend toward lower values of S contin-
ued with about the same slope through the end of 1981 and, in 1982 seemed to
flatten. The slope before 1981 is somewhat steeper in the ACRIM data than in
the ERB data, but as a continuous record the former data are vitiated by the
adjustments made necessary by the drastic change in operational mode of the
SMM in late 1980. In any case, for the point of this test, the difference in
slope between ACRIM and ERB records is unimportant. What is important is
whether the secular decrease is real or instrumental, whether the apparent
flattening in 1982 is more than a misleading pause, and what happens next.
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The secular behavior of S in the ACRIM and ERB records available to us
thus far is consistent, in both phase and amplitude, with the 11-year modula-
tion expected from the storage hypothesis (refs.6,13,14)— but only if the
slow flattening in S suggested in the 1982 data proves to be the mark of a
real turnaround. The fact that the irradiance continued to fall well after the
peak of solar activity cycle #21 (December 1979) is also expected since the
maximum in sunspot area was not achieved until late in 1981, nearly two years
later (Figure 6). If the secular trend is indeed an 11-year modulation its
negative slope in the 1978-1980 Nimbus-7 data is inconsistent with Bruning and
LaBonte's conclusion of dominant facular emission (ref.9) and the extrapolated
prediction of a solar constant that tracks the phase of the solar activity
cycle. A downward trend through 1981 would also be expected from the "but-
terfly effect", suggested by Sofia et al. (ref.10), although we would expect
that fall to continue monotonicallyThrough the end of the present cycle, in
late 1986 or 1987.

The crucial test, is whether in 1983 and 1984 S will turn up, or continue
to decline. It seems to me something we should all want to watch.

IDENTIFICATION OF A POSSIBLE SOLAR CONSTANT MODULATION IN CLIMATE DATA

A fourth test between storage and detailed balance seeks to identify the
expected consequences of an 11-year modulation in S in terrestrial records of
surface temperature. Needless to say such a test is fraught with all the
dangers of Sun-weather correlation studies.

Storage models imply a weak 11-year modulation of surface temperature in
the sense of lower temperatures at times of maximum sunspot area, when S
should minimize. Systematically higher temperatures should follow at minima
in sunspot area. If the prevailing estimates of climate sensitivity are
correct, the amplitude of the expected modulation should be about 0.1 degrees
C, with an uncertainty of about a factor of two (ref.2).

The identification of the predicted, subtle modulation in surface tem-
perature is of course insufficient proof of the storage hypothesis, since it
could well result from other solar or non-solar forcing mechanisms. Still, if
such is signal is statistically present, with the appropriate period, ampli-
tude and phase, the simplest climatic explanation would be this very sort of
solar constant modulation.

Such a signal is not found in hemisphere-averaged temperatures of the
last 100 years. Nor is it particularly expected, when land and near-ocean
areas are in this way averaged together. Simple climate models suggest that a
10-year surface temperature modulation induced by changes in bulk solar heat-
ing will be severely damped in oceanic regions, and may be more likely to be
noted in areas of mid-continental land mass, where the thermal inertia is
smaller.

It may be significant that the expected signal was found, by earlier work
of Currie (ref.24), in the 80-years of available surface temperature data in
North America. Moreover, Currie found the 11-year modulation systematically
limited to roughly the anticipated area — specifically, the northern states
east of the Rockies, and southern Canada. There, from Kansas to the eastern
seaboard, he found station records of surface air temperature systematically
depressed by roughly 0.1 degree C in years of maximum solar activity, as
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theory would predict, with higher temperatures at minimum sunspot number.
Hanson and Cotton have found a strong spring-summer enhancement of the same
effect in a more detailed analysis of North American temperature data
(ref.25).

SUMMARY

The 0.1% changes thus far observed in spaceborne measurements of S will
have significant climatic impact only if they reflect real changes in solar
luminosity. The practical question of whether the luminosity varies now seems
embedded in the deeper issue of whether the energy blocked by sunspots is
stored for periods of months or more or whether, as some have suggested, the
blocked energy is re-emitted by contemporaneous bright faculae, fulfilling a
detailed balance of flux on intermediate time scales.

Four tests shed light on the question, but as yet without resolving it.
Monochromatic measurements of the relative contributions of bright faculae and
dark sunspots, over the disk, suggest that at sunspot maximum faculae seem to
dominate. If this is extrapolated as an 11-year, cyclic effect, we might
expect a cyclic modulation of S, in phase with the solar activity cycle. Such
an extrapolation depends, however, on a questioned equivalence of mono-
chromatic measurements with radiometry. Attempts to distinguish between
storage and detailed balance on the basis of fitting observed records of S
with measured values of sunspot and facular areas and contrasts have produced
conflicting results, as a result of our limited knowledge of the actual values
of the latter parameters. Facular area is particularly poorly known, with
estimates differing by fully an order of magnitude. The secular trend noted
in the ERB and ACRIM data (a persistent decrease between 1978 and 1981) dic-
tates against the notion of dominant facular emission with solar activity; the
trend through 1982 in ERB and ACRIM data is wholly consistent with the pres-
ence of an 11-year, out-of-phase modulation of S that is predicted by the
storage hypothesis. Here, however, the behavior of the trend in the next year
or two promises to be a critical discriminator: specifically, whether the
downward trend of 1978-1981 undergoes a reversal in 1983 and after, to slowly
increase until the end of the cycle in about 1987. Finally, tests of terres-
trial surface temperature data reveal the presence of a subtle, 11-year modu-
lation that fits both the phase and amplitude predicted by the storage
hypothesis, as well as the geographical distribution required by simple cli-
mate models.
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LIST OF FIGURES

1. Modelled, reconstructed, relative monthly average S based on Royal
Greenwich Observatory (1872-1974) and NOAA-ERL (1975-1982) measurements
of projected sunspot and facular areas, with an assumed storage time of
10 years (from ref.13).

2. Annual averages (open circles) of the observed ratio of hemisphere
facular area to sunspot area (each corrected for foreshortening) from
daily measurements of the Royal Greenwich Observatory, 1872-1974
(ref.17). Five outlying values (dotted circles) are annual average
ratios for years of extreme minima for which the annual sunspot number
was 6 or less.

3. The ratio of observed (projected) facular area to projected sunspot
area for the period 1872-1974, as a function of projected sunspot area.
Shown are annual averages fit with a linear regression line, from daily
measurements of the Royal Greenwich Observatory (ref.17). '/hole-disk
facula to sunspot area systematically falls with increasing sunspot
number or area; the 103-year average is 1.6. The projected area ratio is
systematically smaller than the corrected area ratio shown in Figure 2 as
a result of the different limb visibility functions of sunspots and facu-
lae.

4. Daily projected sunspot area measurements, in millionths of the visi-
ble disk, from 5 reporting stations for 70 days sampling periods of high
and low solar activity during 1980 (solid lines, from ref.20; stations
listed at top). Simulated values of the same parameter used by Sofia et
al. in their modelled fitting of the SMM ACRIM measurements are shown as
open circles.

5. Adiusted Engineering Level measurements of S from Nimbus 7, N'ovember
1978 through 1982 (ref.23, courtesy J. R. Mickey). As in the SMM ACRIM
measurements, the downward secular trend changes slope in late 1981 and
after.

6. Monthly averages (continuous lines) and 13-month smoothed monthly
means (open circles) of sunspot number R (upper figure, scale at right)
and projected whole sunspot area A (lower figure, scale at left in mil-
lionths of the visible disk) for November 1978 (Nimbus 7 commencement)
through May 1983.. Cycle #21 peak of smoothed R, shown with arrow, pre-
ceded peak of A (estimated late 1981) by about two years.
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DISCUSSION OF EDDY PRESENTATION

SOFIA: . . . integrated over the same size, when it's not something bigger?

EDDY: I hear your point, it says when the two are present you'd be very surprised
because of the fact that they ought to be a great deal bigger than the spot
areas. Is that true?

SOFIA: Even if it is equal and then lasts five times as long it's already much
more than one time because they last the same amount of time. You have that curve
going too high, and even when they're present at the same time it's arguable.

EDDY: It doesn't surprise me too much I guess, except maybe in the Greenwich
measurements, which are certainly daily and continuous so you can't apply any
factor to them about lifetimes; that's already present. In a sense that
strengthens your argument. It's already there, it's averaged over every day of
the year. Well, but I don't know, if one looks at photographs of the white light
that doesn't surprise me.

IABONTE: Gary has a point to make on this particular subject.

CHAPMAN: Hot off the press I My grduate student was doing this yesterday, well
it's ]ust continuing on, hammering out more data, but for all the pitfalls of
using monochromatic data, I still think to a good approximation that it should
track the bolometric changes for things on the sun. And, this is a result of 41
data sets, different active regions. What we find is that the correlation of the
limb photometer fluctuation, AB/B, not corrected bolometrically, is highly
correlated with the PSI index. The correlation coefficient is almost 0.9. This
is the actual regression we got using this particular expression here, and it is
what I recommend as the PFI index now. This number is almost exactly what you
published, and so I suggest at most that it would need only a small correction.
This is at O.53 /im. Now the thing that I really wanted to get across is the
facular thing, the same kind of thing, a PFI which is being published in the
proceedings that I gave to you yesterday. For the calibration of the calcium
plage areas, the values I'm getting are 0.01 (note that this value is O.O09 in
the published paper -editors) times the area of the plage from the Solar
Geophysical Data. That's about one percent. There are no assumptions here. These
are measurements, 41 data sets;, if you take this functional form, which I think
isn't bad, except at the extreme limb, and the area that's published in the
Solar-Geophysical Data (by the government I ) then the brightness in millionths is
one percent of the plage area. So we're not going to have much more data than
this by the way, so this cannot possibly change by very much.

SCHATTEN: Gary, what does this say in terms of energy balance?

CHAPMAN: Ah, lets see, well, that's an interesting question. I think, if you take
1 percent times the plage area, the plage area is typically at least 5 or 10
times the area the sunspots, the published values, of the calcium plage area and
so it's not negligible.

HUDSON: If you did your integrals over those functions of (i, what are the ratios
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of those functions? Maybe that's the other factor of ten.

CHAPMAN: Well, you have to know the life times.

SOFIA: No, the factor of 10 includes the life time.

CHAPMAN: No, not in this, right? You look at the average, well maybe, oh I see
your saying that they live longer.

SOFIA: They live longer, a factor of 10 in life time.

CHAPMAN: I understand, you say just look at the published values, you see a mean
area, a time-averaged area.

MOORE: Jack, if we take this possible [irradiance decline] bottoming out, [what
does that] say about the lifetime of the storage?

EDDY: If you put in different storage life times, it doesn't affect the amplitude
very much at all. You're never going to be able to say whether it's 1O years or
500,000 years; you'll have a hard time distinguishing between 5 and 10 [years].
You might be able to distinguish between a few months and a few years.

SCHATTEN: Of course we're finding out that the curve you drew looks nothing like
the actual curve which is more [nearly] horizontal. It's quite possible the
effects [you described] are going on. I agree with most of what you said, but
this really doesn't allow us at present to distinguish between your model and
ours; but these variables won't give a constant [solar output]; do you really
think you can claim support for that shift? I think it's probably a secular trend
of the type that Sabatino [Sofia] suggested, not the one that occurred for the
facular shift, but one of the long term changes, in solar radius or something we
don' t know about.

EDDY: I'm sorry, in all those models there's the assumption that the only thing
that drives the solar luminosity [fluctuations] is solar activity. I think we
don't have that long term trend.
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ABSTRACT

Variations in the solar 100 - 400 nm UV spectral irradiance caused by
solar rotation and active region evolution, are discussed as a function of UV
wavelength, CMD dependence, and in relation to the temporal variations in the
total solar irradiance, 10.7 cm radio f lux, sunspot number and Ca K plage
data. Active region radiation at cm wavelengths includes a component propor-
tional to the magnetic field. Active region evolution involves a more rapid
growth, peak and decay of sunspots and their strong magnetic fields than the
Ca K plages and their related UV enhancements. Major plages of ten last a
rotation or more longer than the active region's sunspots. Large active re-
gions, including those associated with major dips in the total solar irradi-
ance, tend to produce the strongest peaks in 10.7 cm and sunspot numbers on
their f i rs t rotation, while the Ca K plages and UV enhancements peak on the
next rotation and decay more slowly on subsequent rotations. Differences in
CMD dependencies cause temporal differences including the stronger presence of
13-day variations in the UV flux.

ATMOSPHERIC IMPORTANCE

Solar UV rad ia t ion is i m p o r t a n t because of i ts e f f e c t s in the
stratosphere, its influence on the terrestrial ozone layer and possible
influence on climate through stratosphere-troposphere coupling. The Oo layer
is vital to life on Earth in its role of blocking solar UV radiation from the
biosphere. The 220-285 nm band of solar UV radiation is primarily absorbed by
ozone 0^ and is the major source of stratospheric heating and 0^ photodis-
sociation. The 175-205 nm band is very important because it photodissociates
0£. The resultant atomic oxygen leads to the production of 0^ and other odd-
oxygen minor constituents that play an important role in the chemistry of the
stratosphere.

The short-term UV variations caused by active region evolution and solar
rotation are very important to stratospheric physics because the f i r s t
accurate quantitative links between the measured solar UV variations and the
observed stratospheric response are being made for these variations f r o m

233



concurrent solar and s t ra tospheric measurements f r o m the NIMBUS-7 and SME
satellites. Longer-term variations are of greater interest in the atmospheric
sciences but currently the accuracy of measurements of long-term UV variations
is insuff ic ient . A combinat ion of a long-term series of rocket and shutt le
measurements is inadequate for determining the long-term variation unless we
know the short-term variations at the time of each measurement in the series.
In effect , the short-term variations act like noise in trying to measure the
long-term variations. However, an accurate knowledge of the contribution of
active region evolution and rotation effects on the full-disk UV flux is also
important because it indicates the longer-term variations, like solar cycle
variat ions, due to the physical process of the accumulat ion of more active
regions on the solar disk at a given time. On the otherhand, we should not
assume that all of the long-term variations are caused solely by what we now
call active regions. Also, solar cycle variations in the characteristics of
active regions, for example their latitude distribution and brightness, are
important.

SOLAR UV OBSERVATIONS AND MODELS

Extensive measurements of the solar UV spectral irradiance have been made
with the NIMBUS-7 satellite in the 160 - 400 nm wavelength range since Novem-
ber 7, 1978 (refs. 1, 2) and by the SME satellite in the 120 - 305 nm range
starting on October 13, 1981 (ref. 3). Before these measurements were availa-
ble, daily solar indices like the 10.7 cm solar radio flux (F10) measured near
noon in Ottawa and the Zurich sunspot number (R) were used as indicators of UV
flux variations (refs. 4,5). The UV f lux observations sometimes vary quite
differently than these general indices of activity. Two types of different
temporal behavior are discussed below.

Several efforts are currently being made to model the solar UV temporal
variations. The work of Cook et al. (ref . 4) has recently been extended by
Lean et al. (refs. 6 ,7) using ground-based observations of Ca-K plages as
input data to es t imate the solar UV flux. Oster (ref . 8) based his modeling
on the 10.7 cm solar radio flux data. The two types of differences presented
below are also cases where the Lean model estimates the UV f lux variations
fair ly well but no model based on simple linear regression analysis wi th
either R or F10 could fit the UV observations well.

SIMILARITY OF UV VARIATIONS

Figure 1 shows four adjacent wavelength bands of solar UV f lux wi th
temporal variations caused by the combined effects of active region evolution
(birth, growth, peak and decay, and sometimes rejuvenation) and solar rotation
of active regions with an inhomogeneous distribution in longitude. These two
types of e f f e c t s cause fair ly similar temporal variations as a funct ion of
wavelength for bandwidths of a few nanometers. In the figures of this paper,
the flux in the 200-205 or 185-205 nm wavelength band is used as an example
of the solar UV temporal variations. Compared to the differences between the
temporal variations of the solar UV f lux, total solar irradiance, sunspot
number and 10.7 cm radio f lux discussed below, the d i f fe rences in relative
temporal variations among the bands of UV f lux in the 165-300 nm range are
small f r o m the viewpoint of their e f f ec t s on the Earth 's a tmosphere and are
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neglected here. Heath (ref. 9) discusses some of the differences in temporal
variations at certain UV wavelengths that are important for long-term varia-
tions and understanding the physics of the solar variations.

MAJOR ACTIVE REGION EVOLUTION

During major dips in the total solar irradiance (S), the solar UV flux is
enhanced. However, the concurrent UV enhancements are not major but are only
average enhancements (ref. 9). The arrow in Figure 1 denotes the time of a
major dip in S as observed by the N1MBUS-7 satellite (ref. 10). Note that the
UV enhancement at the time of the arrow is only average. On the otherhand,
the UV enhancement on the next solar rotation is about twice as large and is
larger than average. Figure 2 shows that the relation between plage area and
sunspot area is quite scattered. Plage brightening dominates the UV variations
and sunspot darkening dominates the known variations in the total solar irrad-
iance on active-region time scales. The temporal evolution of plages is longer
term than that for the sunspots (ref. 11). In Figure 2, there is a tendency
for this relation to evolve in a counter clockwise direction for individual
active regions, with the peak sunspot area occurring earlier than the peak
plage area. This trend is discussed below with further examples.

Figure 3 shows another example. Major new active regions emerged during
the peak in June and continued to grow through the peak in mid July. Major
dips in S occurred in both mid June and mid July (refs. 10, 14). However,
both the observed and modeled UV flux grew a little more in the third peak in
August while the decrease in S was small and the increases in both F10 and R
had dropped to peak values more like those in June. Furthermore, the UV
observations decreased only slightly below the August peak during the Septem-
ber peak and were still significantly higher than during the June peak. On
the other hand, F10 during the fourth peak continued its decay and reached
lower values than for all of the first three peaks.

Another example of this behavior occurred during the major dip in S of
November 6 - 10, 1979 (ref. 10) and is illustrated in Figure 6 in ref. 13.
The 10.7 cm radio flux was anomalously large during the major dip in S but
smaller along with the sunspot number during the next rotation when the obser-
ved Lyman-alpha flux and the Ca-K modeled UV flux variation was much larger.

Note in Figure 3 that the model calculations were not available for
September because the Ca-K plage data have not yet been published in Solar
Geophysical Data (SGD). Because the model UV flux fits the UV observations so
well, the Ca-K data should be continued to provide a backup in case the
satellite UV measurements fail. The1 Ca-K observations are also important for
comparisons with UV measurements in order to interpret the causes of the
observed UV variations, to identify possible cases of drift of satellite
instruments and to discover possible real solar UV variations that are not
accounted for in the physical processes included in the Ca-K/UV model.

R peaks earlier and S dips and decays earlier than the UV flux peaks be-
cause the major active regions tend to peak in their sunspot activity earlier
than in their plage activity where the latter dominates the UV enhancement.
This is evident from comparing the sunspot count and areas given in the Solar
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Geophysical Data Reports with the associated Ca-K plage area multiplied by its
intensity. The reason why F10 also peaks earlier than the observed UV flux or
the Ca-K modeled UV flux is not quite as obvious. Part of the slowly varying
component of centimeter-wavelength solar radio emission is caused by gyro-
resonance emission that depends on the magnetic field strength in the low
corona portion of the active region (ref. 15). These magnetic fields probably
are proportional in strength to the sunspot magnetic fields and proportional
in spatial extent to the area of the sunspots. Figure 4 shows a plot of the
Ca-K plage area weighted by the intensity, which is used in the UV model,
versus the sunspot area times its field strength for the largest active region
involved in the activity in Figure 3 and for the rotations 1-3, which corres-
pond to the peaks in June, July and August, respectively. Note that the
August peak is largest in the plage data while the June and July peaks are
large in the sunspot data, i.e. there is a clockwise trend in this figure.
This suggests that the centimeter-wavelength gyroresonance emission peaked was
larger for this active region during the June and July passages than during
the August passage and may have caused the early peaks in F10 in Figure 3.

All of the major dips in S larger in magnitude than 0.2% in Hoyt and
Eddy's model of the total solar irradiance (ref. 16) during the period 1969 -
1981 were examined. The UV flux modeled f rom Ca-K plage data was found to be
larger on later rotations and both F10 and R peaked during the major dip in S.
The size of the short-term enhancements in F10 to that in the Ca-K modeled UV
flux was about twice that for the similar ratio for one rotation later.
Typically, the major dip in S and the largest enhancements in F10 and R
occurred for only one rotation and the peak in modeled UV f lux or the Ca-K
plage emission occurred on the next rotation of the regions, i.e. a two-peak
growth sequence unlike the three peaks in Figure 3.

Note that the UV plage enhancements that accompany sunspot-blocking in-
duced decreases in the total solar irradiance constitute a reduction in the
radiation energy lost from sunspot blocking. For example, for a short-term
decrease in S of about 0.1 %, the enhancement below 300 nm may correspond to
about a 1% enhancement in the UV, which corresponds to about 0.01 % enhance-
ment in S. Consequently, the UV flux enhancement corresponds to about 10 % of
the magnitude of the concurrent decrease in S, which is not negligible. The
slightly larger half-width with respect to the solar central meridian distance
(CMD) for the UV data ( 7 - 8 days) relative to the S dips (6 days, ref. 9)
also suggests a larger radiation pattern for the UV enhancement, thereby
increasing the portion of energy that is blocked at visible and infrared
wavelengths that emerges in the UV. The main point we want to make here is
that the tendency for the UV and plage enhancements to peak on later rotations
than the sunspot darkening or dip in S and to decay more slowly on subsequent
rotations also tends to increase the portion of energy blocked by sunspots
that is compensated by energy that emerges in the UV over several months.
Presumably, this trend for a slower time dependence for major chromospheric
plage activity means that the visible and near infrared emission from photos-
pheric facula also occurs over a longer time than the sunspot darkening ef-
fects. The longer l i fet ime of facula would account for more of the radiant
energy apparently blocked by sunspots. Summarizing, when considering the
importance of facula-enhanced radiation relative to sunspot-blocked radia-
tion, we should consider the following: (1) the relative areas of sunspots
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and facula, (2) their contrasts, (3) that facula emit strongest at large CMD
or radiate over a larger solid angle than the sunspot darkening (ref. 17), (4)
the longer life of plages and (5) the large percentage enhancements at UV
wavelengths.

THIRTEEN-DAY SOLAR UV PERIODICITY

Figure 5 shows R, F10, and the modeled and observed solar UV flux in the
200 - 205 nm wavelength band. The observed UV flux in the bot tom curve has
been normalized to the initial value and has been detrended of a long-term
decrease caused by degradation of a diffuser used in the NIMBUS-7 SBUV experi-
ment for solar flux observations. Corrections for this long-term instrumental
effect were not available for this study, but any remnant effects should not
affect the characteristics of the short-term variations discussed here. These
NIMBUS-7 observations are daily averages of typically three to four wavelength
scans (160 - 400 nm) completed over several minutes. The two values connected
with dashed lines were the only two cases where only one wavelength scan was
taken and are therefore more susceptible to noise. The second curve from the
bot tom in Figure 5 is the modeled UV f lux (ref. 6) based on the solar loca-
tion, area and peak intensity of Ca-K plages to estimate the UV plage emis-
sion. The F10 and R data are the final values published in SGD.

The important feature of Figure 5 is that the observed UV flux exhibits a
main peak about every 13 days apart starting near the end of January. The
modeled UV f lux is very similar to the observed f lux in that it too clearly
shows the 13-day periodicity. The Ca K plage data used as input data to the
model show that the 13-days between peaks is caused by the concentration of
plages at solar longitudes nearly 180° apart. Some differences between the
modeled and observed flux do occur, partly because of missing Ca-K data caused
by cloudiness and probably part ly because the scaled plage data are a crude
representation of the complex plage structures. These problems can be over-
come through improved observing programs. The solar radio flux and sunspot
number do not show a predominant 13-day periodic structure. Consequently,
estimates of the solar UV flux based on linear relations with either of these
indices likewise would not show clearly the 13-day structure that dominates
these UV observations.

The peak near the end of March involves a shift in solar longitude of the
active regions contributing one of the two peaks per solar rotation; there-
fore, Figure 5 includes two groups of 13-day periods, one ending about March
30th and the other beginning then. Cases of 13-day periods in solar UV data
are fairly common but not frequent. Some additional cases are indicated in
Table 1. Heath (ref. 18) reported the presence of 13-day peaks caused by two
solar longitudes of concentrated plages in solar UV observations from NIMBUS-4
in 1969 and 1970. The cases in Table 1 are based on the Ca-K plage model
(ref. 6). In each of these cases, the 13-day periodicity is not a strong
clear feature in the time dependencies of the 10.7 cm radio or sunspot data.

CMD DEPENDENCIES

The main reason why the 10.7 cm solar radio flux and sunspot number do
not show the same 13-day temporal structure as the observed UV flux or the
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model results based on Ca-K plage data is probably that the former have a much
broader dependence on the solar central meridian distance (CMD) than do the
latter. CMD is the solar longitude with respect to the central solar meridian
viewed at Earth0 Figure 6 shows our current knowledge of the CMD dependencies
of the active region emissions of these data0 If the active region stayed the
same except it ro ta ted around the sun so that our observing angle increased
with respect to the solar radial through the active region, then on average
the intensity would decrease x-rith increasing CMD as showtio

The curve for 10 cm solar radio emission from active regions is based on
an average of the observational results at 901 cm (ref. 19) and in the 8 -
KX7 cm range (ref» 20) and includes more than 100 active regions in order to
average out the temporal variations of individual regions. The two UV curves
are based on the Ca-K plage model ( ref , 6) and include the ef fec t ive area
foreshor tening for optically thick emission areas together with quiet-sun
measurements of the center-to-limb variations in contrast (ref. 21). The UV
curves are for the case of a solar latitude of 20° for the active region and
0° for the observed center of the solar disk. The sunspot curve drops below
unity at large CMD because the sunspot number is usually dominated by small
sunspots and because it is more difficult to see small sunspots at large CMD
than near the center of the sun<> (See ref. 23 for a derivation of the R(CMD)
curve.) A synodic solar rotation rate of 27 days corresponds to 13.3° CMD per
day, or a CMD variat ion half -width of about 7, 8, 10 and 12 days for 200 nm,
160 nm, sunspot numbers, and 10.7 cm flux, respectively. Note that in Figure
3, the major peaks of July and August, 1982, have half-widths of 8.1 and 7.7
days for the 185 - 205 nm observations, 8.2 and 606 days for the 200 - 205 nm
model, 9.5 and 8.7 days for the sunspot numbers, and 11,0 and 11.6 days for
F10, respectively.

According to Figure 6, F10 receives a fairly large contribution f r o m
both the group of active regions near the East solar limb and those near the
West l imb so their total e f f ec t is similar to that when either group of
regions is near the center of the disk. Consequently, F10 does not have a
strong minimum when the two groups of regions are near the limbs. Conversely,
the UV plage emission does have a strong minimum at that time and a peak when
one of the groups of active regions is near the center because the UV emission
f r o m regions near the limb is much weaker than f r o m near the center. R is
intermediate between these two cases. The UV half-width of about 7 to 8 days
is narrow enough to permit deep enough valleys for two peaks per solar rota-
tion to provide a strong 13-day periodicity,,

CONCLUSIONS

la Although the observed variations of the total solar irradiance are of the
order of tenths of a percent, solar UV variations on active region time scales
are of the order of one percent below 300 nm increasing to as large as eight
percent at wavelengths below 205 nm or the Al I absorption edge (Figure 3).

2. Solar irradiance variations on active region time scales involve two
processes, the temporal evolution of the regions (birth, growth, peak and
decay) and the effects of solar rotation changing the direction from which the
region is viewed at Eartho The delayed UV peak associated with major S dips
pr imari ly results f r o m differences in temporal evolution of plages and
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sunspots while the 13-day UV periodicity is strongly linked to the UV solar-
rotation dependence.

3. When large dips in the total solar irradiance occur due to the central
meridian passage of strong young sunspots concentrated in a small range of
solar longitude, the concurrent UV enhancements from the associated plages are
not outstanding but are only average in intensity. On the next rotation, the
UV enhancement is much larger while the total irradiance dip usually has
diminished greatly. This behavior is a consequence of the plage evolution
(growth, peak and decay) being slower than the sunspot evolution.

4. The 10.7 cm solar radio f lux F10 and the sunspot number R also tend to
have their strongest peak at the time of the major dip in the total solar ir-
radiance and smaller enhancements on later rotations when the UV flux reaches
its maximum. On subsequent rotations, the UV emission decays more slowly than
F10 and R. This behavior is another consequence of the slower evolution of
plages than sunspots where F10 is sensitive to the magnetic fields of active
regions through the gyroresonance emission. Consequently, models of the UV
temporal variations based on Ca-K plage data follow the observed UV variations
on active region time scales more closely than est imates based on linear
relations to either F10 or R.

5. The dependence of the UV emission on the solar central meridian distance
(CMD) is nar rower than that for R and F10 (Figure 6). Consequently, the
temporal half-widths of peaks caused by the solar rotation of strong active
regions concentrated in a small range in solar longitude tend to be shorter
for UV radiations (120-300nm) than for R and F10 (Figure 3). When two concen-
trations of active regions occur nearly 180° apart in solar longitude, the UV
irradiance can have a strong 13-day modulation while F10 and R do not have a
dominant 13-day variat ion because the UV emission has a nar rower CMD
dependence (Figure 5).
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TABLE 1.

Dates
First Peak - Last Peak

Additional Examples of Thirteen-Day Periodicity in Solar UV Flux

**

Comments
No. of
Peaks

Feb.
Nov.
July
Sept.
Mar.

25,
25,
3,
7,
4,

1970
1971
1974
1978
1980

- June
- Jan.
- Sept
- Nov.
- May

13,
29,
. 6,

2,
23,

1970
1972
1974
1978
1980

Average
Spacing

9
6
6
5
7

13.5
13.0
13.0
14.0
13.3

Similar to Fig. 1.
Small Amplitude.

Longest Period

* Based on Ca-K plage data and the UV model of Lean et al. (ref. 6) for the
years (1970 - 1981. The years 1975 - 1977 were too quiet in activity to obtain
thirteen-day periods.

** Average spacing between peaks including the case in Figure 5 is 13.3 days.
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FIGURE CAPTIONS

Figure 1. Temporal variations of solar UV irradiance. The arrows denote the
time of a major dip in the total solar irradiance,

Figure 2. Ca-K plage area versus the associated sunspot area for individual
active regions„

Figure 3. Comparison of temporal variations of solar UV observations, UV
model results based on Ca-K plage data, 10.7 cm solar radio
flux and sunspot number during the growth, peak and early decay
of major groups of active regions starting mid June, 1982 (ref»
24).

Figure 4. Plage evolution versus sunspot evolution for an active region that
is a major contributor to the temporal variations in Figure 3»

Figure 5. Comparison of temporal variations of solar UV observations, UV
model results based on Ca-K plage data, 10«7 cm solar radio
flux and sunspot number during strong 13-day periodicity in the
UV observations ( ref» 24) 0

Figure 6. Average dependence of the solar f lux f r o m active-regions as a
function of the CMD location (ref« 24)0 The photospheric limb
of the sun is on average at 90°0 The UV emission for a region
near the limb of the sun is very weak relative to when it is
near the central meridian whereas the 10.7 cm sensitivity is
quite high near the limbo The sunspot number is intermediate
between the UV and 10.7 cm fluxo
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DISCUSSION OP DONNELLY PRESENTATION

FOUKAL: I wasn't sure what you're concluding from the comparison between the
irradiance and the UV signal.

DONNELLY: Thank you for that question. Yesterday we were talking about faculae
and how much do they contribute to the energy balance; you take a dip of the
order of a tenth of a percent in the total solar irradiance in the total solar
irradiance, look in the ultraviolet and you get enhancements of the order of 1%
below 300 nm. The flux below 300 nm is of the order of 1% of the total solar
irradiance. So that means the enhancement at the time of that dip in the total
solar irradiance is of the order of .01% of the total solar irradiance. Now if
you look at the amplifying effect because of [radiation pattern], the fact that
in the UV you're radiating a little larger solid angle than you do in the dip
[for] the sunspots you get a multiplying factor of about 3 which says that the UV
enhancement going with that depletion in total solar irradiance [from] sunspots
can be on the order of O.O3% compared to 0.1% in the total solar irradiance;
that's about 30% of the dip that you're looking at in the missing energy and
therefore in consideration of faculae, you cannot ignore the ultraviolet; it's
an important portion of the energy [balance]. Now we can haggle about these
numbers but you' re not going to be able to make them negligible. There' s a
spectral dependence in the facular contribution [which] is important. Does that
answer your question?

UNKNOWN: What was the question (laughter and Zirin guffaws)?

FOUKALs Well, that's certainly an interesting rumination?. I was interested in a
result that Hugh [Hudson] first brought out where they subtracted the calculated
sunspot contribution in the ACRIM data and they found that the residuals
correlated rather nicely with the 10.7 cm flux. That raised the question to us
rather those residuals that Hugh was pointing out were due to excess UV emission;
we know they correlate well with 10.7 cm, that looked pretty nice on our graph.
In fact, I'm surprised that hasn't been followed up more. But our attempt to
follow it up was along the line that we looked at the positions on the disk of the
Ca K plages which are presumably responsible for the 10.7 cm emission [and was]
found to correlate well with the flux; our idea was that if those plages were
found to be concentrated near the center of the sun where we know that the
faculae have very small contrast, then the contribution of the plages to the
total irradiance could only come from their UV component. We know the UV contrast
of plages is high near sun center. Whereas if we had found that it was strongly
correlated with plages near the edge of the sun, it could have been caused either
by the UV component of plage emission or by the fact they are limb brightened in
the thermal [emission], namely in the continuum, so we hoped to find a clear
distinction there but in fact it turned out to be inconclusive; that some of
those residual humps were correlated well with Ca K plages near sun center, some
of them were plages near the edges. It didn't look like there was a very clear
distinction.

DONNELLY: I think to make the physics simpler, you should take the residuals and
correlate them with Don Heath' s UV measurements.
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FOUKAL: We came to the same conclusion, and Don has sent us the measurements, so
we' re going to do that.

DONNELLY: The other point I want to make which is very important to this question
Whether the total solar irradiance measurements are really working well from
here on out because the UV enhancement I'm talking about . . ., which is why we're
interested in whether the black paint on the instruments was working well at UV
wavelengths, as we knew that most of what we were seeing was down here.

FOUKAL: I can shed some light on that because we had that concern too. We set up a
measurement program at NBS as most of you know. We tested the specularity of the
blacks that were used on Nimbus-7 at NBS. That result is published in Applied
Optics. The specularity was excellent right down to 1800 A& which is as low as
you can go.

DONNELLY: In answer to your earlier question with respect to the 10-cm flux
fitting better with the residuals; because of the complexity in the physics of
the 10 cm flux you're better off going directly to the UV.

MOORE: I didn't quite understand the point about 13 days [period]. What's going
on in the sun?

DONNELLY: You're getting groups of active regions roughly 180° apart and they're
just rotating, giving two peaks per rotation; it's important in the UV then that
the CMP dependence from these regions be narrow enough that you get valleys when
they're at the limb and peaks when they're near the center.

SOFIA: Do you mean facular area versus sunspot area?

DONNELLY: No, that's Ca K.

HUDSON: This is a workshop after all, so you won't mind if we sort of waffle a
little bit. We took the integral of this, these two functions of H and integrated
those over (JL to get the flux at the sun, the total flux per unit area. We seem to
find that the integral of the top one [spots] is 2 and of the bottom one
[faculae] is 1/2, very neat, isn't that right? (Yeah. ) So, there's a factor of 4;
put those together with the coefficients you get a factor of 10, and if you look
at the correlation there, and sort of do your best fit about what the actual
ratio is, it's on the order of 10 or 20, something like that. Anyway it comes out
about right, so ...

UNKNOWN: What is right? 10 or 20 - what?

HUDSON: That, that (laughter). The time-integrated sunspot flux deficit is
comparable to the time-integrated net facular re-emission I
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DONNELLY: I'm not going to let you get away with not including the UV .. .

HUDSON: One more statement 1 If there's overbalance, of course that explains the
association of Maunder Minimum . . .

EDDY: Of course . . . ?
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ABSTRACT

We examine solar ultraviolet irradiance variations with solar activity by
using a three component model of the Call K chromospheric emission. This
model, developed f r o m ground based observations of the location, area and
relative intensity of Call K plage, in conjunction with measurements through-
out solar cycle 21 of the full disc Call K emission, includes the contribut-
ions to the ultraviolet flux f r o m both plage and active network emission.
Evolution and rotation of the plage regions on the solar disc (as recorded by
the World Data Center of the National Oceanic and Atmospheric Administration)
produce a 27-day modulation of the UV flux. Over longer time scales, such as
the eleven year solar cycle, changes in the active ne twork are an important
source of UV flux variability, and are postulated to arise from the remnants
of decayed magnet ic fea tures on the solar disc, and f r o m the temporal
behaviour of ephemeral regions. The model successfully replicates changes in
the Lyman alpha flux related to the 27 day rotation of solar plage, outbreaks
(or rounds) of activity over periods of a year or more, and the growth and
accumulation of active regions over the eleven year solar activity cycle. At
the longer ultraviolet wavelengths, f r o m 200 to 300 nm, the rotation
modula t ion of the UV f lux, observed by the Solar Backscatter Ultraviolet
experiment on the Nimbus 7 satellite, is well described by the model.
Estimates of the magnitude of the solar cycle variability of the UV emission
between 200 and 300 nm are presented but cannot currently be ver i f ied by
available observations since the uncertainties pertaining to state-of-the-art
UV flux measurements are larger than the calculated variabilty. If the cycle
variability of the solar flux at wavelengths between 200 and 300 nm is indeed
of the magnitude predicted by the model, then this emission must be considered
as a source of long term variability in the total solar irradiance.
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INTRODUCTION

This paper describes a three component (3C) model of solar UV irradiance
variability, derived from ground based observations of solar active regions
seen in Ca K emission at 393 nm. In the model, it is assumed that those areas
on the solar disc enhanced in Ca K emission are also enhanced in UV emission.
There exists an extensive data base characterizing the temporal variation of
the Ca K solar emission. Observations of the Ca K emission f rom the ful l
solar disc (sun as a s tar) have been made by 0. R. Whi te and W. C. Livingston
at Kitt Peak (ref. 1), over both the short term (27 day) and longer (11 year)
time scales of solar act ivi ty , during the current solar cycle. As well,
spatially resolved observations of the location, area and relative brightness
of the most intense, compact active areas enhanced in Ca Kemis s ion (called
plage) have been recorded, almost daily, for the past few decades by the
WDC/NOAA. It is possible to es t imate the magnitude of the UV flux
variabil i ty f r o m this data base, providing the contrast for active region
emission compared to that from the quiet sun, and the center-to-limb variation
of the solar radiance at the UV wavelengths are known.

Figure 1 illustrates the similarities between the solar disc viewed at
Lyman alpha, at 160 nm and at Ca K. The Lyman alpha and 160 nm photographs
were taken by the Transit ion Region Camera (TRC) described by Bonnet et al.
(ref. 2), and have a spatial resolution of about 1". It is evident that
plage areas seen in Ca K are also seen as regions enhanced in emission at
both Lyman alpha and at 160 nm. Figure 2 further illustrates the similarities
between the Lyman alpha emission and the Ca K emission, and also some of the
di f ferences . Both photos in Figure 2 have a spatial resolution of about
2".5. The Lyman alpha photo is from Prinz (ref. 3) and the Ca K spectrohelio-
gram is from Mt Wilson: they were taken on July 10, 1972, a period of moderate
solar activity during the declining phase of the last solar cycle, #20.
Again, those regions brightest in Ca K emission are also brightest in Lyman
alpha emission. But note that regions near the limb are more easily observed
in Lyman alpha than in Ca K. This is because the Lyman alpha radiance has
essentially no center-to-limb dependence, while the Ca K emission at the limb
is about half that f r o m the disc center. As well, the contrast for plage
emission compared to that f r o m the quiet sun is about 6 for Lyman alpha
whereas it is about 2.5 for Ca K. The Ca K plage map in Figure 2 shows the
plage regions recorded by the WDC/NOAA for the same day. Only the brightest,
most compact , active areas were identif ied as plage. It is quite evident
that a significant fraction of the solar disc was covered by areas of enhanced
UV emission that were not recorded by the WDC/NOAA; this is particularly
obvious in the Lyman-alpha photograph, and is demonstrated quantitavively in
the intensity histogram in Figure 3. By subtracting the quiet sun component
( f i t ted by a Gaussian distr ibut ion) f r o m the full distribution, it was
est imated that about 25% of the disc, on July 10, 1972, was covered with
active network.

It is generally well recognized that the WDC records do not account for
all of the active area on the disc. This follows f rom the work of Sheeley
(ref. 4), and Harvey and Martin (ref. 5), who made detailed studies of both Ca
K spectroheliograms and magnetograms. To model properly the temporal
behaviour of the UV flux it is necessary to know the true fraction of the
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solar disc covered by active area at different times throughout the solar
cycle. We can obtain a quantitative estimate of this active area fraction by
using the WDC/NOAA records in conjunction with the measurements of the Ca K
flux from the full solar disc. If we calculate the Ca K flux from the quiet
sun plus the WDC plage areas and subtract this from the measured full disc
flux, the difference can be attributed to the Ca K emission from active areas
other than those recorded by the WDC, a component which we call "active-
network" (see Figure 3).

VARIABILITY OF THE Call K EMISSION WITH SOLAR ACTIVITY

Figure 4 shows the behaviour of the Ca Kl.O A index from both the center
of the solar disc and from the full solar disc, throughout the current solar
cycle, as measured at Kitt Peak by White and Livingston (ref. 1). At the
center of the disc, in selected quiet regions, the Ca K emission remains
constant thoughout the cycle, implying the constancy of the quiet sun
emission (ref. 6). In contrast, the Ca K emission from the full solar disc
increases from solar minimum (1976) to solar maximum (1979). At least part
of the Ca K flux variability (on both short and long times scales) evident in
this figure can be attributed to the evolution and rotation of the plage
areas. Figure 5 illustrates how solar rotation generates changes in the
projected plage area, when viewed from earth, for a few active rotations near
the maximum of the current solar cycle. We can thus expect the Ca K (and also
the UV) flux from the full solar disc to be modulated by solar rotation. Such
rotational modulation has indeed been observed in full disc solar
observations, and is illustrated in Figure 6, for both the Ca K and the
Lyman alpha flux. The Ca K data were taken by W. C. Livingston at Tucson,
and the Lyman alpha data by G. J. Rottman on the LASP/SME satellite (ref. 7).
Using the plage area data from the WDC/NOAA, we can calculate the expected
magnitude of the solar flux modulation due to solar rotation, for both the Ca
K and Lyman alpha emission, if we know the quiet sun emission from the center
of the disc and from the full solar disc, the center-to-limb variation, and
the contrast for plage emission relative to that from the quiet sun (ref. 6).

For the Ca K line, the center-to-limb variation has been measured by
White and Suemoto (ref. 8). Data for the Ca K plage contrasts are shown in
Figure 7, as a function of the observed relative brightness listed in the
WDC records. The contrast for "observer intensity" Iobs = 3 is from the meas-
urements of Lemaire et al. (ref. 9), and the relative variation of plage
contrast with observer intensity was provided by R. Hedeman. Calculated
plage related variations are compared with full disc Ca K observations in
Figure 8. It is evident that the relative changes with solar rotation are
well reproduced but the absolute magnitude of the calculated plage emission is
significantly less than that measured from the full solar disc. Of course,
by increasing the plage contrast and/or the area by a factor of about 2 (see
ref. 6), it is possible to increase the calculated plage flux, but then the
observed rotation modulation would be overestimated. So the good fit of the
rotation modulation suggests that the plage contribution to the full disc Ca
K emission can be successfully reproduced using the WDC plage area together

Private communication, 1982.
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with independently measured plage contrasts. If the Ca K emission from the
quiet sun (undisturbed chromosphere) remains constant throughout the solar
cycle, as evidenced by the center disc observations of White and Livingston
(ref. 1 and Figure 4a), then it is necessary to postulate a source of
enhanced Ca K emission, additional to plage, in order to explain the full disc
Ca K flux variability measured over the solar cycle (Figure 4b).

The work of Harvey and Mar t in (ref.' 5) suggests that ephemeral regions
(ER), which are small bi-polar regions not large enough to be ident i f ied as
plage, may be an impor tan t source of enhanced Ca K flux. We can es t imate
their contribution to the full disc Ca K emission as follows. Figure 9 (from
ref. 5) shows the growth of a typical ER, observed with about 2".5 resolution.
The top graph shows the total magnetic flux from the ER and the bottom graph
shows the area, typically equal to about 3 X 10 km , or 0.01% of the solar
hemisphere. If we divide the total flux by the area, at various times during
the lifetime of the ER, we can estimate the magnetic field to be around 55G.
The Ca K emission f r o m an active region increases linearly with magnet ic
field. According to Skumanich, Smythe and Frazier (ref. 10), the magnetic
field in the Ca K ne twork , which has a contras t of about 1.27, is 26G, and a
magnetic field of 55G corresponds to a contrast of 1.42. Note that this value
is much less than the plage contrast of 2.3 (see Figure 9). We can also
estimate, f r o m the results of Harvey et al. (ref. 11) the f rac t ion of the
solar disc covered by ERs at d i f f e r en t times throughout the solar cycle. In
1970 there were, on average, 373 ERs present on the disc, decreasing to 179
in 1973 and to 88 in 1975. W i t h a typical area of 0.01% of the solar hemi-
sphere, about 3.7% of the hemisphere was covered with ERs in 1970, decreasing
to 1.8% in 1973 and to 0.9% in 1975. Thus the average number of ERs appears
to vary in phase wi th the solar cycle, al lowing us to paramater ize the ER
fract ional hemispher ic area in t e rms of the total plage area on the disc,
smoothed over three rotations, and calibrated by the 1970, 1973 and 1975 ER
counts. This is consistent with the identification of the ERs as simply the
small scale end of a broad spec t rum of active regions. Using this
parameterization, and a contrast of 1.42, we can estimate the ER contribution
to the ful l disc Ca K f lux at d i f f e ren t t imes throughout the current solar
cycle.

In Figure 10, the calculated Ca K emission f r o m both plage and ERs is
shown. The combined f lux f r o m both plage and ER still underes t imates the
observed full disc flux near solar maximum; for this reason we have assumed
additional enhanced Ca K emission from the Ca K network (with contrast 1.27)
which is fo rmed , for the most part , around the borders of the supergranule
cells. On the same f igure , the combined emission f r o m both plage, ER and
network is compared with the full disc measurements made at Kitt Peak. This
f igure demonst ra tes that, having obtained reasonably good estimates of the
plage emission (as ver i f ied by the agreement between the calculated and
observed magnitude of the rotational modulat ion, see Figure 7), it is not
possible to reproduce the solar cycle variability of the full disc Ca K flux
measured at Kitt Peak without postulating the existence of additional sources
of enhanced Ca K emission. In summary, by using the full disc Ca K flux data
measured at both Tucson and Kitt Peak, it has been possible to first calibrate
the WDC plage areas and then to es t imate how the fractional area of this
additional source, which we have called active network (ER plus additional
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network area), varies thoughout the solar cycle.

Our estimate of the magnitude of the fractional active network area
present on the solar disc at d i f fe ren t times throughout the solar cycle is
very sensitive to our calculation of the Ca K rotation modulation. Figure 8
demonstrates that we have reproduced the daily rotational modulation observed
during 1982 by W. C. Livingston at Tucson. However, it is evident in Figure
10 that the full disc Ca K observations made by White and Livingston (ref. 1)
at Kitt Peak are not fit particularly well by the calculated rotation
modulation. Differences between the Tucson daily Ca K data (Figure 8) and the
Kitt Peak solar cycle measurements (Figure 10) are being investigated. Mean-
while, it is important to recognize that increasing the calculated rotation
modulation, to better fit the Kitt Peak data in Figure 10, would lead to a
decrease in our estimate of the active network fractional area, which we use
in the following sections to examine solar variability at other wavelengths.

LYMAN ALPHA FLUX VARIABILITY

Assuming that active areas (both plage and active network) enhanced in Ca
K emission are also enhanced in emission at other UV wavelengths, we can now
investigate the solar flux variability at other UV wavelengths, for example
at Lyman alpha (ref. 12). We can estimate the plage and network contrast at
Lyman alpha f r o m Prinz's (ref. 3) intensity distribution of Lyman alpha
radiances (Figure 3); there the plage-quiet sun contrast is about 6 and the
network-quiet sun contrast is about 2 (see ref. 12 for a more detailed
discussion). Figure 11 compares the calculated Lyman alpha flux variation
throughout 1979 with data from Hinteregger's AE-E satellite experiment (ref.
13), which measured the Lyman alpha f lux f rom the full solar disc. The
rotation modulation is well reproduced, in both magnitude and period, and
the 3C model estimates the rotation modulation better than other models based
on either the 10.7cm flux or the sunspot number. This is discussed in more
detail by Donnelly et al. in another paper in this volume (ref. 14). Figure
12 illustrates that over the longer time scale of the solar cycle, when the
active network emission becomes as important as the plage emission, the model
also reproduces the observed changes in the Lyman alpha emission, both from
the AE-E satellite, and the LASP rocket measurements. This is discussed
fur ther by Lean and Skumanich (ref. 12). We note that Vidal-Madjar 's (ref.
15) Lyman alpha model, derived from the OSO-5 Lyman alpha observations, is
also a three component model: Vidal-Madjar found that the observed Lyman
alpha flux variation was better correlated with a three component approach,
than with a two component model based only on daily solar activity indices.
The models of Cook et al. (ref. 16) and Bossy and Nicolet (ref. 17) are both
two component models. The comparisons, in Figures 11 and 12, of the
calculated Lyman alpha f lux variability with the available full disc Lyman
alpha observations illustrate that the 3C model developed f r o m the Ca K
observations can be extended to model the variability of other UV emisssions
from the sun.

ESTIMATING SOLAR FLUX VARIATIONS; 200 - 300 NM

Of special importance for interpreting the observed changes in the
spectrally integrated (total) solar irradiance is the variability in UV wave-
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lengths longer than 200 nm. The solar flux between 200 and 300 nm represents
about 1% of the total solar irradiance; solar flux variability at these
wavelengths is generally assumed to be negligible in terms of its contribution
to changes in the total solar irradiance. Recent observations by the Solar
Backscatter Ultraviolet (SBUV) experiment on the Nimbus 7 satellite (ref. 18)
provide evidence that the solar flux at wavelengths at least as long as 260 nm
exhibit a variation associated with solar rotation (ref. 19); we can expect an
even larger variation over the 11 year solar cycle. The magnitude of the
solar cycle variability at these wavelengths is not well known, because
measurements of the absolute solar UV irradiances are difficult and have large
uncertainties, typically greater than 15% - 25%: however, we can use the
three component model to estimate the probable magnitude of this variability
(ref. 20).

An example of the rotation modulation of the solar flux at 205 nm,
detected by SBUV during 1979, is shown in Figure 13. The projected plage
area is also shown and demonstrates the high degree of correlation between the
two. The data presented sample a period near solar maximum: the rotation
modulation is smaller at times near solar minimum since there are fewer plages
on the disc. The rotation modulation also decreases with wavelength: the
bottom graph in Figure 13 shows the ratio of the maximum to minimum flux for
three distinct solar rotations labelled A, B and C in the graph above. At 200
nm there is about a 3% modulation which drops sharply to 1% at wavelengths
longer than 207.5 nm, the aluminium I ionization edge. A plateau of constant
modulation extends up to about 251 nm, the onset of Mg 1 ionization, with the
variability decreasing at longer wavelengths. The Mg II lines, which are of
chromospheric origin, can be seen to be more variable than the surrounding
continuum emissions, which originate in the photosphere. Assuming that the
rotation variability at these longer UV wavelengths is, like that at the
shorter wavelengths, associated with changes in the plage area on the solar
disc, we can use the short term SBUV observations to obtain estimates of the
plage contrast (i.e. that factor by which the plage emission must be enhanced
above the quiet sun emission in order to explain the observed rotation
modulation). The plage contrasts calculated in this way are shown in Figure
14. At the shorter wavelengths, less than 210 nm, there is good agreement
with the measurements reported by Cook et al. (ref. 16). At wavelengths
longer than the Al I edge, Cook et al. set the plage contrast to unity.
However, if the plage emission at these wavelengths was not enhanced above
that from the surrounding quiet sun, rotation modulation would not be
detected, contrary to the SBUV observations.

In addition to plage contrasts, we also need to estimate the network
contrasts. Figure 15 shows the calculations by Herse (ref. 21) of the
contrast of bright structures on the disc, at wavelengths from 200 nm to 100
yum. This empirical facular model was derived by Herse from a statistical study
of facular grains, observed at wavelengths 200 nm, 210 nm, 310 nm and 460 nm
with high spatial resolution (0".5) in regions of the solar disc covered by
predominantly non-plage features. Herse's observations indicated that the
excess emission from network features was about half that from the brighter
plage areas. In Figure 15 the mean contrasts (averaged over position on the
solar disc) for the mean facular grains, degraded to a resolution of 2".5 (by
dividing by a factor of 3, as recommended by Herse) can be seen to be in good
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agreement with the network excess emission (contrast -1) determined as half
that f r o m plages, where the plage contrasts are those in Figure 14 (i.e.
deduced from the SBUV short term observations). Other estimates of facular
contrast, averaged over all wavelengths, reported by Foukal (ref. 22) and Hoyt
and Eddy (ref. 23), are provided in Figure 15 for comparison.

Having estimated the active region contrasts (both plage and network) at
these longer UV wavelengths, we can estimate the f lux variability over the
solar cycle associated with the increase in the active area fract ion, as
determined from the analysis of the Ca K data. These estimates are shown in
Figure 16. The minimum expected variability (dotted line) is that due to the
increase in plage regions alone ( f r o m 0 to 5% of the disc, as documented by
the WDC/NOAA). The cycle variability due to twice the plage area is also
shown (dash-dot line). The solid line is the variability expected f r o m an
increase of 0 to 5% of the disc fraction covered by plage plus an increase of
0 to 40% of the hemispheric fraction covered by active network. The
calculated variability is 25% at 200 nm, dropping to 10% at wavelengths from
210 to 250 nm and to only a few percent at 300 nm. The radiation at 300 nm
originates in approximately the same region of the solar atmosphere as does
the visible continuum radiation at 500 nm (ref 24). Ground based observations
indicate that the variability at 500 nm is no more than a few percent (ref.
16) which is quite consistent with these calculations. In Figure 17 the
calculated variat ion in the solar f lux f r o m 200 to 205 nm, for the period
around the maximum of the current solar cycle, is compared with available
observations. The rocket data are from LASP (refs. 25,26) and Mentall et al.
(ref. 27). H refers to the SBUV measurement at the t ime of launch (ref. 19).
The error bars indicate limits of +/- 10% which is an optimistic estimate of
the accuracy of these experiments. This f igure demonstrates that the
measurement uncertainties are greater than the calculated variability and
therefore the available observations can neither confirm nor refute the model
calculations.

TOTAL SOLAR IRRADIANCE VARIABILITY

The change, f r o m solar minimum to solar max imum, in the total energy
radiated from the sun at wavelengths between 200 and 300 nm is calculated by
the 3C model to be of the order of 0.5 to 0.7 W a t t / m 2 (14.7 W a t t / m 2 in 1976;
15.4 Wat t /m 2 during December 1979). This represents about l/20th percent of
the total solar irradiance. To put this in the perspective of the total solar
irradiance (S) variations, Figure 18 compares the calculated variability over
the wavelength interval 200 - 300 nm wi th the variabili ty due to sunspot
blocking, as calculated by Hoyt and Eddy (ref. 23). The important point is
that, while the UV variability may not contribute significantly to the short
term changes in the total solar irradiance, the active network term means
that, over longer time scales, in order to properly interpret changes in S it
may be necessary to unders tand the UV variations. Note that the cavity
radiometers used to measure the changes in S (refs. 28, 29) are sensitive to
radiation at wavelengths longer than about 180 nm, so they are capable of
detecting any changes in the UV emission at wavelengths from 200 to 300 nm.
Even if the magnitude of the UV variability is half that suggested by these
calculations, it still must be considered as a source of variability in S. It
is not yet known how the total solar irradiance varies over the solar cycle -
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whether it is out of phase with the sunspot number, as suggested by Hoyt and
Eddy's (ref. 23) calculations, whether it is in phase, as suggested by Reid
and Gage's (ref. 30) analysis of the variations in the height of the tropical
tropopause, or whether there is no average change; this is a very fundamental
gap in our understanding of the causes of the total solar irradiance
behaviour. Figure 19 illustrates this current confusion. The model of
Hoyt and Eddy (ref. 23) considers primarily the effects of sunspot blocking on
the total solar irradiance whereas Schatten et al. (ref. 31) include a
greater contribution from the faculae (average effect at all wavelengths).
They determined the magnitude of the faculae contribution by fitting a model
to the daily ACRIM data (ref. 29) and then extrapolating the fitted parameters
to longer time scales (ie the solar cycle). This is, in effect, a two compo-
nent approach to faculae emission. Recall, however, that, at least at the UV
wavelengths, because of the three components, the daily variations due to>
plage regions underestimate the variations over the solar cycle.

A potential problem with extrapolating total solar irradiance models
derived from daily observations over time scale of many solar cycles, is that
the sunspot areas and the facular areas may not necessarily vary
proportionately. Figure 20 shows, from the work of Brown and Evans (ref. 32),
that the 11 year cycles in the sunspot areas are modulated somewhat
differently than the 11 year cycles in the facular areas. Assuming that the
changes in the UV are better represented by the faculae areas than by sunspot
areas, we see that the relative effects of the UV flux variability and of
sunspot blocking may well be different during different solar cycles.
Although Figure 21 (ref. 20) is quite speculative, it provides an attempt to
predict quantitative changes in the total solar irradiance due to both
enhanced UV emission from active regions and sunspot blocking; these
calculations are compared with a model based on simple sunspot blocking and
minor facular emission (ref. 23).

CONCLUSIONS AND FUTURE WORK

The 3C model calculations described above represent an attempt to under-
stand solar variability at different ultraviolet wavelengths. As emphasized by
Foukal (ref. 22), to properly understand the causes of total solar irradiance
variability requires an understanding of spectral irradiance variability. Our
present knowledge of solar ultraviolet irradiance variability over the solar
cycle, especially at wavelengths between 200 and 300 nm, is inadequate for
understanding variations in the total solar irradiance. The 3C model calcula-
tions suggest that active area emission other than that from plage areas is an
important source of UV flux variability and that this variability may need to
be incorporated in models of S if the total solar irradiance variability is to
be properly interpreted.

Uncertainties in the Ca K plage contrasts and areas generate
uncertainties in our calculation of the rotation modulation of the Ca K flux,
and hence in the deduced fractional active network area. Our estimates of the
UV flux variability which use Ca K active network fractional area data as
input reflect these uncertainties. Little is known about the average (in a
statistical sense) contrasts for plage and network emission at either Ca K or
the UV wavelengths. Intensity distributions of the entire solar disc at Ca K
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and at d i f f e r e n t UV wave leng ths are needed to p rov ide these data.
Quantitative information about the spatial correlation between the Ca K and UV
active areas is essential for improving the 3C model.

The lack of s tat ist ically averaged da ta cha rac t e r i z ing s u r f a c e
inhomogeneities on the solar disc when observed at Ca K is an unnecessary
source of uncertainty in our model calculations. Although Ca K spectrohelio-
grams are made routinely, little effort has been directed towards defining the
intensity distribution function for the whole solar disc (in the same way that
Prinz, ref. 3, characterized the Lyman alpha emission). Analyses of Ca K
spectroheliograms, similar to that shown in Figure 3 for Lyman alpha, would
yield valuable information about the average Ca K plage contrasts and areas,
as well as estimates of the fractional network area and contrast, at different
times throughout the solar cycle. Such data would provide an important check
on the active area parameters used in the model calculations of both the Ca K
and the UV flux variability.

Continued observation and interpretation of the Ca K emission from the
full solar disc, during the descending phase of the current solar cycle, is
essential for improving our understanding of the evolution, with solar
activity, of magnetically active features on the solar disc. Although during
the rising phase of the solar cycle, the Ca K flux was well correlated with
the plage index (a measure of projected plage area weighted by a relative
brightness est imate) , Keil and Worden (ref. 33) have recently reported that
during 1980 and 1981 the Ca K emission did not declined as rapidly as the
plage index. They offer the explanation that, although the amount of plage is
decreasing, the field associated with the plage is not dissipated; rather it
is rearranged into the network where it can still contribute to an enhanced
calcium emission but not show up as plage. Alternately, the plage may simply
become too d i f f u s e to be included in the somewhat subjective plage index.
Both of these scenarios are consistent with our f indings that, in order to
explain the observed full disc Ca K f lux variations, it is necessary to
invoke a source of Ca K emission additional to the measured plage areas.
However, while our paramaterization of this third component (the active net-
work term in our model) as a linear function of the total plage area on the
solar disc, smoothed over seven rotations (see ref. 6 for a more complete
discussion), appears quite satisfactory for the ascending phase of the solar
cycle, a more detailed quantitative prescription of magnetic flux breakup and
loss by reconnection and submergence is probably required to better model the
Ca K flux variations during the descending phase of the solar cycle.

In order to utilize the Greenwhich faculae record, which extends back to
1905, the correspondence between total plage area on the disc, and the white
light faculae seen on the limb must be quantitatively established. This will
allow a more reliable calculation of the UV fluxes during past times.

During the next few years data from the Nimbus 7, SMM, and SHE satellites
should provided more simultaneous, continuous and reliable data for both the
total solar irradiance and the spectral irradiance variability than have yet
been available. Such data will enable improvements to be made in models
such as the three-component model described in this paper, and allow solar
variability models to better reconstruct the past history of the solar
irradiance.
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LIST OF FIGURES

1. Photographs of the sun on 23 September 1980 at a) Lyman alpha (ref. 2),
b) Call K and c) 160 nm in the UV con t inuum (ref. 2). The Lyman alpha and
160 nm data have a spatial resolution of about 1" while that of the Ca K data
is 2". 5.

2. Photographs of the sun on 10 July 1972 at a) Lyman alpha, 121.57 nm (ref.
3) and b) Call K, 393.3 nm (R. Howard, private communication). The Call plage
areas recorded by the WDC/NOAA are identified in c). The spatial resolution
of both photographs is about 2".5 X 2".5.

3. Intensity distribution for the Lyman alpha emission from the quiet sun,
active network and plage regions on 10 July, 1972, f rom the Lyman alpha
spectroheliogram in Figure 2a (ref. 2).

4. Observation of the Kl.O index a) at the center of the disc in I1 x 3'
quiet regions and b) for the entire disc ( f lux) for solar cycle 21 (ref. 1).
The horizontal line in (a) indicates the mean and in (b) the calculated quiet
sun flux value (see ref. 6)

5. Variation in the projected plage area with solar rotation near the peak
of solar cycle 21, observed in Call K emission.

6. Comparison of rotational modulation of the full disc Lyman alpha flux
measured by the SHE satellite, with the Call Kl.O index measured at Tucson,
for the period 13 October 1981 to 16 September 1982 (ref. 7).

7. The relation between plage contrast (compared to quiet sun) and the
WDC/NOAA observer brightness. The contrast at observer brightness 3 (open
circle) was measured by Lemaire et al. (ref. 9) and the relative variation
(solid line) is from R. Hedeman (private communication, 1982).

8. Comparison of the fu l l disc Kl.O rotational modulation measured at
Tucson (heavy line) and at Kitt Peak (dots) with the calculated plage emission
(fine line) for the period 17th September, 1981 to llth August, 1982.

9. Growth of a typical ephemeral region (at 2".5) showing a) total magnetic
f lux and b) area (open circles) and major axis (crosses) f r o m Harvey and
Mart in (ref. 5). An area of 3 x 108 kmZ (0.01% of the solar hemisphere) and
magnetic filed of 55 Gauss were assumed as average values.

10. Model calculations of the quiet sun, plage and ephemeral region emission
compared to the full disc observations (filled circles) of the Kl.O index made
at Kitt Peak (ref . 1). Note that the data and the calculations refer to, on
the whole, monthly sample points.
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11. The rotation modulation (27 day variability) of solar Lyman alpha flux
during 1979. The AE-E data (ref. 13) are compared with calculations from a)
this model, b) Cook et al.(ref. 16), c) Bossey and Nicolet (ref. 17) and d)
Vidal-Madjar (ref. 15).

12. Solar Lyman alpha irradiance variability for the ascending phase of solar
cycle 21 as a) Observed by AE-E (adjusted, following ref. 12) and calculated
by b) this model, c) Cook et al.(ref. 16), d) Bossey and Nicolet (ref. 17),
and e) Vidal-Madjar (ref. 15). The dashed lines are the average, calculated
irradiances for 1976 and 1979 (see ref. 12).

13. Comparison of the temporal variability of a) the solar flux at 205 nm,
during 1979, observed by the SBUV experiment on the Nimbus 7 satellite by
Heath et al.(ref. 18) and b) the projected Call K plage area for the same
time. In c) is shown the magnitude of the rotation modulation of the solar
flux observed by SBUV at wavelengths between 180 and 300 nm, for the three
strong rotations labelled A,B and C in b).

14. Plage contrast from 180 to 300 nm, derived from the SBUV observations and
the Call K plage data shown in Figure 13 b) and c), and explained more fully
in ref 20. The contrast data of Cook et al. (ref. 16) are included for
comparison at wavelengths shorter than 210 nm.

15. Data for the excess emission from the network at wavelengths from 200 nm
to 100 /Am. The calculations by Herse (ref. 21) at disc center with 0".5
resolution (dashed line), and averaged over the disc with 2".5 resolution
(dotted line) are compared with values deduced from Figure 14 (solid line, see
text). The measurement by Skumanich et al. (ref. 10) at disc center with 2".5
resolution is indicated by the cross, and the shaded values are the faculae
contrasts averaged over all wavelengths adopted by Foukal (ref. 22) and Hoyt
and Eddy (ref. 23).

16. The cycle variability of the solar ultraviolet flux from 180 to 300 nm,
calculated by the three-component model. Estimates of the variability corres-
ponding to the plage areas alone, and to twice the plage areas, are included
for comparison.

17. Comparison of the modelled flux averaged over the wavelength interval 200
-205 nm (solid line) with the SBUV observations (dots) and available rocket
measurements (letters) from July 1978 to June 1982. The letters H, L and M
refer to, respectively, Heath (ref. 19), Mount and Rottman (ref. 26) and
Mentall et al. (ref. 27). The error bars represent +/- 10%.

18. a) Contribution of the calculated solar flux variability at wavelengths
between 200 and 300 nm to changes in the total solar irradiance, compared with
the sunspot blocking calculated by Hoyt and Eddy (ref. 23) from 1979 to 1981.

b) Total solar irradiance variability during 1979 - 1981 calculated as
the sum of the enhanced UV emission and the sunspot related deficit, shown in
(a). Note the long term downward trend apparent in the calculated total
irradiance throughout 1979 to 1981.
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19. Comparison of the total solar irradiance near solar minimum, and near
solar maximum, calculated by the models of a) Hoyt and Eddy (ref. 23) and b)
Schatten et al. (ref. 31).

20. a) Model calculations by Hoyt and Eddy (ref. 23) of the total solar
irradiance variations due primarily to sunspot blocking for the period 1870 to
1980, compared with

b) the temporal variations in the sunspot area and faculae area reported
by Brown and Evans (ref. 32), for the same period.

21. Calculated relative changes f r o m 1905 to 1975 in a) the UV (200 to 300
nm) and sunspot blocking, together with b) the resulting prediction for the
total irradiance variations, compared with the (predominantly sunspot blo-
cking) model of Hoyt and Eddy (ref. 23).
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SOLAR DISC: 10 JULY 1972
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DISCUSSION OF LEAN PRESENTATION

ZIRIN: Why not just measure the UV pictures to find the feature contrasts?

DONNELLY: No one ever bothered to, they never saw it was important.

SCHATTEN: The UV contribution is in the model since the model is fit to the ACRIM
data.

LEAN: If you only fit to the daily variations, that leaves out the slowly varying
components.
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Editor's note: No paper was received for Don Heath's presentation, so the
following transcription of some of the interesting points has been put together.

DISCUSSION OF HEATH PRESENTATION

HEATH: Our results are from an instrument which really was not designed to do
solar physics. The primary objectives of these measurements are to detect
changes in the ultraviolet albedo of the Earth in the ozone absorption region, to
detect long-term changes in the stratospheric ozone, and to identify the
physical mechanisms which are responsible for these long-term changes.
Nevertheless, the instrumentation has several advantages. We had to have
scattered-light rejection by six orders of magnitude over about 200 angstroms.
We had to have extremely high radiometric stability since we were trying to
measure albedo changes of half a percent. We had to have extremely high
wavelength precision, stability as well as linearity.

There are two parts to the solar problem. One is to determine whether or
not there is any evidence of changes taking place, and the other is to interpret
the physical processes responsible for the changes. For our purposes the biggest
problem is in what the Sun is doing in the ultraviolet; the ozone exists solely
because of ultraviolet radiation coming from the Sun.

Here you see the solar spectral irradiance data with good evidence for
27-day variability. I will concentrate on the modulation during one solar
rotation period, the ratio of maximum to minimum. Our data begin one year prior
to solar maximum and continue three years after. I am going to describe briefly
the work that we're doing in trying to check long-term changes in the solar
spectral irradiance, as well as a series of studies of the aluminum lonization
edge where you have the least change in the emitting region in the solar
atmosphere. We take the ratio of magnesium II to magnesium I as a temperature
indicator by comparing it with a blackbody spectrum.

There are a number of interesting features which I will show you; one has
to do with the ratio of the enhancement of that region to that of Mg I and the
other one ,has to do with the appearance and disappearance of the Fe I emission
lines and the behavior of the aluminum ionization continuum and [some] emission
lines.

The instrument that we use to make these measurements has a 10 angstrom
spectral bandpass. It's fortunate that the dynamic range required to make solar
measurements in the region from 1600 to 4000 angstrom is exactly the same as what
we need to measure the atmospheric albedo, so it makes an ideal instrument. Just
to give you an idea of the quality of the daily measurements, we make a
measurement approximately once per day at the northern hemisphere and this is
the solar flux at 2O5 nm, 2O50 angstrom, which is the short wavelength [band] . . .
[of] observation [averaged] over a year, this is the 27-day peak and these are
the 13 1/2 day peaks that correspond to active regions about 180° apart in solar
longitude and, as Jack Harvey mentioned earlier, [...these go from modes in
which you] have a typical 13 1/2 day forcing of having two active longitudes, and
then it will suddenly make a transition over to only one active longitude; but
this gives you some idea of the stability of the data and don't attach any
significance to the long term changes for that is on instrumental [effect]. Now
if we look at the Mg II h and k lines, that is ... at 2800 angstrom, here again we
see these series of 13 1/2 day strong signals [with] a 27-day modulation. This
has an instrumental dip connected into it, but you can stfrt of think of it as
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though [you've] subtracted out part of this.
I want to concentrate more on the modulation with time, and one of the

things that comes in, which should be rather obvious, is that over this 4-year
period, that there are periods when the amplitude of the modulation of the Mg II,
singly ionized is the same all the way up to 1982. In terms of the rotational
modulation, there has been this very high level of solar activity until the day
when Jack showed this curve; this curve is the 205 run long-term changes. But this
is different than the Mg II h and k. We've taken out, to the best of our ability,
the instrumental changes in the instrument's sensitivity [and you can think of
it in terms of a series of residuals that are] departures from a slowly-
varying. . .drift..., but the surprising thing is, apart from the repeating of the
series of peaks of very strong 27-day variation, the maximum in UV radiation
occurs in late 1981, [whereas] sunspot maximum was in 1979. An this feature
becomes stronger and stronger as you approach the region of the temperature
minimum. At first, as I said, I didn't believe this; I thought it was just some
artifact; now I'm beginning to believe that there may be some substance to this
delayed UV radiation. This is very important as far as understanding what's
producing the long term behavior in ozone. People over a number of years have
made studies of the relationship between ozone and sunspot number, and for the
most part the effect has more or less fallen by the wayside because you observe
that the maximum effect in the long term changes in the ozone occurred one to two
years after sunspot maximum and for this reason it was thrown out. But now, based
on what we're seeing, and what Jack was showing in the He I line, perhaps [one]
should reconsider this question.
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EDITOR'S NOTE: Dick Willson made a second presentation, for which the text and
figures are incorporated into his paper published in these proceedings. The
discussion for this presentation follows here.

DISCUSSION OF WILLSON PRESENTATION

HUDSON: Will the calibration of the ACRIM spin-stabilized data get better - do
you plan to re-analyze the calibration?

WILLSON: Yes, but I am pleased with the calibration I am using now.

FOUKAL: In the spin-stabilized data you don't use the reference provided by the
back of the shutter. Also, what about the time constants involved in the
measurement?

WILLSON: We do not use data that do not give a minimum duration of solar viewing.
It's reasonable to say that our criterion is not definitive; the analysis will be
sharp enough to ... As a matter of fact, in the spin mode, the instrument looks
into cold space once for each solar sample, which is a far better calibration.

FOUKAL: And that correction is well enough known that it's small compared to the
error bar that you have there?

WILLSON: Oh, that correction is about O.06%.

FOUKAL: Then the error bar on that correction makes a negligible contribution.

DONNELLY: Now that you leave your shutter open all the time, do you see any
evidence of rapid degradation relative to the reference?

WILLSON: No, we don't.

SOFIA: I would like the other modelers to produce a residual graph the way we
have done, to see if there is any sustained discontinuity roughly at 0.2%
decrease after the new mode of operation that might indicate something
instrumental as opposed to something that' s changing on the sun.

WILLSON: I've noticed from your results yesterday, where you said you did see
what could be interpreted as a level shift, however, your level shift occurred
some time in February, about 6 months too late.

SOFIA: Yes, on the other hand the residuals are pretty large. But it did seem to
be a few months later.

ZIRIN: I guess the long-term data will really settle this question of sunspots
versus plages. Either it will relax to the average between them, or it will relax
to a quiet sun value. . . .

SCHATTEN: If Hickey's data had a general trend. . .

WILLSON: That brings me to my next point.
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MOORE: What if you just fit '81 to '82 and forget about 1980 and 1981; what kind
of slope do you have?

WILLSON: I haven't done that; it would be interesting to do.

DONNELLY: What if you just do the fit for the days that you both have data and not
fill in any data which makes a controlled bias, do you still get as good an
agreement?

WTLLSON: That's something worth doing; I haven't done it.

HUDSON: We could take your data and just throw out the days. . .

CHTPMAN: That's not the same thing, because one of the reasons for this later
result is that Hiokey's data underweights the latest part of the last year. . .

WILLSON: You're right Eric, it wouldn't give an accurate representation of the
real slope, but Dick's right too in that it would give an estimation of whether
or not throwing those out, we both get the same result, albeit not a very
interesting one.

SOFIA: Another way of looking, though, is if you divide [it] right there in
February - the ACRIM data before and after - there seems to be a shift in level.

WILLSON: Where is this famous shift in levels? I'm not seeing something 1 (some
laughter).

SOFIA: Here it isl The level up here is there! And afterwards it's there! You
don't look at the trend, you fit to the first half from there to there, and there
it is, and then you look at this one and there it is; it's a bit lower whereas
here there is no obvious shift or trend.

CHIPMAN: That's not very fair.

HUDSON: That's not a meaningful statement because of course if there's a trend
the means will be different. Is the data powerful enough to support a higher-
order fit than a linear trend? With all the noise that's there it is hardly very
satisfactory even to do a. linear fit.

CHAPMAN: What is the linear trend with time just for the spin-stabilized part of
the data?

WILLSON: I haven't separated it out. Just for 1980, it was 0.04% for 300 days,
which is 0.05% per year.

CHAPMAN: So it wasn't constant; what was the uncertainty in that? Was that a two-
or three-sigma result?

WILLSON: Yeah, at least.
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CHAPMAN: So there was already a downward trend, it's dangerous when you're
fitting two different slopes that are very small when the signal is that noisy. I
just don't think it's valid to try to, with your eye, to fit two things together
like that [discussion continues briefly].

SCHATTEN: Perhaps what you could do is a separate analysis up until the time you
redid your method of analysis, and then another one afterwards and presumably
those two curves would look somewhat similar to what you have ... and that would
enable you to see [any change in slope] and would also perhaps give you a feeling
for the uncertainty, which you say is only about 0.02% or of that order.

WILLSON: OK, we'll do that.
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FINAL DISCUSSION OF GROUND-BASED OBSERVING PROGRAMS

The editors felt that improved ground-based observations could go a long
way towards improving the understanding of the variations of solar irradiance on
active-region time scales. The improvements probably should include
strengthening of the traditional synoptic observing programs, the introduction
of new technology in old or new measurements, and a renewed focus on
interpretation and theory. The participants in this workshop were therefore
urged to contribute brief comments on directions that they felt would be useful.
We summarize our own ideas on p. 313 in "A Global Irradiance Program."
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Drift-scan Photometry and Astrometry

Hugh S. Hudson

I would like very briefly to mention an idea proposed by Gordon Hurford,
who unfortunately isn't here. He suggests that drift scans of a one-dimensional
diode array would be a good way to get high-quality photometry and astrometry of
spots - he was interested particularly in the astrometry, because of the problem
of image registration. He envisions multiple scans going on all day long, with a
simple alt-azimuth mount that would ]ust step to the next position and then
freeze there to await the arrival of the Sun. The diodes would be aligned north-
south so that each would scan out a strip. For calibration, a 90° rotation would
enable them all to scan the same strip in sequence. Isn't that a nice idea?

DISCUSSION

EDDY: Is this something that's really going to happen?

HUDSON: No, the point is that Gordon is too busy to do it. I thought that the
ideas might fit into somebody else's observations. For example, Tim Brown's
diameter instrument might be adaptable.

EDDY: The idea is to make one observation a day?

HUDSON: No, as often as you want to, just by stepping the telescope and then
locking it down.

HARVEY: Watch out for seeing I Tom Duvall and I have measured the solar radius
that way, a lot, and it isn't as easy as it might seem.

ZIRIN: It's easy to do, but ]ust you wait and see!
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Facular Data Base for SMM-ACRIM Comparison

David L. Glackin and Richard C. Willson, JPL

Solar irradiance variations as observed with the SMM-ACRIM instrument should
be compared with observed data on solar faculae during data analysis and
interpretation. Unfor tunate ly , no data now exist which contain accurate
measures of facular area and intensity. We propose the creation of such a
data base at JPL, because the facili t ies exist here for high-volume,
computation-intensive image anaylsis.

We would like to discuss a joint program wi th a ground-based observatory
having a set of analog or digital fu l l disc images of the sun which can be
calibrated and which cover the time span of past ACRIM observations. They
might be taken at, e.g., X3840. We envision first a proof-of-concept study in
which once- or twice-daily images are used. Image digitization (if
necessary), calibration, contrast enhancement , perspective projection (if
necessary), scene segmentation into faculae, spots, and quiet photosphere ana
measurement of the statistical properties of the faculae would be carried out
in the Image Processing Laboratory (IPL). Digitization of analog images would
be done on a PDS microdensitometer. Scene segmentation would be done with a
supervised classification algor i thm first developed for earth resources
studies. Comparison with ACRIM data would then be made at JPL.

Such a program would provide information and experience regarding the types of
data that should be collected during the next phase of SMM. We envision a
more detailed study with higher time resolution full disc data, and perhaps
better calibration.

This data base should allow a more accurate assessment of the effects of solar
faculae on the solar variability than has been possible to date. It might
also provide a strong argument for inclusion of a full-disc imaging instrument
on the proposed JPL SDO (Solar Dynamics Observatory) spacecraft.
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DISCUSSION OP GLACKIN PRESENTATION

EDDY: Can you use these methods to find bright and dark features?

GLACKIN: You can use them for any kind of feature.

COPFEY: Can you digitize the MacMath films?

GLACKIN: Are they calibrated?

DONNELLY: Yes.

unknown: All it takes is money.

NEWKIRK: Why do you want to use an ultraviolet band?

unknown: We want to see faculae all over the disk

NEWKIRK: Then you won't match the ACRIM, because the contrast will be different
from the bolometric.

FOUKAL: The ultraviolet contrast is not small.

NEWKIRK: Then you ought to use various passbands.

FOUKAL: Spectra can be taken down to 320O X, so we can measure the contrast of
faculae as a. proxy for the UV.
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New Techniques for Global Activity Monitoring

Harold Zirin

Big Bear Solar Observatory

Since September 1981, Big Bear has taken responsibility
for observation and measurement of calcium plage regions, the
continuation of the long string of observations from the
former McMath-Hulbert Observatory. In the summer of 1982, we
began making digital measurements, digitizing calcium images
from a Vidicon camera by passing them through a Quantex image
processor. Software has been written for computer measurement
of both area and total brightness of each plage. The
photometry of the present system is probably better than the
visual estimates used for the McMath numbers. Care has been
taken to normalize the system by choosing plage brightness
levels that give results to match to old system. The total
apparent disk K-line brightness can also be measured. This
work was interrupted by the ending of NOAA funding in 1982,
but funding for an additional year was obtained, so that all
data through October 1, 1983 will be reduced. We do not know
whether there will be future funding for this program.

I should note that this work is significantly aided by
the use of the full disk magnetograms provided by the Kitt
Peak National Observatory (courtesy of j. Harvey), which are
used as a backup and for help in region identification

The availability of digital image processing systems
makes it relatively easy to produce digital data on the
calcium brightness as well as white light images and the like.
We are planning to regularly record white light and H-alpha
images in addition to the K-iine images presently being
recorded. New image processing equipment that the observatory
is obtaining should make the reduction of this data relatively
simple. In view of the importance of and interest in the
global solar activity conditions, we expect in the future to
build a separate building for such monitoring, as well as the
measurement of global pulsation. It is unfortunate that just
as such measurements have become easy it has become extremely
difficult to fund them. Regardless of funding we will
continue to record the digital images, saving them for
reduction when funding becomes available.
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DISCUSSION OF ZIRIN PRESENTATION

DONNELLY: Why do the spots show up so well on your K line pictures?

ZIRIN: The filter has a 0.4 R bandpass.
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S01AR & TERRESTRIAL ATMOSPHERES SPECTROMETER - STAS*

Peter L. Smith(a), W.H. Parkinson(a), and W.K. Fowler(b)

(a) Harvard-Smithsonian Center for Astrophysics
(b) Ball Aerospace Systems Division

MOTIVATION AND OBJECTIVE;

Solar radiation between 120 and 360 nm dominates the photochemistry of
the mesosphere and stratosphere1. Many atmospheric molecules, both major and
minor, show very complex and fundamentally narrow structure in their
photodestruction cross sections at these wavelengths. Understanding of the
photochemical processes in the terrestrial atmosphere requires knowledge of
both the cross sections and of the ultraviolet solar spectral irradiance with
the highest possible resolution and radiometric accuracy.

At present, there is considerable uncertainty not only in the absolute
value of the ultraviolet solar spectral irradiance but also in its
variability, especially at high spectral resolution2. The Solar & Terrestrial
Atmospheres Spectrometer (STAS), which has been selected by NASA for
Definition Phase study, is planned for ultraviolet irradiance measurements
with the highest possible resolution and radiometric accuracy. STAS will have
a spectral resolving power more than 50 times greater than any other
instrument planned for such measurements3.

THE STAS INSTRUMENT;

The spectral resolution goal of STAS, AX ̂  0.0015 nm (15 m8), was the
principal influence on the design. We have selected a 3-m focal length,
diffraction limited, f/15, modified Czerny-Turner spectrometer with off-axis
paraboloids in an orientation first proposed by Hill1*. STAS will not have a
telescope; the optics will be filled by the diffraction pattern of the slit.
Ray-tracing analysis showed that the spectrometer design was superior to more
familiar instruments for our purposes. With a 3600 1 mm"1, holographically-
ruled grating and 7 ym slits, the spectral resolution requirement will be
achieved within any 4 nm band. The bands will be selected by grating rotation
and studied by focal plane scanning. The ray trace analysis showed that an
infinitely narrow line would have a width of <. 0.0008 nm (8 mX) when scanned.
Preliminary consideration of the sensitivity of the performance to optical
imperfections and misalignments as well as to thermal effects showed that the
design goal of AA ̂  0.0015 nm can be reached with presently-available
technology.

Two photomultipliers with different photocathodes and a number of cut-off
and band-pass filters will be used to remove out-of-band scattered light.
Provision for the use of a predisperser will also be made. Deuterium and
tungsten filament irradiance sources will be included for in-flight
calibration of the instrument detection efficiency.

Supported by NASA Contract NAS-5-26557 to Harvard College.

1. Simon, P.C., Planet. Space Sci. 26_, 355 (1978).
2. Simon, P.C., Sol. Phys. TJt> 273 (1981).
3. Brueckner, G.E., Advances in Space Research _2» No. 4, 177 (1982).
4. Hill, R.A., Applied Optics J3, No. 3, 575 (1969).
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DISCUSSION OF SMITH PRESENTATION

EDDY: What is the field of view of the instruments?

SMITH: The whole Sun.
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STATUS REPORT- ARIZONA SOLAR UARIABILITY PROGRAM

James M. Palmer, Optical Sciences Center, Univ. of Arizona, Tucson, AZ 85721.

This brief report outlines the current status of the long-term solar varia-
bility study under way since October 1988. The program is under the direction
of principal investigators B. M. Herman and W. L. Wolfe. The program goals are
(1) to determine the intrinsic variability of the spectral output of the sun,
(2) to determine the specific optical modification of the radiation due to the
earth's atmosphere, and (3) to relate these variations to climate changes. The
approach is to deploy ground-based observatories to measure the direct compo-
nent of the solar spectral irradiance in the wavelength range 388-1888nm with
accuracies approaching 0.1X for a 22 year period. In addition, supplemental
measurements of atmospheric variables will be made to further characterize the
atmosphere.

REQUIREMENTS ANALYSIS AND ATMOSPHERIC CORRECTIONS- Based on the
Langley method employed, the instrument bandwidth varies from 2nm at the
shorter wavelengths to 18nm at the longest wavelengths. The field of view is
48 arc-nun to minimize effects of multiple scattering while allowing some
tracking inaccuracies. The motion of the sun requires that the maximum
integration (dwell) time be 1 sec at high (~5> air mass. Higher air masses are
excluded. Separate studies are under way to determine the effects of vertical
and horizontal inhomogeneities and to perfect appropriate statistical analysis
procedures.

SITE SELECTION- Desirable site characteristics include high O2.5km)
elevation, within ±35° of the equator, with accessibility, power, good
"seeing1, clear weather and political stability. After looking at some 388
existing sites, our tentative selections are Mt. Lemmon, AZ (2.75km, 32°N)
and Mauna Loa, HI (4km, 19°N) for the first two sites. A potential third
site is sought in the Chilean Andes.

INSTRUMENT AT I ON- All of the instrumentation has been designed and
approved at the conceptual level and the detailed design is progressing
nicely. The spectroradiometer features an adjustable siderostat for precise
tracking, an integrating sphere for depolarization, two double monochromators,
each with its own optimized detector and appropriate electronics. The entire
system is automated with distributed computing facilities. The auxiliary
instrumentation includes separate radiometers for ozone, water vapor and
atmospheric aerosol characterization, precise measurement of the solar zenith
angle, total radiation using active-cavity radiometers and pertinent meteoro-
logical factors.

CALIBRATION- The calibration of the instrument w i l l be accomplished using
the self-calibration technique developed by NBS. We have achieved errors <8.1X
from 488-988nm and are attempting to extend this range to 388-1888nm. Other
calibrations include instrumental slit function, wavelength (verified with
Fraunhofer lines; and periodic scale verifications using portable absolute
filter radiometers.

Funding is provided by NOAA under grant NA88RAD88865.
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Comments on the Need for Ground-Based Observations
for Research on Solar Variations on Active Region Time Scales

by

Richard F. Donnelly

July 21, 1983

1. In support of total solar irradiance research, daily sunspot and facula
measurements should be made wi th a more quant i ta t ive scaling of areas and
intensities than in current sunspot sketches. Active observers should be
consulted for their advice. For example, their sketches probably involve some
time integration that smooth out some of the short-term effects of seeing; so
I don't think high speed photos should be used. Some sort of video scan
system that makes use of time diversity to decrease seeing e f f ec t s should
probably be used. I think that more than two areas (umbra and penumbra)
should be scaled for sunspots, for example some preselected intensity
relative to the quiet photosphere at similar solar central angles. A letter
survey of those who observe sunspots and facula and those who model S should
be made to get their combined opinions. Geoffrey Brown of England should be
consulted about facula measurements.

2. Facula contrasts as a funct ion of CMD in the 300 - 500 nm band with 1 nm
resolution and wavelength steps should be made daily for a year before sunspot
min imum arrives. Data for about a hundred regions should be analyzed to
determine the average and standard deviations of their contrasts as a function
of CMD, wavelength and peak brightness. If the results are too varied,
monitoring measurements should be made a f te r the one year. Occasionally,
when major active regions are developing rapidly, measurements should be made
about every ten minutes for a couple of days.

3. In support of research of solar UV variability, its stratospheric effects
and possible effects on climate, daily Ca-K measurements should be made. Full
disk measurements over the central 1A band core with high absolute accuracy
relative to the adjacent photospheric continuum, like those of W. C.
Livingston and 0. R. White at Kitt Peak, should be continued. Although their
monthly measurements at the McMath tower have high accuracy, the daily
measurements made in Tucson need to be demonstrated to have suff ic ient
accuracy. In the meantime, Jack Harvey's 10830A He-line measurements should
be continued daily. Eventually, we probably don't need both Ca-K & He, but
Harvey and Livingston should best be able to describe their pro's and con's.
Ca-K spatial data wi th about 10 arc seconds spatial resolution should be
raster scanned daily. On a few rare occasions of rapid active region growth,
measurements every 10 seconds should be made. I think Zirin's current Ca-K
effective bandwidth may be a little too wide. I think a central bandwidth of 1
A is appropriate but the bandpass should be at tenuated very rapidly outside
this range. Scattered light problems need to be carefully solved. Intensity
scalings should aim at more than a one intensity contour for active regions,
more like every 5% in intensi ty f r o m 0.8 to 1.5 X's the intensity of the
"quiet sun" at comparable solar central angles for central angles in the range
0 - 70° wi th d i f f e r en t criteria for larger CMD. These raster scan scalings
should permit UV modeling to take into account large filaments and plagettes
as well as the major plages.
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D. H. Bruning

A perplexing problem in the study of the solar irradiance is the
cause of the residuals obtained by subtracting the computed
photometric sunspot index (PSI) from the ACRIM irradiance
measurements. While some of the irradiance residual was thought to be
due to the neglect of variations of individual sunspot contrast in the
PSI model, recent observations by Chapman (Bull. Am. Astr. Soc.
15, 719, 1983) have shown that accurate surispots areas coupled with
PSI can completely account for the observed sunspot irradiance
deficit. It is possible that these data are not representative of all
sunspots and further observations are needed to show whether this is
the case. The facular contrast, especially near the limb, is not well
determined, but the contribution of faculae to the day-to-day
irradiance variation still appears to be smaller than that required to
explain the irradiance residuals. Other possible causes that need to
be investigated observationally are the variations in the limb
darkening or photospheric temperature gradient, and the presence of
active network in the irradiance deficit and excess signals.

Another point of disagreement between authors is the placement of
the zero point or quiet sun level for the irradiance. Since this
quiet sun level affects the measurement of variations over the solar
cycle length periods, it is important that some agreement is reached
upon what the quiet sun level is defined to be.

While measurements of the facular contrast are perhaps best left
to space-borne instruments such as SOT, many important irradiance
observations such as measurements of the limb darkening, sunspot area
and sunspot contrast can still be made using ground-based instruments.
It is not necessary to obtain high spectral resolution or to cover
very many spectral regions since we are interested primarily in the
temporal variations of the irradiance. Observations should be
obtained daily and might be best obtained with a dedicated instrument,
since daily observations are not feasible at many observatories. A
dedicated instrument also could be designed to minimize sources of
instrumental error such as scattered light.
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A GLOBAL IRRADIANCE PROGRAM

H. 5. Hudson
Center for Astrophysics and Space Sciences, UCSD

G. A. Chapman
California State University, Northridge

B. J. LaBonte
University of Hawaii

This workshop has provided abundant evidence that the quality of present
ground-based observations seriously limits our ability to study the physical
mechanisms responsible for the observed variations of total and spectral
irradiance. The areas of sunspots and faculae have been thus far the basic tools
for intercomparison with the solar flux variations. As a substitute for faculae,
which are generally not observed by synoptic programs at present, proxy data
such as Ca plage have widely been used. The shrinkage of synoptic observing
programs has eliminated even this, however, from the standard Solar-Geophysical
Data compilations. In any case the tools used for compiling the synoptic data are
archaic and perhaps should be allowed to expire if they can be replaced by
superior techniques. There has been almost no application of modern detector and
data-processing technology to the synoptic measurements, and it is clear that
the order-of-magnitude improvement that these approaches make possible will put
the synoptic data back at the forefront of research.

We assume that the importance of the solar physics and the terrestrial
impact of the processes governing active-region time scales will cause a
continuing program of spacecraft bolometric and spectral irradiance
measurements. We address here the ways in which ground-based observations can
most effectively help to resolve the important issues, and to complement the
space program successfully.

Direct observations of solar brightness are now possible, with the aid of
new technology, and solar brightness measurements should become an important
item in a new program of precise solar global measurements. Photometric
observations at Kitt Peak, San Fernando Observatory, and elswhere have produced
residual noise levels well below one percent precision. Systematic, routine
observations with this precision would directly clarify the present controversy
over the energetics of spots and faculae. If such observations could be carried
out with sufficiently high resolution, spot areas could be determined
photoelectrically, and this would be another useful input for modeling.

In addition to white-light observations, systematic and quantitative
measurements of a chromospheric line are essential. The calcium K line or the
helium 10830 line (see the paper by Harvey in these proceedings) would be
suitable in principle. The K line is more traditional, but the 10830 line has the
added advantage that it shows the presence of coronal holes quite clearly.

The usefulness of modern, professional global measurements extends beyond
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the immediate needs of the irradiance modeling that we have emphasized. Indeed,
the traditional synoptic data gathering doubtless began before solar constant
was known to 10%. Other objectives for comprehensive data would include the
presence of large-scale systematic patterns in the solar atmosphere, of which
coronal holes would be a good example; monitoring for white-light flares, which
has never been done photoelectrically; and possibly solar seismology. The
inclusion of observations in spectral lines is aimed at these additional
objectives, rather than for the purpose of providing a substitute for direct
white-light photometry.

The continuity and uniformity of data represents a very important aspect
of any routine observation devoted to solar global properties. It is not
possible at present to predict the nature of longer-term variations in the
observables, yet these would be the most important for studies of the nature of
the solar cycle and of the solar structure deeper in the interior. Long-term
observing programs of the greatest utility for these purposes need stable,
secure support. The Greenwich solar measurements or the Harvard astronomical
plate collection are two good examples that continue to produce exciting
research results long after the observations were discontinued. For example, the
latter are applicable to y-ray astronomy although, y-rays were not known even in
laboratories when the programs began! In this sense we can distinguish the
routine global measurements from individual research programs, which can aim to
achieve better observations for specific goals. The support needed for the two
kinds of programs is not comparable and should not be competitive.

To conclude this discussion, we present in Table 1 a set of parameters
describing the desired new departure in synoptic observations. The entries in
the table represent our own opinions and are probably far from definitive. It is
abundantly clear from the papers in these proceedings, and from the detailed
comments of the workshop participants, that new programs of a type that we might
describe as a "global irradiance program" would be able to make very powerful
contributions to our knowledge of the fundamental causes of solar activity and
the structure of the solar interior.
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Table 1

Target Specifications of a Global Irradiance Program

Quantity Angular Photometric Frequency of
Resolution Precision Observation

White light Few arc sec a = 0,2% Hourly

Calcium K .... a = 1% Daily

He 10830 " " " " " "

Magnetic Field " " AB = 10 gauss Hourly

Notes; The "few arc sec" resolution intends to match the level of seeing at the
sites of observation. The hourly frequency of observation appears to be
necessary to resolve the most rapid time variations observed in the total
irradiance by the Solar Maximum Mission. Completeness of time coverage is very
important and suggests multiple observing sites, or eventually observations
from a dedicated monitoring satellite.
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