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of solar activity of about 11 years. Sun- 
spots have been observed for centuries, 
and past counts of sunspot numbers are 
available for at least a 300-year interval. 
The very early part of the historical sun- 
spot record includes the Maunder mini- 
mum in solar activity, which lasted from 

Summary. The 14C production rate in the upper atmosphere changes with time 
because the galactic cosmic-ray flux responsible for 14C production is modulated by 
the changes in solar wind magnetic properties. The resulting changes in the atmo- 
spheric 14C level are recorded in tree rings and are used to calculate past 14C produc- 
tion rates from a carbon reservoir model that describes terrestrial carbon exchange 
between the atmosphere, ocean, and biosphere. These past 14C production rate 
changes are compared with 14C production rates determined from 20th-century neu- 
tron flux measurements, and a theory relating 14C production and solar variability, as 
given by geomagnetic Aa indices and sunspot numbers, is developed. This theory 
takes into account long-term solar changes that were previously neglected. The 860- 
year 14C record indicates three episodes when sunspots apparently were absent: 
A.D. 1654 to 1714 (Maunder minimum), 1416 to 1534 (Sporer minimum), and 1282 to 
1342 (Wolf minimum). A less precisely defined minimum occurred near A.D. 1040. 
The part of this record after A.D. 1645 correlates well with the basic features of the 
historical record of sunspot numbers. The magnitude of the calculated 14C production 
rates points to a further increase in cosmic-ray flux when sunspots are absent. This 
flux was greatest during the Sporer minimum. A record of approximate sunspot num- 
bers and Aa indices for the current millennium is also presented. 

lished. Studies are further hampered by 
the lack of knowledge of solar behavior 
for periods beyond the last few cen- 
turies. Only with a longer record of solar 
activity will it be possible to search for 
possible correlations between climatic 
changes during the last millennia and 
changes of the sun. 

The most obvious feature of solar vari- 
ability is the change over time in the 
number of sunspots seen on the visible 
half of the sun. The record of observed 
sunspot numbers shows a regular cycle 
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about A.D. 1645 to about 1715 (3). Dur- 
ing this minimum, very few sunspots 
were observed. 

Another manifestation of solar varia- 
bility is the change in magnetic field 
strength of the solar wind, reflecting ve- 
locity and intensity changes. The solar 
wind plasma near the earth can be con- 
sidered an extension of the solar corona, 
and changes in solar wind properties re- 
flect coronal changes. The magnetic 
changes of solar plasma in our planetary 
system cause changes in the magnitude 

of deflection of galactic cosmic rays trav- 
eling toward the earth. Thus the cosmic- 
ray flux, as observed in the upper atmo- 
sphere, varies with changes in solar ac- 
tivity, as shown by a significant correla- 
tion between the cosmic-ray flux modu- 
lation and the 11-year sunspot cycle (4). 
During intervals of low sunspot activity 
the magnetic shielding properties of the 
solar wind are such that a larger galactic 
cosmic-ray flux arrives in the upper at- 
mosphere, whereas cosmic-ray fluxes 
are lower during periods when sunspot 
numbers are higher. 

The changes in cosmic-ray flux cause 
variations in atmospheric neutron pro- 
duction. Because the production rate of 
G4C is dependent on the interaction of 

neutrons with atmospheric nitrogen, the 
14CO2 activity levels in the atmosphere 
reflect the changes in cosmic-ray in- 
tensity, which in turn reflect solar varia- 
bility. Thus the record of atmospheric 
14C activity, as given by the decay-cor- 
rected 14C activity in tree rings, can pro- 
vide important information on prehis- 
toric solar changes. 

Part of the incoming galactic radiation 
is deflected by the earth's geomagnetic 
field. Changes in geomagnetic field in- 
tensity modulate the incoming cosmic- 
ray flux, and thus 14C production. The 
known variations in the earth's magnetic 
dipole moment (5, 6) indicate that per- 
haps a major portion of the long-term 
trend in atmospheric 14C [about 8 percent 
over 6000 years (7-11)] is caused by geo- 
magnetic field intensity changes. 

As first suggested in 1961 (12), the at- 
mospheric '4C variations lasting a few 
hundred years or less that are superim- 
posed on the long-term trend may be 
caused by solar (heliomagnetic) modula- 
tion of the 14C production in the up- 
per atmosphere. These atmospheric 14C 
changes are relatively small and amount 
to deviations of a few percent from the 
long-term trend. Carbon reservoir mod- 
els of varying complexity were used in 
the studies that relate the observed at- 
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Changes in Atmospheric Carbon-14 
Attributed to a Variable Sun 

Minze Stuiver and Paul D. Quay 

Recent research on possible causes of 
climate changes has focused on several 
aspects of solar-terrestrial relationships 
(1, 2). The reality of such relationships is 
still a matter of controversy, mainly be- 
cause a physical basis for a demonstrable 
effect on climate has not yet been estab- 
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Fig. 1. Global 14C production rates derived 
from neutron fluxes for the years 1937 to 1970. 
The data are from O'Brien (22). The dashed 
line gives the long-term change in 14C produc- 
tion during solar minima. The lower curve 
gives the inverse sunspot number record. 

mospheric 14C variations to heliomagnet- 
ic modulation and sunspot numbers (9, 
12-16). These studies do not always pro- 
vide positive evidence for solar modula- 
tion of atmospheric 14C levels. For in- 
stance, after detailed work with a six- 
reservoir model, Ekdahl and Keeling 
(14) concluded that "tree-ring data for 
the period AD 1700-1900 are not consist- 
ent enough to accept Stuiver's correla- 
tion [between 14C and sunspots (12)] as 
thoroughly proven." The model also 
predicted solar-induced 14C changes that 
were too small to account for the ob- 
served atmospheric 14C variations after 
A.D. 1700. These questions will be dis- 
cussed in this article. 

A major complication in previous 
studies of solar-related atmospheric C4C 
changes has been lack of precision in the 
available 14C determinations. The residu- 
al 14C changes of a few percent hardly 
exceeded three times the standard devia- 
tion in most tree-ring '4C measurements. 
For the study reported here, large coun- 
ters were constructed so that tree-ring 
'4C activity could be measured with a 
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precision of 1.5 to 2 per mil (17). The 
higher measuring precision enables us to 
compare a precise record of atmospheric 
14C variations derived from the decay- 
corrected 14C activity of tree rings with 
existing evidence of solar variability. 
The 14C record is used in conjunction 
with a carbon reservoir model (18) to cal- 
culate 14C production rates (QM) over the 
past millennium. The variability of QM 
will be compared with the solar activity 
record. A new theory of 14C modulation, 
based on geomagnetic Aa indices, will be 
discussed, and the 860-year record of 14C 
variations obtained from tree rings will 
be used to estimate solar activity. 

Solar Modulation of Carbon-14 

Production 

Global average 14C production ri 
calculated from observed cosmic 
fluxes, have been given by Lingenft 
(19), Lingenfelter and Ramaty (20), L 
et al. (21), and more recently O'B 
(22). O'Brien calculated '4C produc 
rates from a 34-year-long record of 
served cosmic-ray neutron fluxes, 
his work is used here as a basis for 
cussion of solar modulation of the 
production in the atmosphere. 

O'Brien's calculated 14C produc 
rates Q, in atoms of 14C per second 
square centimeter of the earth's surf, 
are given in Fig. 1 for the years 193 
1970. The production rate is an invl 
function of sunspot number S. A le 
squares fit to sunspot number (22) yie 

Q = 1.937 - 0.00242 S 

Although the most obvious manife 
tion of solar change is the variabilit 
the number of sunspots, it should 
noted that sunspot changes do not dir 
ly cause the changes in the solar v 
magnetic properties that result in 

Year A.D. 

Fig. 2. Observed sunspot numbers and Aa indices since 1867. 
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Fig. 3. Global 14C production rates plotted 
against geomagnetic Aa indices for 1937 to 
1967. The '4C production data are from 
O'Brien (22). 

mic-ray modulation. Main regions of so- 
lar wind propagation are near the sun's 

ates, poles, and coronal holes are important 
-ray for the generation of solar wind "stream- 
elter ers" (23). Sunspots, on the other hand, 
,ight are located near the solar equator. Evi- 
Irien dently sunspots as well as solar wind 
.tion magnetic properties provide, in a com- 
ob- plex manner, information on solar condi- 
and tions. When cosmic-ray flux depression 
dis- changes, sunspot numbers appear to 

4C change also. 
The linear relationship between 14C 

tion production rate and sunspot number is 
per an empirical one established from data 

ace, that cover slightly more than two com- 
7 to plete 11-year cycles. Expressions similar 
erse to Eq. 1 have been used to predict past 
:ast- 14C production changes from the histori- 
lds cal sunspot record (9, 12-16). The basic 

assumption is that the sunspot-14C pro- 
duction relationship demonstrated for 

?sta- the past few 11-year cycles can be ex- 
y in trapolated back in time. In our opinion, 
I be such a simple extrapolation is not justi- 
rect- fled. To explore the possibility that sun- 
vind spots alone do not provide a complete 
cos- history of 14C production rates, the past 

changes in geomagnetic indices will be 
discussed. 

The interaction of the solar wind and 
the earth's magnetosphere results in ion- 
ospheric and magnetospheric currents. 
These variable currents produce magnet- 
ic variations at ground surface from 
which geomagnetic indices are derived 
as a measure of magnetic disturbance. 
The geomagnetic data, therefore, also 
provide information on properties of the 
solar wind. 

Geomagnetic variations at frequencies 
below about 1 cycle per minute have 
been recorded continuously for many 
decades. International indices describing 1970 the time variations of the field com- 
ponents are obtained from magnetome- 
ter records. Several geomagnetic indices 
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are available, but unfortunately they are 
not related in a simple manner to any of 
the physical processes that are important 
in the solar wind-magnetosphere-iono- 
sphere system (24). 

The appearance of an 11-year cycle in 
certain indices implies that these indices 
reflect at least some solar wind parame- 
ter that has a solar cycle dependence. 
Such dependence is evident for Aa in- 
dices (25). The Aa indices reflect the 
magnitude of short-term (up to 3 hours) 
random occurrence of magnetic activity, 
obtained by using two antipodal observa- 
tories. They have been tied to solar wind 
properties such as solar wind speed and 
the southward component of the inter- 
planetary magnetic field (26). Feynman 
and Crooker (27) used the trend in Aa in- 
dices (Fig. 2) to demonstrate changes in 
solar wind magnetic field strength or ve- 
locity, or both, over the past century. 
Changes in these parameters should also 
influence the modulation of the incoming 
cosmic-ray flux. 

Figure 2 shows Aa indices (25) plotted 
together with sunspot numbers. Whereas 
the 11-year sunspot cycle shows only 
amplitude variability, the Aa record 
shows the 11-year variability superim- 
posed on a long-term trend. During sun- 
spot minima (S = 0) the Aa index is still 
changing, showing a long-term change in 
solar wind properties that is not reflected 
in the sunspot record. Thus a 14C produc- 
tion-sunspot number relationship (such 
as Eq. 1) is not necessarily constant with 
time. In fact, a long-term change is al- 
ready indicated in the calculated 14C 

production rates during solar minima 
(dashed line in Fig. 1). 

In the following discussion an attempt 
is made to relate the long-term change 
represented by the change in Aa index to 
4C production rates. The Aa indices and 

14C production rates are given in Fig. 3 
for the years 1937 to 1967. They yield the 
following relationship (r = .67): 

Q = 2.310 - 0.024 Aa (2; 

Thus, in the absence of solar wind in- 
teraction with the magnetosphere, as 
measured by the Aa index (Aa = 0), the 
14C production rate would be 22.9 per- 
cent above average. This percent change 
in 14C production rate is much greater 
than the value that would be obtained by 
extrapolating back in time the relation- 
ship between sunspots and 14C produc- 
tion rates (Eq. 1). Substitution of S = 0 
into this equation gives a 14C production 
rate 7 percent above the 1868-1967 base- 
line (obtained by using an average sun- 
spot number of 51.7 in Eq. 1). 

As will be shown, the maximum in- 
creases in 14C production rate calculated 
from the 860-year atmospheric 14C rec- 
ord presented in this article are much 
more compatible with the maximum in- 
crease derived from the Q-Aa relation- 
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ship than the Q-S relationships used so 
far. The atmospheric 14C record also in- 
dicates a different dependence of Q on S, 
suggesting that extrapolation of Eq. 1 
does not take into account long-term 
changes in solar modulation of the cos- 
mic-ray flux. 

One must realize that the assumptions 
inherent in extrapolating the empirical 
relationship between Q and Aa (Eq. 2) 
suffer the same problems as the assump- 
tions involved in the relationship be- 
tween Q and S (Eq. 1), only to a lesser 
degree because over the interval of the 
measurements the Aa index does not ap- 
pear to have a threshold. The relation- 
ships obtained over a short time period 
will be compared in the following sec- 
tions with the 860-year record of 14C pro- 
duction rate changes. It will be shown 
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Fig. 4. Atmospheric A14C values, relative to the NBS oxalic acid standard, observed in Douglas 
fir wood from the Pacific Northwest. The counting errors (1 standard deviation) are given by the 
vertical bars. 
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Changes in 14C production rate, prior to 
1937, can be calculated from Eq. 2 if one 
assumes that this relationship holds over 
extended periods. 

It is useful to discuss production rate 
changes relative to an average produc- 
tion rate over the duration of the avail- 
able Aa record, such as the production 
over the 100-year interval between 1868 
and 1967 when the average Aa number is 
17.9. ForAa = 17.9, Q = 1.88 14C atom/ 
sec-cm2 (Eq. 2). We define AQ = 

[(Q - 1.88)/1.11] x 100 percent, which 
transforms Eq. 2 into 

AQ = 22.9 - 1.28 Aa percent (2a) 
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Fig. 5. Residual A"4C variations after removal of the long-term trend caused by changes in 
geomagnetic field intensity. The counting errors (1 standard deviation) are given by the vertical 
bars. 
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that the Aa theory, although probably 
not the final answer, is an alternative ex- 
planation that increases the compatibili- 
ty of the 14C production rate record of 
the current millennium with the inde- 
pendently calculated Q values for the 
20th century. 

Methods and Materials 

The A14C values given in this article 
are the relative deviations of the mea- 
sured 14C activities, after correction for 
age and isotope fractionation, from Na- 
tional Bureau of Standards (NBS) oxalic 
acid activity (28). 

All samples were obtained from Doug- 
las fir trees collected in Washington, Or- 
egon, and Vancouver Island, Canada. 
Tree-ring growth for most of these trees 
was very complacent, and the wide rings 
for the Oregon and Washington firs facil- 
itated tree-ring counting. Wood of the 
same age has identical 14C activities, as 
shown by the agreement in 14C activities 
of overlapping portions of different trees 
(see Fig. 4). 

Although-for this study we mainly re- 
port results for 10-year tree-ring sec- 
tions, we are also studying in detail the 
annual changes in 14C level. Wide rings 
are needed for the average 31 grams of 
wood used for measurements with an ac- 
curacy of 2 per mil. This is the main rea- 
son for the use of appropriate sections of 
wood from as many as five trees cov- 
ering a total time span of about 900 
years. The studied Douglas firs were 
from the Olympic Peninsula (47?46'N, 
124?06'W); Mount Rainier National 
Park, Washington (46?45'N, 121?45'W); 
Coos Bay, Oregon (43?7'N, 123?40'W); 
Pierce County, Washington (- 47?N, 
122?W); and Shawnigan Lake, Van- 
couver Island (48?40'N, 123?40'W). The 
ages of the trees were, respectively, 152, 
316, 491, 660, and 1268 years. 

The wood samples were all treated at 
60?C with 2 percent NaOH and HCl solu- 
tions to remove resins, sugars, and a por- 
tion of the lignin (the so-called De Vries 
method). This treatment does not re- 

14 

move all components added after the 
year of growth (29). The influence of in- 
complete removal on the 14C level was 
studied by comparing the 14C activities of 
wood treated by the De Vries method 
with the 14C activities of alpha-cellulose 
derived from the same wood. The largest 
sample pair differences were found for 
tree rings that became heartwood after 
1952, when nuclear bomb 14C was added 
to the atmosphere. Atmospheric 14C lev- 
els rose to a maximum 80 percent above 
normal in 1963 and 1964. The "feed- 
back" of this 14C peak to rings formed 
earlier resulted in an average 8 per mil 
increase for the wood treated by the De 
Vries method over cellulose. Natural 14C 
variations are only a few percent, where- 
as variations due to nuclear bomb 14C ad- 
dition average about + 50 percent. For 
natural variations the calculated feed- 
back is (2/50) x 8 or 0.3 per mil. Eight 
pairs of wood samples that were not yet 
influenced by nuclear bomb 14C additions 
were also measured. The De Vries- 
treated wood and cellulose appeared to 
differ slightly in 14C activity, but the mea- 
sured average difference of 0.5 + 0.8 per 
mil is statistically not significant. 

Thus the error introduced by using De 
Vries-treated wood is only a few tenths 
of a per mil for Douglas fir. This error is 
so small compared to the counting error 
that we elected to keep the De Vries 
treatment method. This method is, at 
least for Douglas fir, less time-consum- 
ing than others. 

Atmospheric Carbon-14 Changes Since 

X.D. 1000 

Tree ring-derived atmospheric Ai4C 
values are given in Fig. 4 for the period 
A.D. 1000 to 1900. All data points repre- 
sent the average A14C activity for a single 
decade, obtained either by measuring the 
14C activity of a 10-year-thick wood 
sample or by using the average of ten de- 
terminations of single-year tree rings. 
Single determinations have a standard 
error of 1.5 to 2 per mil. The counting 
error in the decade average is about 0.6 

per mil when single years are being used. 
On the basis of three points per cen- 

tury, De Vries (30) identified the 14C 
maxima near 1500 and 1700. A third 
maximum is identified near 1340 and a 
fourth, smaller one near 1050 in Fig. 4. 

Part of the A14C change is tied to the 
long-term 14C trend caused, at least for 
the last few thousand years, by changes 
in the earth's geomagnetic field intensity. 
This long-term change has been approxi- 
mated with a sinusoidal function. Hou- 
termans (31) derived the expression 

C(t) = 42.71 + 

49.69 sin 10,402 (t + 7388)] per mil 

where C(t) is A14C level and t is time in 
years A.D. (negative for years B.C.). 
The residual A14C variation around the 
long-term trend is plotted in Fig. 5. 

Because sunspot numbers give a rec- 
ord of solar changes over at least three 
centuries, we compare atmospheric 14C 
levels and solar activity in Fig. 6. The 
A14C values have been corrected for the 
long-term geomagnetic field-induced 
A14C changes (31) in order to depict the 
residual change in A14C over the time in- 
terval of sunspot measurements. The 
sunspot numbers in Fig. 6 are the means 
over solar cycles. The sunspot numbers 
used for the 1700-1900 period are those 
of Waldmeier (32), using the numbers of 
R. Wolf. 

The reliability of these mean annual 
sunspot numbers obtained through direct 
observation is considered by Eddy (3) to 
be good from 1818 to the present, ques- 
tionable from 1749 through 1817, and 
poor from 1700 through 1748. Data tabu- 
lated by Eddy were used for sunspot 
numbers in the 17th century. The early 
part of the sunspot record includes the 
Maunder minimum in solar activity. 

Calculation of Carbon-14 Production 

Rates from a Carbon Reservoir Model 

The atmospheric 14C level is depen- 
dent not only on the '4C produced by 
neutrons but also on 14C exchange with 
terrestrial carbon reservoirs. Thus, al- 
though Fig. 6 suggests that a correlation 
exists between atmospheric 14C levels 
and sunspot records, a better correlation 
should exist between 14C production 
rates and solar activity as an indication 
of neutron flux. 

To calculate 14C production rates from 
the record of atmospheric '4C levels, the 
fluxes of 14C between the atmosphere, 
oceans, and biosphere must be deter- 
mined. Several carbon reservoir models 
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have been developed to simulate terres- 
trial carbon exchange (16, 18). We chose 
the four-reservoir, box-diffusion model 
of Oeschger et al. (18), as this model has 
accurately described both the long- and 
short-term carbon and 14C variations in 
the atmosphere. The carbon reservoirs 
in the model are the atmosphere, oceanic 
mixed layer, deep sea, and biosphere. 
The reservoir sizes and carbon exchange 
rates used for our 14C production rate 
calculations (QM) are essentially those 
listed in table 3 of Oeschger et al. (18). 
For example, the preindustrial atmo- 
spheric CO2 concentration is assumed to 
be 292 parts per million, the CO2 ex- 
change rate between the atmosphere and 
ocean is 19 moles per square meter per 
year, the vertical eddy diffusion rate in 
the deep sea is 3987 m2 per year, and the 
carbon residence time in the biosphere is 
60 years. 

Carbon and 14C exchange between res- 
ervoirs is described by a finite-difference 
approximation of the differential equa- 
tions governing the time rate of change 
of carbon and 14C activities in the reser- 
voirs. The transfer of carbon and 14C be- 
tween reservoirs is calculated over the 
time step of the iteration (0.04 year). The 
14C production rate is calculated from a 
mass balance of atmospheric 14C over 
each time step. This requires a linear in- 
terpolation of the decade-averaged A14C 
measurements, corrected for geomagnet- 
ic variation, to obtain a yearly 14C rec- 
ord. Over each time step the 14C produc- 
tion rate is calculated to balance the 
change in the atmospheric '4C level inter- 
polated from the A14C record, plus the 
gain or loss of 14C between the atmo- 
sphere and the other reservoirs. The QM 
values are averaged over a decade to 
represent the same time interval as the 
A14C measurements. The model QM cal- 
culations use the A.D. 1000-1860 geo- 
magnetically corrected average atmo- 
spheric A14C value of -5.4 per mil as an 
initial condition. This corresponds to a 
14C decay rate of 1.57 atom/sec-cm2 
(earth). Although the QM calculations be- 
gin for the year 1005, the first 100 to 200 
years are sensitive to the initial condi- 
tions and thus these calculated QM values 
will change as the A14C record is extend- 
ed back in time. 

Observed Solar Changes and 

the Carbon-14 Production Record 

the historical observation of changes in 
solar activity. 

The only available fairly precise long- 
term record of solar changes is the rec- 
ord of sunspot numbers. Therefore a di- 
rect comparison between the 14C produc- 
tion rate and the sunspot record is made 
in Figs. 7 and 8. The model-dependent 
14C production rate QM is plotted as the 
percentage deviation (AQM) from the av- 
erage production rate QM for the interval 
A.D. 1000 to 1860. Clearly, the model- 
derived production changes are sub- 
stantial and can exceed a 25 percent dif- 
ference from the mean. 

Sunspot numbers, averaged over each 
sunspot cycle, are also given in Fig. 7. 
The 14C production rate during the 
Maunder minimum (in 14C terms, around 
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1660 to 1710) is 20.7 percent above the 
average for A.D. 1000 to 1860. Agree- 
ment appears to exist between the trends 
of the sunspot and 14C production 
curves. There is a lag of only 10 years 
between the earlier part of the curves. 
The lag decreases when 14C production 
rates are calculated from the box-dif- 
fusion model, incorporating a 20-year 
biospheric residence time (dashed line in 
Fig. 7). 

The Maunder minimum, with near-zer' 
annual sunspot numbers, lasted fron 
about 1645 to 1715 (3). It corresponds to 
the interval between 1654 and 1714 dur- 
ing which the 14C production rate in- 
creases (AQM) exceeded 10 percent of 
the 1000-1860 production baseline. In 
the following discussion AQM values 
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Fig. 7. Changes in 14C production rate (AQM) calculated from the reservoir model, relative to the 
average 1000-1860 production rate, and inverse sunspot number record. The calculated AQM 
curves are for biospheric residence times of 20 years (dashed line) and 60 years (dotted line). 
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Because the 14C production rate is de- 
pendent on neutron flux rates, which in 
turn are related to solar activity, the 
computed QM changes for the period af- 
ter A.D. 1650 should be compatible with 
4 JANUARY 1980 

Year A.D. 

Fig. 8. Frequency of auroral observations (3) and sunspots (3, 32) and changes in 14C production 
rate (AQM) calculated from the reservoir model, relative to the average 1000-1860 production 
level. The calculated AQM values are for a 60-year biospheric residence time. The number of 
naked-eye sunspot observations per decade before 1610 is given by the vertical bars. The cross- 
hatched area denotes the existence of sunspots, as observed by telescope. 

15 



2C 

IC 

-2C 

-30 

,,~~~~~-- 

0 20 40 

Sunspot number 

-40-- / \ Fig. 9 (left). Analysis of the sensil 
-50-/ QM calculation to the magnitudes 

-10 0 10 20 30 40 50 bon exchange rates used in the ca 
A~ Q M~(of~ voir model: (I) biospheric residene 

CO2 exchange rate, and (III) vertic 
fusivity in the ocean. The QM values over the interval A.D. 1675 to 1715 were calci 
step change in these rates between 1615 and 1715. A 0 percent change represents thl 
the carbon exchange rates used for our QM calculations, taken from Oeschger et al. (1 
10 (right). Carbon-14 production rate changes between A.D. 1660 and 1860 plot 
sunspot numbers averaged over the 11-year solar cycle. The dashed line gives th 
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above 10 percent are therefore tentative- 
ly equated with quiet-sun episodes dur- 
ing which sunspots are entirely, or near- 
ly entirely, absent. 

Other episodes of high 14C production 
rates (AQM - 10 percent) in the last mil- 
lennium were from 1282 to 1342 and from 
1416 to 1534 (with a dip in 14C production 
to somewhat lower values near 1510). 
These periods of high 14C production 
should also be periods of low auroral ac- 
tivity and low sunspot activity. In Fig. 8 
the 14C production rate changes are com- 
pared with the number of reports of au- 
roral observations per decade between 0? 
66?N (3) and also with sunspot observa- 
tions. The sunspot data since 1610 are 
based on telescope observations and are 
divided into two groups according to 
whether (i) an 11-year cycle existed 
(crosshatched region in Fig. 8) or (ii) the 
cycle was not detectable. 

For the pre-1610 era, only a limited 
number of naked-eye sunspot observa- 
tions are available. A catalog of pre- 
telescope sunspot records from the Ori- 
ent was recently prepared by Clark and 

Stephenson (33). In Fig. 8 thes 
depicted graphically, with eac 
resenting a single sighting. ( 
Stephenson conclude that the 
sightings provide evidence of a 
quiet-sun intervals, near 128 
and 1400 to 1600. The latter 
low sunspot activity is the 
Sporer minimum. 

The interval of low sunspot 
the early part of the 14th centl 
named the Wolf minimum. Th 
production rate places the V 
mum at about 1282 to 1342 
agreement with the independel 
of frequency of sunspot obs 
which places this minimum 
1350. The Sporer minimum occt 
about 1416 to 1534 in 14C term 

The peak in 14C production 
11th century, which may be p 
artifact of the initial condition 
for the model calculation of ( 
indicate fairly low sunspot aci 
A.D. 1040. This is in agreel 
compilations of reported aurc 
vations for the 11th and 12th 
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Fig. 11. Observed relationship between the Aa index and sunspot number, averagec 
cycles. The numbers next to the points represent the 11-year cycles shown in Fig. 
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in which only the decade A.D. 1040 to 
1050 is lacking in reports of auroral dis- 
plays (34). A high sunspot sighting fre- 
quency is found between 1370 and 1390 
(Fig. 8), which coincides with the mini- 
mum in 14C production (active sun) from 

"~ .. 11370 to 1380. An active sun during the 
12th century is also evident from both 
sunspot and 14C records. 

The overall qualitative agreement be- 
tivity of the tween 14C and the historical sunspot rec- 
of the car- ord supports the soundness of the basic trbon reser- 

ce time, (II) premise that atmospheric 14C pertur- 
:al eddy dif- -bations around the main trend reflect 
ulated for a changes in solar activity. An important 
8) values or remaining question is whether the magni- 
ed against tude of the '4C production changes calcu- 

te trend for lated from the model agrees quan- 
titatively with the 14C production 
changes derived from atmospheric neu- 
tron flux measurements. 

se data are 
h bar rep- 
Clark and Magnitude of Carbon-14 
naked-eye Production Rates 
Lt least two 
0 to 1350 We have calculated 14C production 
episode of rates QM from an 860-year record of at- 

so-called mospheric 14C levels, using a carbon res- 
ervoir model. Carbon-14 production 

activity in rates Q have also been calculated from 
ary is here neutron flux measurements made over 
.e high 14C the past 30 years (19-22). Unfortunately, 
Volf mini- these independent estimates cannot be 
,in good directly compared because during the 

nt analysis years of neutron flux measurements the 
,ervations, atmospheric 14C levels were reduced by 
at 1280 to the addition of CO2 from fossil fuels. As 
urred from a result, we will compare our QM values 
is. to Q values calculated from the empiri- 
during the cally derived relationship represented by 
artially an Eq. 2. As mentioned above, for the time 
s required interval of our 14C measurements (A.D. 
2M, would 1000 to 1860), the average A14C is -5.4 
tivity near per mil, which corresponds to a decay 
ment with rate of 1.57 atom/sec-cm2 (earth). The 
)ral obser- magnitude of the changes about this 
centuries, mean decay rate (AQM) peak at 21 per- 

cent during the Maunder minimum (A.D. 
1665 to 1705) and at 29 percent during the 

, Sporer minimum (A.D. 1435 to 1455). 
During the time interval of the Aa 

measurements (A.D. 1868 to 1967) the 
mean production rate resulting from Eq. 
2 for an average Aa of 17.9 is 1.88 atom/ 

19 
- sec-cm2 (earth). The maximum increase 

in production rates over this average rate 
(that is, Aa = 0 in Eq. 2, where the 2.310 

- intercept has a standard error of 0.114) is 
23 + 6 percent. 

The magnitude of the average 14C pro- 
100 duction rates determined by these two 

calculations reflects the time interval of 
the measurements. Thus the 14C produc- 

d over solar tion rate of 1.57 atom/sec-cm2 calcu- 
2. lated from the model represents 860 
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years, whereas the rate of 1.88 atom/ 
sec-cm2 (earth) represents the 100-year 
duration of the Aa record. The discrep- 
ancy in production rates could reflect the 
different time intervals of the records. 
Also, the accuracy of the production rate 
calculations should be considered. The 
Q values calculated from neutron flux 
measurements have an uncertainty of 
about 20 percent (19, 20), whereas the 
average QM value is dependent on the 
size of the carbon reservoirs as de- 
scribed in the model. If the amount of 
terrestrial carbon (and thus '4C) is under- 
estimated by Oeschger et al. (18), then 
the global decay rate of 14C and thus the 
steady-state production rate of 14C will 
be low. A maximum estimate of carbon 
reservoir size (9, 35) would result in a 4C 
production rate of 1.99 atom/sec-cm2 
(earth). Thus the apparent discrepancy 
between the neutron flux and carbon 
model estimates of 14C production rates 
could be explained by the uncertainties 
in the respective production rate calcu- 
lations. 

The magnitudes of the changes in C4C 
production rates calculated from the 
model and predicted by Eq. 2a are simi- 
lar. If, for example, the steady-state 
decay rate and thus the production rate 
of 14C in the model were increased from 
1.57 to 1.88 atom/sec-cm2 (earth), arbi- 
trarily assigning this 14C to a carbon res- 
ervoir with a 1000-year residence time, 
it would only result in the AQM during 
the Maunder minimum decreasing from 
21 to 20 percent. 

Because QM is model-dependent, 
changes in carbon exchange rates will al- 
so affect its magnitude. If climatic varia- 
bility is parameterized as a change in car- 
bon exchange rates (that is, a global de- 
crease in wind speeds is represented by a 
decrease in the CO2 gas exchange rate 
between atmosphere and ocean), we can 
analyze the sensitivity of the QM calcu- 
lation to such changes. A global climatic 
change can be represented in the model 
by a change in biosphere residence time, 
gas exchange rate, or oceanic vertical 
diffusion rate. As an example we calcu- 
lated QM values during the Maunder min- 
imum for a step increase starting in A.D. 
1615 and lasting until 1715 in these three 
variables. The results are shown in Fig. 
9. If the model parameters of Oeschger 
et al. (18) are used (that is, a 0 percent 
change in Fig. 9) a AQM value of 21 per- 
cent is calculated for the Maunder mini- 
mum. Figure 9 shows that the magnitude 
of QM is more sensitive to changes in the 
gas exchange rate and vertical diffusion 
rate than in the biosphere residence 
time. The value of AQM can be reduced 
to 10 percent by either a 20 percent de- 
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Aa 

Fig. 1z. Dependence of 14C production rate on 
sunspot number and Aa index, according to 
the calculations discussed in the text. The ac- 
tual production rate increase during the 
Maunder minimum, calculated from the tree- 
ring 14C record, is shown for comparison. The 
14C production rates are expressed as percent 
deviations from the average 54C production 
rate between 1868 and 1967, except for the 
AQM value, which is relative to the average for 
A.D. 1000 to 1860 (see text). 

crease in the gas exchange rate or a 25 
percent decrease in the vertical diffusion 
rate. Likewise, if climatic changes asso- 
ciated with the Maunder minimum in- 
creased the gas exchange rate by 20 per- 
cent or the vertical diffusion rate by 25 
percent, AQM would rise to 30 and 29 
percent, respectively. 

One should realize that in our AQM cal- 
culations, climatically induced changes 
in carbon exchange rates that would 
change atmospheric 14C levels are inter- 
preted as resulting from changes in 14C 
production rates. This assumption could 
result in differences between the percent 
changes in 14C production rates calcu- 
lated by the model and those calculated 
from neutron flux measurements. There 
is no need, however, to assume an ap- 
preciable influence of climatic change on 
the Maunder minimum '4C level because 
the 14C production rates calculated from 
the model and those calculated from neu- 
tron fluxes agree within the inaccuracies 
stated earlier. 

Sunspot Numbers and Carbon-14 

Production Rates 

The 14C production rate changes AQM 
calculated from the model are plotted 
against sunspot numbers in Fig. 10. The 
sunspot numbers were derived from the 
curve given in Fig. 7 for each decade for 
which the 54C production rate was calcu- 
lated. 

There is a correlation between average 
sunspot number per cycle, S, and 14C 

production rate (solid line in Fig. 10, 
r = .89). The slope dQMldS is time-de- 
pendent. For the data given for the 19th 
century (1800 to 1860) a regression anal- 
ysis results in 

QM = 1.630 - 0.0048 S (r = .86) 

(dashed line in Fig. 7). If the Maunder 
minimum data points of 1710 and earlier, 
for which S is about zero, are excluded, 
we obtain for the 18th century (A.D. 
1720 to 1800) 

QM = 1.783 - 0.0099 S (r = .59) 

suggesting an increase in dQM/dS from 
0.0048 + 0.0013 to 0.0099 + 0.0056. 

These reservoir model dQM/dS values 
can be compared with 20th-century neu- 
tron flux estimates of dQ/dS. Using Eq. 
2 and substituting Aa = 9.13 + 0.17 S 
derived from Fig. 11, where average Aa 
values observed since 1868 are plotted 
'against S, gives 

Q = 2.091 - 0.0041 S (3) 

Thus the 20th-century dQ/dS value of 
0.0041, derived from production rates 
calculated from neutron fluxes and ob- 
served solar changes, evidently agrees 
quite well with the 19th-century dQM/dS 
value of 0.0048 derived from the ob- 
served 14C record and carbon reservoir 
modeling. 

The calculations above suggest good 
agreement between 20th- and 19th-cen- 
tury 14C production rates and average 
sunspot numbers, but with a change 
to a greater dependence on S when ap- 
proaching the Maunder minimum, when 
sunspots were disappearing. 

Having pointed out the suggested in- 
creased dependence of Q on the sunspot 
number when approaching the Maunder 
minimum, we now neglect this effect in 
order to present a more simplified pic- 
ture of solar modulation. The relation- 
ship between Q and Aa is represented by 
Eq. 2, whereas Eq. 3 gives the Q-S rela- 
tionship for the 20th and 19th centuries. 
If this latter relationship is extended to 
the 18th century, some interesting con- 
clusions result. 

For intervals when the average sun- 
spot number is zero, the production 
rate is 2.091 atom/sec-cm2. This is 
11.2 percent above the average 1868- 
1967 production rate of 1.88 atom/sec- 
cm2. However, in the absence of solar 
wind interaction with the magnetosphere 
(Aa = 0), the 14C production would be 
2.310 atom/sec-cm2 or 22.9 percent 
above the 1868-1967 average. The rele- 
vant relationships are given in Fig. 12. 
Evidently, even with S = 0, there is 
some background solar wind interaction 
with the incoming cosmic radiation. This 
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Fig. 13. Sunspot numbers andAa indices calculated from the 14C production record. The dashed 
line gives the actual observed averaged sunspot record. Sunspot numbers and Aa indices are 
averaged over the 11-year solar cycle. 

residual solar wind may originate from 
the sun's polar regions. Forman (36) re- 
cently attributed the higher 14C produc- 
tion rate for the Maunder minimum to a 
further modulation of the residual solar 
wind. However, the influence of the re- 
sidual solar wind may not be as large as 
suggested in our simplified Fig. 12 be- 
cause the Q value derived for S = 0 in- 
creases when a larger dQ/dS value is 
used for the 18th century. 

The relationship between Q and Aa 
suggests that during the Maunder, 
Sp6rer, and Wolf minima there was less 
solar wind interaction (a lower Aa index) 
and thus '4C production rates were high- 
er. The AQM values calculated from the 
atmospheric record and plotted in Fig. 8 
indicate that during these periods the Aa 
index would have been lower than the 
values measured between 1868 and 1967. 
Our QM calculations suggest that during a 
portion of the Maunder, Sp6rer, and 
Wolf minima the Aa indices approach ze- 
ro. Thus, not only did the sunspots dis- 
appear, but the interplanetary fields 
created by the solar wind also had little 
interaction with the earth's magneto- 
sphere. 

One final remark has to be made on tne 
sunspot dependence of '4C production 
rates. Equation 3 should be used only to 
approximate changes in Q over intervals 
of several sunspot cycles because the 
sunspot numbers S are averaged over 
each 11-year solar cycle. The long-term 
change in Q with S represented by Eq. 3 
results in dQ/dS = -0.0041. For Q 
modulation within a single 11-year cycle, 
dQldS - 0.00242 (Eq. 1). Thus the 
Aa theory gives a dependence of 14C pro- 
duction rate on sunspot number for long- 
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term changes that is nearly twice that 
found within a single solar cycle. This 
greater dependence is the result of long- 
term changes in solar modulation that 
are not accounted for by Eq. 1. 

Pattern of Solar Change 

The changes in QM calculated from the 
observed atmospheric 14C variations are 
an indicator of solar wind and coronal 
disturbances. In our opinion, QM should 
be considered an independent parameter 
that provides information on solar wind 
conditions. 

Since A.D. 1100 there were three ma- 
jor increases in 14C production rates. 
Predicting the sunspot record from our 
QM calculations, according to the 
QM - 10 percent criterion discussed 
above, would suggest that sunspots were 
absent for about 60 years during the 
1282-1342 Wolf minimum, for about 118 
years during the 1416-1534 Sp6rer mini- 
mum, and for about 60 years during the 
1654-1714 Maunder minimum. These 
episodes averaged 79 years in duration. 

The switch from a quiet to an active 
sun differs for each episode. For the 
Wolf minimum the switch from high to 
low 14C production takes about 40 years, 
but for the Sp6rer minimum it takes 
nearly 150 years. After the Maunder 
minimum, full solar activity is reached 
fairly rapidly in about 60 years. Each 
time the change from an active to a quiet 
sun took place in about 60 to 80 years. 
Our '4C measurements show the time 
separation of 14C perturbations to be 
quite variable. For the current millen- 
nium the intervals between quiet-sun 

modes may be as short as 120 and as long 
as 300 years. 

It has been suggested that the sunspot 
cycle is paced by an accurate "clock" 
inside the sun, with transport of the mag- 
netic field from the deep interior to the 
sun's surface subject to irregularities in- 
duced by turbulence in the convective 
layer (37). Accordingly, the solar clock 
was running while the surface indica- 
tions of the cycle were predominantly 
switched off (37). The data given in this 
article suggest that the irregularities in- 
duced by the turbulence in the con- 
vective layer may suppress the sunspot 
cycle for intervals lasting 60 (Wolf and 
Maunder minima) to 120 years (Sporer 
minimum). 

During the Maunder minimum switch 
from the active to the quiet mode, the so- 
lar rotation in the equatorial regions ap- 
pears to accelerate (38, 39). The in- 
creased rotation rate, associated with a 
change in turbulence in the convective 
layer and inhibiting transport of magnet- 
ic field from the deep interior to the sun's 
surface, may also be a causal factor for 
the changes in solar wind properties that 
ultimately result in higher 14C production 
rates. 

An 860-Year Record of Sunspots 

andAa Indices 

Although we have given arguments 
that the 14C production record should be 
considered independently from the sun- 
spot record, there is a natural inclination 
to look for a paleosunspot record. Ap- 
proximate sunspot numbers per cycle 
can be derived from the 860-year QM 
record by using the relationship AQM = 
10.5 - 0.53 S percent empirically de- 
rived for the interval 1720 to 1860. 
Using this equation for the AQM data of 
Fig. 8 and substituting S = 0 for calcu- 
lated "negative" S values gives the sun- 
spot curve in Fig. 13. The actual ob- 
served sunspot numbers since A.D. 1645 
(dashed line in Fig. 13) are given for 
comparison. An Aa record derived from 
Eq. 2a is also given in Fig. 13. 

The 14C record and the derived QM, S, 
and Aa values can be compared with the 
record of past climatic changes. The un- 
derstanding of the natural atmospheric 
14C changes gained in this article may al- 
so be used for a prediction of the natural 
14C levels in the 20th century. Such a 
prediction is of critical importance for 
the evaluation of anthropogenic '4C 

changes caused by fossil fuel com- 
bustion. The A14C data used here will be 
published in tabular form in a more de- 
tailed paper. 
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