
of these mechanisms. For example, a latitu- 
dinal temperature distribution characterized 

The Surface Temperature of the Sun and 
Changes in the Solar Constant 

The solar distortion telescope has been used to measure the limb shape and latitude 
dependence of the limb brightness during the summer months for a 5-year period-a 
time base sufficient to  detect solar cycle trends in the data. Comparison of these 
observations with spaceborne measurements of the solar constant suggests that a 
significant part of  the solar cycle variation in irradiance is a result of  temporal changes 
in the latitude-dependent surface temperature of  the sun. 

P RECISE SPACEBORNE MEASURE- 
ments of the solar constant, that is, 
the solar irradiance as determined 

from the earth's orbit, have shown that it 
changes slightly with the changing level of 
magnetic activity on the sun (1). These 
measurements, specifically those made by 
the active cavity radiometer irradiance moni- 
tor (ACRIM) experiment aboard the Solar 
Maximum Mission (SMM) spacecraft, have 
shown that during a typical solar maximum 
the solar irradiance is 0.1% higher than at 
solar minimum when the sun's magnetic 
activity is low. Such changes may measur- 
ably affect the earth's climate-a decrease in 
solar activitv in the 16th century was coinci- 
dent with a period of cool temperatures in 
Europe known as the "little ice age" (2). 

The irradiance variation is a result of 

temporal changes in the flux and the surface 
brightness distribution of the sun. Earlier 
work has shown that dark sunspots on the 
visible disk do diminish the solar constant; 
other indirect (proxy) indicators also show 
that the solar irradiance increases because of 
bright faculae (3, 4). These studies also 
suggest that solar cycle variations in the 
spots and faculae alone cannot account for 
the total variability. 

Identifying the cause of this variation is a 
difficult problem-for example, temporal 
changes in differential rotation in the interi- 
or of the sun, a solar dynamo magnetic field 
near the base of the convection zone, or 
large-scale convective cells might all produce 
such an effect. However, observations of the 
surface temperature distribution of the sun 
can be used to distinguish the effects of each 
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Fig. 1. Results of solar limb flux measurements from the solar distortion 
telescope between 1983 and 1987: squares, 1983; uptriangles, 1984; 
downtriangles, 1985; crosses, 1987. The errors at each point are about 0.2 K 
and are dominated by a systematic uncertainty in the brightness to flux 

by large-scale quadrupolar variations could 
be related to solar differential rotation. Fur- 
thermore, brightness observations com- 
bined with helioseismological splitting data 
may allow the determination of the aspheric 
structure of the solar interior (5, 6). Sensi- 
tive observations of temporal and spatial 
brightness variations will thus lead to a 
better understanding of the solar convection 
zone. In this report, we combine precise 
relative photometric measurements of the 
solar disk with spaceborne absolute total 
irradiance measurements to investigate the 
latitude-dependent and solar cycle-depen- 
dent surface temperature of the sun. 

Total irradiance measurements, such as 
those made with the ACRIM experiment, 
do not provide data on the brightness varia- 
tions across the visible solar disk. For this 
information the space experiments are well 
complemented by ground-based observa- 
tions. Ground-based relative photometry al- 
lows higher spatial resolution for long peri- 
ods of time but cannot provide the temporal 
absolute bolometric stability of the space 
measurements because of the effects of the 
earth's atmosphere. 

Because the changes in the irradiance 
through the solar cycle are a few parts in 

J. R Kuhn, Deparunent of Physics and Astronomy, 
Michigan State University, East Lansing, MI 48824. 
K. G. Libbrecht, Bi Bear Solar Observatory, 264-33 
California Institute of%echnology, Pasadena, CA 91125. 
R. H.  Dicke, Joseph Henry Laboratories, Princeton 
University, Princeton, NJ 08544. 

8 0 20 40 60 80 

Angle from equator 

calibration. (A) The measured effective temperature corresponding to the 
limb flux excess that results from faculae. (8) The measured limb tempera- 
ture variation with latitude in Kelvin degrees. The solid line shows the result 
of a complete statistical fit to 1983 data (8). 
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lo4. a relevant measurement of the latitudi- 
nal flux variation must be of comparable 
accuracy. We have achieved more than ade- 
quate sensitivity in our measurements using 
the solar distortion telescope, an instrument 
that was originally designed to measure the 
oblateness of the sun with an accuracy of 1 
arc millisecond (8). , , 

This instrument has an occulting disk that 
blocks all but the outermost 20 arc seconds 
(0.02 solar radii) of the solar disk. The 
remaining solar limb flux can then be mea- 
sured as a function of position angle around 
the solar disk. We measured the flux at 256 
positions around the limb in two broadband 
color channels centered at wavelengths of 
525 and 800 nrn. By differencing the signals 
from the two colors, we expressed the data 
as an equivalent blackbody temperature ex- 
cess as a function of solar latitude. Contribu- 
tions to the flux signal from the solar oblate- 
ness and from refraction in the earth's atmo- 
sphere are significant, but the instrument 
design facilitates the separation of these 
systematic effects from the limb brightness 
signal (8). During a typical observing sea- 
son, we made approximately lo4 6-minute 
integrations, so that the statistical uncertain- 
ty of the measurements is small. 

Using methods that were similar to those 
in (8), but modified for the 1987 data when 
fewer faculae were present on the sun, we 
divided the solar limb flux as a function of 
latitude into a "facular" and a "temperature" 
part. This was done with a statistical analysis 
that separated the data into (i) a latitude- 
dependent equivalent temperature excess, 
which was time-independent during a 4- 
month summer observation period, and (ii) 
intermittent bright regions, which are con- 
sistent with faculae passing over the solar 
limb. In this analysis, we considered the 
distribution function of the lo4 seDarate flux 
measurements at each point on the solar 
limb. We modeled the distribution function 
at each point as consisting of two parts: an 
approximately Gaussian distribution with a 
mean at the effective temperature excess, and 
a broader distribution that was the result of 
intermittent facular bright points (Fig. 1). 
The analysis yielded temperature excess 
curves (Fig. 1, A and B), which were nor- 
malized so that their sum vielded the total 
observed limb flux excess, independent of 
the identification of facular and thermal 
contributions. 

The facular signal is confined largely to 
the active latitudes and has the expected 
dependence on the solar cycle (Fig. Ik). In 
the extreme polar regions the facular signal 
is elevated slightly, perhaps because of the 
presence of polar faculae (9). In our solar 
limb observations the flux deficit from sun- 
spots was small compared to the excess from 

Table 1. Fractional solar flux variations from 1983 to 1987. Column 1 is the mean time of each 
observation; column 2 is the change in flux (relative to 1983.5) measured by the ACRIM experiment; 
in column 3 the ACRIM flux has been corrected for the sunspot flux deficit, with the sunspot blocking 
function of (4). The large errors in this column reflect the uncertainty in the sunspot correction. 
Column 4 shows the calculated flux variation from our limb photometry when the low-latitude 
temperature signal is assumed to result entirely from faculae; column 5 shows the relative solar constant 
change if the facular and thermal contributions from Fig. 1, A and B, are used. The systematic errors are 
estimated from the sum of our calibration uncertainty, the variance in the daily sunspot correction, and 
the scatter in the published facular contrast functions. Estimated errors apply to all entries in each 
column. 

Date 
Facular 
model 
( x 104) 

Temperature 
model 
( x 104) 

*Not available. 

faculae because of the Wilson depression 
(10)-the greater continuum optical depth of 
sunspots makes them difficult to see near the 
limb. 

Our observations of intermittent bright 
points (Fig. 1A) are clearly recording faculae 
and active regions near the limb. The re- 
maining temperature signal is not as easily 
interpreted. The temperature signal consists 
of two parts (Fig. 1B): a high-latitude tem- 
perature excess, which varies little with solar 
cycle, and a low-latitude part, which occurs 
in the magnetically active latitudes and has a 
solar cycle dependence that is similar to that 
of the facular signal. 

We have argued that the signal at high 
latitudes (above 50") is a real temperature 
shift caused by a meridional circulation (1 1). 
The new data continue to support this inter- 
pretation of the high-latitude results but 
indicate that there is a second, variable, 
large-scale contribution to limb brightness 
near low latitudes that is also distinct from 
the facdar and sunspot brightness compo- 
nents. 

One criticism of this interpretation of the 
high-latitude data has been that polar facu- 
lae might produce the observed high-lati- 
tude temperature excess (12). With the new 
data, two pieces of evidence suggest that this 
explanation is unlikely. First, the brightness 
distribution of the high-latitude measure- 
ments is as narrow as the distribution near 
the mid-latitudes, in contrast to the wide 
distributions typical of the active latitudes 
(1 1). In other words, the distribution of the 
individual flux measurements at the poles is 
shifted upward in mean brightness, but it is 
not broadened as would be expected if this 
shift were caused by occasional polar facu- 
lae. Second, the polar brightness excess 
shows essentially no dependence on solar 
cycle, unlike the polar faculae. This latter 
point will be conclusive if the polar bright- 
ness excess remains unchanged through so- 
lar maximum, around 1991, when the polar 

facdae should disappear entirely (9). 
In low-latitude data obtained after 1983, 

we did not completely separate the tempera- 
ture component from the facular signal be- 
cause too few faculae were observed to be 
able to statistically resolve them. However, 
by comparing the simplified analysis dis- 
cussed here with the complete 1983 statisti- 
cal analysis (indicated by the solid line in 
Fig. lB), we conclude that at most = 15% of 
the temperature signal can be associated 
directly with faculae. We show below that a 
comparison of these results with ACRIM 
observations supports the conclusion that 
the low-latitude bolometric temperature 
varies with the solar cycle. The source of this 
thermal flux is spatially unresolved by our 
observations and might be associated with 
the active magnetic network (4). 

Between 1983 and 1987 the fractional 
change in the solar constant was 3.6 x 
(1). That the solar constant began increasing 
again after solar minimum is convincing 
evidence that the solar irradiance varies with 
the solar cycle. A shift of 0.5 K in the global 
mean solar temperature could have caused 
the observed luminosity variation. Because 
there already is evidence for a latitudinal 
brightness variation of this magnitude, we 
favor a changing latitudinal temperature dis- 
tribution as a more likely mechanism caus- 
ing the observed irradiance change. Models 
of the ACRIM data (3, 4) suggest that 
faculae and sunspots produce only some of 
the irradiance variation; thus, a third com- 
ponent is needed to account for the total 
variability. 

In that sunspots are approximately uni- 
formly dark, and their areas have been regu- 
larly cataloged for many years, the sunspot 
contribution to the irradiance, which direct- 
ly reduces the solar constant, has been mod- 
eled accurately. However, because irradi- 
ance increases with increasing solar activity, 
the sunspot contribution is clearly not the 
dominant magnetic effect, and the effects of 
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faculae and other small bright magnetic 
features on the irradiance are not as well 
known. 

Ideally, precise relative photometry mea- 
surements covering the entire visible disk of 
the sun. coincident with the irradiance mea- 
surements, would allow the most accurate 
calculation of the facular contribution. Un- 
formnatelv. such observations have not been 
made. ~ d ' a d v a n t a ~ e  to our data is that the 
facular flux contribution is more easily iden- 
tified in limb observations than in disk- 
center observations. We can then obtain the 
total solar flux by extrapolating our mean 
brighmess measurements to disk center. To 
make this extrapolation, we used the solar 
limb darkening function, which is well 
known (13), and a facular contrast function, 
which is also fairly well known (14-16). If 
we assume that the flux brighmess excess in 
the limb observations is a result of faculae 
and subiect to a facular contrast function. 
then n-erical integration shows that the 
magnitude of the solar flux variation implied 
bv this facular model of the limb observa- 
tions is too small to account for the decrease 
in the ACRIM data-even before the sun- 
spot contribution to the ACRIM flux is 
accounted for (Table 1). 

The uncenahties asiociated with the fa- 
cular contrast that we assumed and the 
correction for the contribution of sunsoots 
to the limb data are small compared t i t h e  
difference between the facular model and the 
ACRIM data (columns 2 to 4 in Table 1). 
After the irradiance data have been corrected 
with an estimate of the sunspot blocking 
(column 3 in Table l ) ,  the difference fiom 
the net irradiance, if we assume that our 

Flg. 2. The solar tempera- 
ture distributions between 
1983 and 1987. Sensitive 
measurements of the solar 
brighmess between 1983 
and 1987 at a wavelength 
near 500 nm and after re- 
moving faculae and sun- 
spots would yield results 
corresponding to the pat- 
terns in this figure. The 
range from light to dark cor- 
responds to a fractional in- 
tensity variation of about 
2 X lo-'. Starting in the 
upper I& and moving down 

signal is caused by faculae entirely, is even 
larger. Thus we conclude that variations in 
o rka ry  faculae and sunspots alone could 
not have produced the observed changes in 
irradiance. 

Instead, we suggest that a smoothly vary- 
ing, effectively thermal flux excess (Fig. 1B) 
is the cause. Another integration over the 
solar disk, treating the data in Fig. 1B as a 
temperature excess not subject t o  a facular 
contrast function and the data in Fig. 1A as 
a facular signal, indicates (column 5 in Table 
1 which should be compared with the spot- 
corrected irradiance flux, column 2) that the 
ACRIM variability is essentially accounted 
for. In other words. our internretation of 
the limb brighmess 'data as a ;emperamre 
excess consistently accounts for the variabii- 
ty in the bolometric full disk ACRIM obser- 
vations. 

The limb data clearly indicate that latitu- 
dinal and temporal variations in faculae and 
sunspots could not have caused the total 
solar flux changes. A better description of 
the observed solar flux variation is in terms 
of a change in the effective temperature 
distribution of the sun at low latitudes. 
There is no evidence for a change in the 
solar flux in the polar regions (Fig. 2). 

General considerations suggest that the 
solar flux is latitude dependent. Because the 
sun is differentially rotating in depth and 
latitude, the turbulent Reynolds stress in the 
convection zone has a large-scale angular 
dependence (1 7). A term of the force equa- 
tion depends on the Reynolds stress; there- 
fore, the momentum flux and the radial 
energy flux have a small quadrupolar angu- 
lar dependence. The magnitude of the flux 

&d then to the right col- 
umn, the images correspond 
to the sun in the summers of 
1983, 1984, 1985, and 
1987. 

perturbation is difficult to calculate, and 
numerical simulations (18) have provided 
the best estimates of the form and magni- 
tude of the observed flux excess (1 1). 

This schematic picture suggests that the 
surface flux distribution is coupled to the 
solar rotation. It is an appealing ansatz for 
describing part of the temperature data in 
Fig. 1B. Because the solar rotation does not 
show a solar cycle dependence, a component 
of the flux excess should also be time inde- 
pendent, and the observed temperature ex- 
cess at high latitudes does not vary with 
time. Extrapolating the high-latitude flux 
variation to the equator suggests that the 
temperature at the pole would be about 1.5 
K hotter than at the equator if the low- 
latitude variable flux component were ab- 
sent. 

Two interesting features of the variable 
component of the temperature excess are 
that it peaks near the active latitude bands 
and that it varies on the same time scale as 
the solar magnetic field. Kilogauss-scale to- 
roidal magnetic fields near the base of the 
convection zone may be long lived, and the 
time scale for small flux tube regions to drift 
to the surface could be comparable to the 
time scales over which active regions devel- 
op (19). Active regions, spots, and faculae 
occur where magnetic flux tubes break away 
from a large flux concentration deep in the 
convection zone and are carried by updrafts 
to the photosphere. In this case the active 
latitude bands should be located at the site 
of convective updrafts and these regions 
should be hotter than downdrafl regions. In 
addition, the geometry and flux of the toroi- 
dal field in the deep convection zone will 
evolve during a solar cycle. We should ex- 
pect a corresponding evolution of the sur- 
face temperature excess as the updraft region 
shifts with the changing dynamo field ge- 
ometry at the base of the convection zone. 
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pressure system prevailed over the region. 
The result was a subsidence inversion, which 
trapped smoke in the mountain valleys, par- 
ticularly in Klamath River Canyon, which 

Enhancement of Surface Cooling Due to extends from Happy Camp at the north to 

Forest Fire Smoke Orleans at the south (Fig. 1). Each day, 
more smoke accumulated beneath the inver- 
sion, with the surface cooling produced by 

ALAN ROBOCK the blockage of sunlight strengthening the 
inversion and trapping more smoke (7). 

Smoke emitted from forest fires in northern California in September 1987 was Because the smoke has a higher albedo than 
trapped in a valley by an inversion for 3 weeks. Daily maximum temperatures on the the wooded surface (Fig. 2d), the result is a 
valley floor were more than 15OC below normal for 1 week and more than 5°C below net cooling of the entire atmosphere-surface 
normal for 3 weeks. The smoke strengthened the inversion by preventing surface system. Virtually all the sunlight that is not 
warming by solar radiation, thereby enhancing the smoke trapping and the surface reflected by the smoke is absorbed before it 
cooling in a positive feedback loop. These results may have implications for nuclear reaches the ground, thereby strongly cool- 
winter. ing the ground while slightly heating the air, 

although not enough to destabilize the air 

C RUTZEN AND BIRKS (1) WERE THE daytime surface cooling of several degrees with respect to the synoptic scale inversion. 
first to suggest that smoke from Celsius. In addition, Robock (6) found simi- This positive feedback effect of the smoke 
forest, urban, and industrial fires lar surface temperature effects of forest fire enhanced both the amplitude and the dura- 

ignited by nuclear weapons would be exten- smoke plumes over the midwestern United tion of the cooling. 
sive enough to block out significant States in the summers of 1981 and 1982 and I examined surface air temperature data 
amounts of sunlight. The resulting surface over Alaska in May 1987 by examining for the region between 39"N and 45"N and 
cooling calculated with a climate model was objective errors of numerical temperature west of 12OoW to the Pacific Ocean, in 
so large that it was called "nuclear winter" forecasts. In all these cases, elevated smoke northern California and southwestern Ore- 
(2). Smoke from urban and industrial fires layers produced daytime cooling but had no gon (Fig. l ) ,  using data from 96 National 
(especially oil refineries) would be much nighttime effects. I now describe a feedback Weather Service stations for which 30-year 
more effective at preventing solar radiation process that produced much larger and normals have been computed (8), another 
from reaching the earth's surface than forest longer lasting surface temperature effects, 65 National Weather Service climatological 
fire smoke after a large-scale nuclear war (2, caused by smoke from forest fires in north- observing stations (9),  and 85 Forest Service 
3); with both urban and rural targets, not ern California in September 1987. Smoke stations ( lo ) ,  for a total of 246 stations. Not 
only would more urban smoke be generated was trapped in valleys for more than 1 week all of these stations made observations each 
but its optical properties would make it by an inversion that was strengthened by the day during this period, but for September it 
more effective at blocking sunlight. cooling. was possible to use more than 70 stations in 

In this context, the effects of forest fire On 30 August 1987, orographic thunder- the region to calculate deviations from nor- 
smoke are of interest for two reasons. First, storms in northern California and southern mal and more than 200 stations to calculate 
a lot of forest fire smoke would still be 
generated in many nuclear war scenarios, 
especially those that include only nonurban 
military targets. The optical properties and 
surface temperature effects of this smoke are 
important parts of the study of nuclear 
winter. Second, it is useful to have some 
actual observations of the effects of smoke to 
compare to theoretical models of nuclear 
winter. Extensive urban and industrial 
smoke plumes are not readily available for 
study. Each year, however, a number of Fig. the 

area in northern California forest fires are generated by lightning, in and southern Oregon. Sta- 
some cases producing extensive smoke tions for which normals are 
plumes. Anecdotal observations from exten- available are plotted as 
sive Siberian forest fires in 1915 (4) and crosses, and the remaining 
Canadian forest fires in 1950 (5)  indicated a ~ ~ ~ ~ ~ ~ ~ f ~ ~ ~ ~ ~ d ~ ~ ~ ~ ~ ;  

tion and observation sta- 
De arunent of Meteorology, University of Maryland, tions mentioned in the text 
Coiege Park, MD 20742. and Figs. 3 and 4 are shown. 124"W 1 22"w 1 2OGw 
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