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Ozone and Temperature Trends Associated with the 

11-Year Solar Cycle 

Abstract. Evidence is presented which suggests that trends in the ozone concentra- 
tion and stratospheric temperature, reported between the early 1960's and 1976, are 
to a large extent due to solar ultraviolet flux variability associated with the 11-year 
solar cycle. Radiative-convective-photochemical simulations of ozone and temper- 
ature variations have been made with a solar ultraviolet flux variability model. Re- 
sults for temperatures and ozone concentrations, when compared with published 
data, show good agreement. 

In 1971 Komhyr et al. (1), in a study 
designed to measure 03 variations asso- 
ciated with planetary wave structure, de- 
termined that the total 03 over selected 
North American stations increased at a 
rate of 4 to 8 percent per decade during 
the 1960's and noted increases at other 
stations around the globe. In a subse- 

quent study, London and Kelley (2) con- 
cluded that for the same period the total 
03 increased by 7.5 percent per decade 
in the Northern Hemisphere and by 2.5 
percent per decade in the Southern Hem- 
isphere. Angell and Korshover (3) deter- 
mined that slight decreases in the global 
03 had occurred after 1970. Angell and 
Korshover (4) and Quiroz (5) have ana- 
lyzed stratospheric temperature trends 
determined with Western Hemisphere 
rocketsonde data for the years 1965 
through 1976. They reported a warming 
in the middle and upper stratosphere pri- 
or to 1970 and a cooling thereafter. 

As far as we know, no satisfactory ex- 
planation for the trends in global 03 and 
stratospheric temperatures observed 
during the 1960's and early 1970's has 
appeared in the literature. The results we 
present here suggest that both the 03 and 
temperature variations are due, in part, 
to ultraviolent (UV) flux variability, for 
wavelength X < 0.300 /-m, associated 
with the 11-year solar cycle. Studies of 
the correlation between 03 variations 
and solar activity are controversial and 
have a long history. Investigations dating 
back to 1910 (6) have been conducted in 
an effort to establish a relationship be- 
tween 03 and sunspot number, 10.7-cm 
flux, or Lyman-a flux. These studies 
have been complicated by the natural 
variability of the 03 layer, lack of suf- 
ficient long-term data, and poor geo- 
graphical coverage. The question of a 
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possible relationship between global 03 
and solar activity is both controversial 
and of importance. It is controversial be- 
cause of the mixed conclusions that have 
been drawn about global 03 (6) and be- 
cause of the lack of agreement and the 
dearth of basic data on the nature of the 
variation of the solar output at X < 0.300 
gam. It is of importance since such a re- 
lationship could provide a significant, 
long-sought link between solar activity 
and climate-related phenomena (for ex- 
ample, changes in the surface temper- 
ature or the structure of planetary long 
waves) in both the stratosphere and the 
troposphere. 

Recently, on the basis of satellite, 
rocket, and balloon measurements made 
between 1964 and 1972, Heath and The- 
kaekara (7) have reported variability in 
the solar UV flux (for X < 0.300 ,um) be- 
tween solar minimum and solar maxi- 
mum (Fig. la). It is difficult to measure 
the solar UV flux between 0.120 and 
0.300 /tm, and there are substantial un- 
certainties and discrepancies in the re- 
ported data. Recently, Simon (8) has 
critically reviewed measurements of the 
solar flux between 0.120 and 0.400 ,um. 
He indicates that there is no conclusive 
evidence, either for or against, a solar 
variability, of the magnitude reported by 
Heath and Thekaekara, in this wave- 
length range. 

However, solar irradiance measure- 
ments are not the only means by which 
the presence of solar flux variations have 
been inferred. In 1965, Rangarajan (9) 
examined 104 sets of Umkehr 03 data 
(vertical 03 profiles) taken at Marcus Is- 
land (24?N, 154?E) between the 1958 so- 
lar maximum and the subsequent solar 
minimum. Rangarajan suggested that to 
reconcile the behavior of the observed 

03 column sum above 36 km would re- 
quire a 60 percent decrease in the UV 
flux (for X < 0.240 ,Lm) with decreasing 
solar activity. This is compatible with 
the flux changes suggested by Heath and 
Thekaekara (7). Rangarajan further de- 
termined that the variation of the critical 
frequency of the atmospheric E-layer at 
Ahmedabad (23?N) between 1958 and 
1962 also supports a UV flux change (al- 
beit at lower wavelengths) of this magni- 
tude. In view of the uncertainties and 
discrepancies in the UV flux data and the 
observed variations in the atmospheric 
parameters (for example, stratospheric 
03 and temperature) that could be 
caused by UV variability, it is desirable 
therefore to determine theoretically the 
effects that may be associated with solar 
UV variability. Stratospheric 03 and 
temperature structure are currently of 
particular interest. 

Preliminary studies have been con- 
ducted of the effect on 03 and thermal 
structure of the UV flux variability asso- 
ciated with the 27-day solar rotation and 
the 11-year solar cycle (10, 11). These 
studies indicate that the effect on the 
thermal structure is determined primari- 
ly by changes in the direct UV heating of 
the 03 layer and to a lesser extent by 
changes in the 03 concentrations. 
Changes in 03 are due to both photo- 
chemical and thermal effects. Increases 
in the UV flux, for X < 0.300 ,/m, lead to 
a net increase in the photochemical pro- 
duction and hence concentration of 03. 
These increases are offset in part by the 
increased temperatures, which reduce 
the 03 concentrations [see (12) for a dis- 
cussion of this effect]. These interactions 
have been included in the present radi- 
ative-convective-photochemical (RCP) 
study of the effects of UV flux variability 
on the stratosphere. 

The results of the study by Callis and 
Nealy (11), together with the investiga- 
tions of temperature and 03 data by An- 
gell and Korshover (3, 4) and Quiroz (5), 
suggest that the 03 increase in the 1960's 
and the decrease subsequent to 1970 may 
be due to the solar activity associated 
with the 11-year solar cycle. Our study 
differs from the work of Callis and Nealy 
(11) in the models used and the flux per- 
turbations studied (13). In this work we 
used the UV flux variations shown in 
Fig. la, reported by Heath and Thekae- 
kara (HT) (7), and a modification (MOD) 
of this variation (14) in a time-dependent, 
RCP model (13) to determine the strato- 
spheric 03 and temperature variations 
over an 11-year solar cycle. On the basis 
of the studies of Callis and Nealy (11), 
variations in the observed 03 column 
sum and temperature above 32 km are 
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Fig. 1. (a) Solar flux perturbation factors, at solar maximum and solar minimum, as a function of wavelength. Open symbols represent data taken 
during balloon, rocket, and satellite flights (7, 24, 25). The solid curve is the solar variability model proposed by Heath and Thekaekara (7), and 
the broken curve is a modification of this model. These UV flux variations are assumed to occur sinusoidally with a period of 11 years. Ambient 
UV fluxes used in the model are taken to be those reported by Ackerman (25) as modified by Simon (26). (b) Comparison of calculated and 
observed 03 variations between 32 and 46 km for the period 1962 to 1973. Small arrows (at the bottom) indicate the occurrence of the quasi- 
biennial oscillation; open arrows indicate the occurrence of volcanic eruptions [Agung (A) and Fuego (F)]. Data are from Angell and Korshover (3). 

taken to be the most reliable indicators 
of solar UV activity for X < 0.300 /um. 
Above these levels at the temperate and 
lower latitudes, 03 and temperature are 
primarily in photochemical and radiative 
equilibrium and should more readily re- 
flect any variations in the UV flux. Be- 
low 32 km, 03 and temperature varia- 
tions are subject to the complicating in- 
fluences of transport in the lower 
stratosphere and upper troposphere. 

Resultant RCP model calculations of 
stratospheric temperature and 03 col- 
umn sum variations between 32 and 46 
km are shown in Fig. lb and Fig. 2, a and 
b, for both UV variability models. Calcu- 
lated 03 values are superposed in Fig. lb 
on Umkehr data reported and analyzed 
by Angell and Korshover (3). The 03 
comparisons are shown only for the 
north temperate zone since data from on- 
ly two stations are available in the south 
temperate zone. The globally averaged 
model calculations simulate the 03 varia- 
tion, due to the reported (and assumed) 
UV flux variations (see Fig. la) occur- 
ring during the last 11-year solar cycle. 
The model-determined variations are 
representative of the temperate latitudes 
and the agreement with observations is 
generally good, especially for the modi- 
fied UV flux variability model. Calcu- 
lations indicate that minimum and maxi- 
mum 03 concentrations occur slightly 
after the solar minimum (1964) and maxi- 
mum (1969), respectively. The data in- 
dicate a minimum in the 03 in 1964 fol- 
lowed by a broad maximum beginning in 
1970 which extends to 1974. 

Figure 2a illustrates temperature dif- 
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ferences (from solar minimum to solar 
maximum) determined with the model 
compared to data reported by Zlotnik 
and Rozwoda (15). The observed tem- 
perature variations were determined 
from Fort Greely (64?N, 145?W) rocket- 
sonde data for the period 1964 to 1971. 
Despite the differences in the profiles, 
the similarities are noteworthy. The 
maximum temperature deviation for 
both the model calculations (using the 
HT data) and the observations is 14?K. 
For the modified flux perturbation, the 
maximum deviation is 10?K. The altitude 
of the maximum deviation is 46 km for 
calculations based on HT data, 43 km for 
MOD data, and 40 km for the observa- 
tions. Trends above and below the maxi- 
mum, for both the model results and the 
data, are the same. Differences may be 
attributed to the fact that a comparison is 

being made of globally averaged model 
results with data from a single rocket- 
sonde station. Moreover, the rocket- 
sonde data may include dynamical heat- 
ing effects which cannot be removed 
with the information available. The O3 
distributions at these latitudes are due 
mainly to transport. However, any tem- 

perature variations due to UV flux varia- 
bility would result primarily from varia- 
tions in the UV heating of the 03 layer. 
In the absence of increased UV heating, 
for example, the 03 increases from solar 
minimum to solar maximum provide a 
maximum temperature increase of only 
2? to 3?K compared with 14?K with the 
heating included. Both Zlotnik and Roz- 
woda (15) and Quiroz (5) include only 
summertime data in their analyses, thus 

minimizing the effect of dynamics in the 
observed temperature variations. 

Figure 2, b through d, illustrates the 
time history of the temperature deviation 
from the mean averaged over two alti- 
tude bands and at the 35-km level. Com- 
parisons are between model results and 
the data reported by Angell and Korsho- 
ver (4) and by Quiroz (5). Results are in 
excellent agreement, in both phase and 
amplitude, with the data for the level 
from 26 to 35 km (Fig. 2c) and with the 
data for the 35-km level (Fig. 2d). For the 
level from 35 to 45 km (Fig. 2b) there is 
general agreement for model results 
based on the use of the HT data, once 
allowance is made for the temperature 
deviations due to the quasi-biennial os- 
cillation. Calculations based on the 
MOD UV flux perturbation are in good 
agreement with the observations from 35 
to 45 km. The model results, however, 
show larger temperature variations at 50 
km than results reported by Quiroz (5) 
(not shown). The reason for this over- 
prediction is not clear. It may be due to 
the fact that the upper boundary of the 
model is taken to be 55 km, which pre- 
cludes the inclusion of effects due to Ly- 
man-c flux variation at higher levels. The 
omission of this variation at levels above 
the model upper boundary could result in 
an overprediction of 03 and thus temper- 
ature variations from 50 to 55 km. The 
overall temperature trends are remark- 
ably well reproduced, especially by mod- 
el results based on the use of the smaller 
UV flux perturbations (MOD data). 

Temperature variability in the strato- 

sphere, associated with the 11-year solar 
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cycle, has also been reported by 
Schwentek (16), but he found it to occur 
only during the wintertime. Ramakrishna 
and Seshamani (17) reported a strong 
positive correlation between temper- 
ature and the 10.7-cm flux in the lower 
mesosphere. Fritz and Angell (18) also 
investigated stratospheric temperature 
variations during the period 1964 to 1970 
and found no simple relationship be- 
tween UV variability and stratospheric 
temperatures. However, as they noted, 
the data showed anomalous behavior in 
the upper levels. 

The results of the simulations, when 
compared with the 03 and temperature 
data presented, suggest that the 03 and 
temperature variations observed during 
the 1960's and the first half of 1970 are 
due to the mechanisms associated with 
the variation of the solar UV flux during 
the 11-year solar cycle as discussed by 
Callis and Nealy (11). The agreement be- 
tween the calculated and observed am- 
plitude and phase of the temperature var- 
iations is good, especially for the MOD 
UV flux model. For 03 there is general 
agreement between 1962 and 1972, with 
the amplitude of the observations lying 
between the MOD and HT simulation re- 
sults. There are significant differences 
between the calculated and observed O3 
concentrations prior to 1962 and after 
1972, and the lack of agreement cannot 
be satisfactorily explained. 

Not all solar cycles exhibit a uniform 
degree of activity as determined by sun- 
spot number (or other indicators of solar 
activity) (19), and the relationship be- 
tween solar activity and UV flux is not at 
all well established. Furthermore, there 
are many other natural phenomena that 
may induce either subtle or large 03 vari- 
ations during the course of a year. An ex- 
ample of such a phenomenon is the at- 
mospheric absorption of galactic cosmic 
rays. Ruderman and Chamberlain (20) 
and Ruderman et al. (21) have discussed 
the modulation of global 03 due to the 
variation of galactic cosmic rays during 
the solar cycle. They suggested, how- 
ever, that this mechanism cannot quan- 
titatively explain the 11-year O3 variation 
because of the insufficient production of 
nitrogen atoms. Other phenomena which 
may modulate global 03 are solar proton 
events and dynamic effects such as sud- 
den stratospheric warmings, the quasi- 
biennial oscillation, and tropospheric 
synoptic effects (1, 3, 22). In addition, it 
has been suggested that trends derived 
from Umkehr O3 measurements may be 
subject to error (especially between 1963 
and 1965) as a result of variable amounts 
of stratospheric dust and aerosols (23). 

All of these factors, which are difficult 
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to take into account, will act to establish 
the phase and amplitude of the observed 
03 and temperature variations. They will 
also affect the extent to which the analy- 
sis of a single phenomenon, such as UV 
flux variability, yields results that are in 
agreement with observed and reported 
data. However, it is important to note 
that the significant atmospheric temper- 
ature variations discussed by Angell and 
Korshover (4), Quiroz (5), and other in- 
vestigators (15-18) require not only sig- 
nificant 03 changes (of the magnitude 
discussed here) but also significant 
changes in the solar UV flux, which pro- 
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Fig. 2. (a) The temperature increase from so- 
lar minimum to solar maximum (1964 to 1969) 
as a function of altitude for model calculations 
(solid lines) and rocketsonde data from Fort 
Greely (dashed line) reported by Zlotnik and 
Rozwoda (15). Rocketsonde data used in the 
analysis were taken from 1964 to 1970 at the 
same time of day. Data from winter months 
were excluded. (b and c) Time histories of the 
average temperature deviation for the altitude 
bands 35 to 45 km and 26 to 35 km, respective- 
ly. Comparisons are with model results based 
on the two UV flux variation models. Short- 
term (2 to 3 years) fluctuations are due to the 
quasi-biennial oscillation. Temperature data 
are taken from Angell and Korshover (4). (d) 
Time history of sunspot number and the tem- 
perature deviation from the mean. Com- 
parisons are with model results based on the 
two UV flux variation models. Both model re- 
sults and data have been smoothed with a 3- 
year running average (with 1-2-1 weighting). 
Data are from Quiroz (5). 

vide the required stratospheric heating 
rates from 35 to 45 km. Thus the varia- 
tion of solar UV flux, in phase with solar 
activity, appears to provide a mechanism 
that is able to reconcile trends observed 
since the middle 1960's in both the 03 
and the temperature data. Although 
comparisons with the data are consistent 
with this contention, more comprehen- 
sive and consistent data on the variation 
of stratospheric 03, temperature, and the 
solar UV flux for X < 0.300 gim are re- 
quired before the question can be defini- 
tively resolved. 
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The sun is the predominant energy 
source for the terrestrial climate. It fol- 
lows that an important step in an analysis 
of climatic change is a study of the 
changes, if any, in the sun's radiant ener- 
gy output (the solar constant, S). Numer- 
ical models of the terrestrial climate in- 
dicate that the climate is, indeed, very 
sensitive to changes in S. However, re- 
liable climatic simulations are difficult to 
construct because of the complicated 
feedback mechanisms involved in cli- 
matic change, and the present state of 
the art requires that the model predic- 
tions be treated with some caution (1). 
For this reason, historical data on pos- 
sible variations in S, coupled with data 
on the climate for the corresponding pe- 
riods, would be valuable in testing the 
climate models. 

Direct measurements of S from within 
the atmosphere are difficult to make be- 
cause of the large and variable absorp- 
tion by the atmosphere. Two well-known 
studies have concluded that S has varied 
at about the 1 to 2 percent level within 
this century (2, 3), but these studies have 
been questioned because of the problems 
of atmospheric absorption and long-term 
calibration. Furthermore, variability at 
this level would indicate that the climate 
models are substantially in error since 
these models predict that such changes 
in S would cause climatic variations 
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much greater than any that have, in fact, 
been observed (4). Space observations 
carried out in the last two decades have 
not detected significant variations in S 
(5). However, because of their limited 
accuracy (approximately 0.5 percent) 
and the short time span covered, these 
measurements cannot exclude the pos- 
sible existence of long-term trends. 
Thus, long-term variations in S at the 1 
to 2 percent level cannot be ruled out, 
and an independent check is highly desir- 
able. Such an independent check can be 
provided by historical and recent mea- 
surements of the sun's diameter. We will 
show that historical diameter measure- 
ments constrain possible S variations to 
nS/S < 0.3 percent for the period 1850 
to 1937, and that current astrometric in- 
strumentation could determine diameter 
changes corresponding to S variations as 
small as AS/S = 0.01 percent. 

In the outer layers of the sun, energy is 
transported from the interior to the sur- 
face by repeated emission and absorp- 
tion of photons. The rate of this radiative 
diffusion of energy is governed by the 
temperature gradient. If S (and hence the 
diffusion rate) increases, the temperature 
gradient in the outer layers must also in- 
crease. This latter increase will be ac- 
companied by other structural changes 
since the sun must maintain global hy- 
drostatic equilibrium on time scales sig- 
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nificantly longer than 1 hour (6). In gen- 
eral, a short-term increase in S will result 
in an increase in the solar radius, as will 
be discussed below. The magnitude of 
the change in radius corresponding to a 
given change in S must be determined by 
numerical solutions of the time-depen- 
dent equations of energy transport and 
hydrostatic equilibrium. 

We define W as the ratio of fractional 
change in radius to fractional change in S 

W= AR/R 
AS/s 

The value of W will, in general, depend 
on the nature of the change in the sun's 
structure that gives rise to a change in S; 
so, ideally, the physical mechanism re- 
sponsible for the change should be speci- 
fied and explicitly modeled. In practice, 
this is not possible since the mechanism 
is not known. Instead, we adopt the pro- 
cedure of specifying (on physical 
grounds) the depth in the sun at which 
the perturbation arises and the time scale 
on which it occurs. We emphasize that 
these two parameters are not indepen- 
dent and, furthermore, that the time 
scale is constrained by the time period 
over which changes in S (or lack thereof) 
are observed. 

The changes in S implied by the stud- 
ies of (2, 3) apparently occur over peri- 
ods shorter than 102 years and we adopt 
this as the relevant time scale. This im- 
mediately rules out any possible changes 
in the core of the sun since such changes 
require approximately 106 years (the 
photon diffusion time) to propagate to 
the surface and the change in S would be 
spread out over a similar time scale. This 
forces us to look closer to the surface. 

The outer layers of the sun are un- 
stable to convective motions, with the 
convective region extending from the 
surface to about 12 percent of the dis- 
tance to the center. The thermal time 
scales (6) in the convective region range 
from about 2 x 104 years at the bottom 
to essentially zero near the surface. Over 
most of this region, convection is very 
efficient and carries essentially 100 per- 
cent of the thermal flux. Since the tem- 
perature gradient is nearly adiabatic 
(and will remain so for any reasonable 
changes in the convective flows), it is dif- 
ficult to imagine a perturbation in this re- 
gion that would lead to a substantial 
change in S. Near the surface (at a depth 
of less than 1 percent of a solar radius), 
the convection becomes less efficient be- 
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the convection becomes less efficient be- 
cause of the decreasing density, and ra- 
diative transport becomes increasingly 
important. A change in the efficiency of 
convection here would change the flux of 
energy carried by radiative diffusion, and 

SCIENCE, VOL. 204, 22 JUNE 1979 

cause of the decreasing density, and ra- 
diative transport becomes increasingly 
important. A change in the efficiency of 
convection here would change the flux of 
energy carried by radiative diffusion, and 

SCIENCE, VOL. 204, 22 JUNE 1979 

Solar Constant: Constraints on Possible 

Variations Derived from Solar Diameter Measurements 

Abstract. Climatically significant variation of the solar constant (the energy output 
of the sun) implies measurable change in the solar radius. The available data limit 
variations of the solar radius between 1850 and 1937 to about 0.25 arc second; mod- 
eling of the sun indicates that the solar constant did not vary by more than 0.3 per- 
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