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University of Washington
Abstract

Nature and Origin of Variations in
Late-glacial and Holocene Atmospheric 14C
as Revealed by Global Carbon Cycle Modeling

by Thomas F. Braziunas

Chairman of the Supervisory Committee: Professor Minze Stuiver
Department of Geological Sciences

Simulations with a global box-diffusion 14C model indicate that the millenmrium- and
century-scale atmospheric A14C variations during the Holocene are more likely explained
by fluctuations in 14C production rate (Q) than by changes in air-sea CO, exchange rate
(F) or internal ocean mixing (parameterized as an “eddy diffusivity” K;). The 14C
reservoir model deconvolves histories for each of these three processes that are compatible
Wwith a 9600-yr bi-decadal atmospheric (tree-ring) A14C record assuming alternative pre-
Holocene 14C conditions. Holocene microparticle concentrations in ice cores and dust
grain sizes in marine sediment cores disagree with the model-derived global wind speeds
necessary to explain (through F variations) the millennium-scale trends in atmospheric
Al4c. Atternately, foram 14C data do not support the history in the oceanic ventilation
index generated by millennium-scale K, variations. Coral 14C data for recent centuries
conflict with the marine A14C history associated with century-scale variations in F or K,
but are consistent with changes in 14C production rate.

The 14C production rates derived theoretically from an 11,000-yr record of averaged
global dipole moments strongly correlate with the Q history required to explain tree-ring
Al4C. Several pre-Holocene Q histories were calculated from limited dipole moment data
available for the past 30,000 yrs and do not contradict 234y/230Th-calibrated coral l4c



measurements. Relative variations in Greenland ice-core 10Be concentrations (reflecting
changes in 10Be production) over the past 9000 yrs also correlate strongly with tree-ring
Q fluctuations except for a 4500-3500 BC discrepancy.
| Simulations of transient variations in Q, F, and K; supplement previous studies of
alternative steady-state 14C sitations. The modeling of combined climate and production
rate scenarios (ie. F+K, F+Q, K;+Q) incorporates “feedback” effects which depend on
the instantaneous marine 14C profile and atmosphere/surface ocean 14C disparity.
Spectral analyses of the 9600-yr tree-ring Q history generally produce power at or
near harmonics of a 420-yr cycle. Century-scale Q periodicities may reflect harmonic or
nonsinusoidal solar processes. Residnal 14C production and bi-decadal sunspot numbers
from AD 1700 to 1840 define a preliminary history of relative sunspot numbers back to
7730 BC. “Fine-tuned” Q periodicities are used to forecast future solar behavior.
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CHAPTER 1. GLOBAL 14C RESERVOIR MODELING

1.1 Introduction and objectives

The 14C isotope is one member of a global array of sensitive blogeochemwal
“tracers” whose ablmdance and distribution in various natural archives (eg. tree rings, ice
cores, lake and marine sediments, corals) contain valuable information on the geophysical
and climatic history of this planet (Oeschger 1988). The carbon cycle alone teems with
chemical species (eg. CO2, CHy, CO) of several isotopic labels (14C, 13C, 12C) whose
records have proven instrumental in unraveling the interplay of local and global processes
that operate during, for example, the dramatic glacial/interglacial cycling of the recent
Quaternary period (eg. Broecker and Denton 1989, Curry and Crowley 1987, Genthon et
al. 1987, Oppo et al. 1990, Raynaud et al. 1988, Shackleton and Pisias 1985, Shackleton
etal. 1988).

No single biogeochemical tracer can provide the global integration necessary to
explain the mechanisms of glaciai/intergiacial climate transitions. Such an integration
requires an interdisciplinary approach that incorporates, at the least, comparisons of
contemporaneous histories of different tracers from the same archive, of contemporaneous
histories of the same tracer from different archival sources, and of regionally distinct tracer
records. Accurate absolute (or at least relative) dating will help untangle phase
relationships in biogeochemical signals and allow causes, effects, and fortuities in global
changes to be properly assigned. An important first step, however, is the identification of
the source(s) of variations in each tracer signal itself.

Within the Holocene epoch, digressions in atmospheric 14C might be expected to be
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limited and more easily analyzed; after all, variations in carbon reservoir burdens and
exchange properties are likely to be more restricted within a relatively homogeneous
climatic regime. Indeed, by focusing on this time period in the natural 14C system, some
potential influences on the 14C signal can be de-emphasized (eg. major sea level
variations, tectonic-scale trends in volcanic CO, degassing, fossil fuel emissions) even
though a multitude of influences remain (see below and Table 3 in Damon et al., 1978).
Stil, carbmmoddingsmmmatconcenuateonrecenthmnanhnpaclsonmecarbon (eg.
14CO;)_, l3C02, 12002) and climate systems implicitly treat the preanthropogenic
Holocene (ie. prior to the last few centuries) as a natural steady state (eg. Oeschger et al.
1975, Siegenthaler and Oeschger 1987).

However, dramatic millennium-, century-, and decade-scale variztions in atmospheric
Al4C have occurred throughout the past 10,000 yrs (eg. figure 1.1) and this proverbial
“steady state” appears not to be truly maintained on any of these timescales. Thus, as
hopefully demonstrated below, enough complications remain during the “stabie® Holocene
epodlmpmvideinwrstandchanengemthepmperidenﬁﬁcaﬁonofﬂlemuneand origin
of atmospheric 14C variations.

I have focused on four potential sources of atmospheric and oceanic 14C variations.
Two geophysical processes involve the geomagnetic and solar modulation of the 14C
production rate; two climate-related mechanisms, ie. variations in air-sea CO, exchange
and in cceanic ventilation rate, can redistribute 14C amongst the global carbon reservoirs,
The essential and influential role of each of these processes on 14C dynamics is briefly
noted here.

The 14C isotope is produced in the atmosphere, primarily in the lower stratosphere
through the nuclear reaction 14N(n,p)14C. This reaction represents the capture by
atmospheric nitrogen of thermal (low-energy) neutrons which originate as spallation
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products from the interaction of incoming cosmic ray particles and atmospheric
constituents. The geomagnetic field limits the influx of cosmic rays by trapping positively
charged particles of certain classes of trajectories along field lines (eg. Merrill and
McElhinay 1983). The ability of a particle to penetrate to the earth’s surface is a function
of its magnetic rigidity, the geomagnetic latitude and the global dipole moment. In this
way, variations in the global dipole moment in theory correlate inversely with the
atmospheric influx of cosmic rays and the rate of 14C production. Discussion of
geomagnetic modulation is continued in sections 2.1, 2.3 and 2.4,

The magnetic properties of the solar wind also theoretically interact with incoming
galactic cosmic rays and a similar inverse relationship is expected between solar activity
and l“Cproductiourate (eg. Stuiver and Quay 1980). Details on solar modulation of l4c
production are presented in sections 2.3, 24,3.3and4.4.

After production, 14C quickly oxidizes to 14C0O, and mixes throughout the
atmospheric CO; reservoir. Each 14002 molecule resides 3.3 yrs on average in the
atmospheric reservoir before decay or transfer to either the terrestrial biosphere or surface
Ocean reservoir (assuming recent preanthropogenic conditions and correcting for
- fractionation effects in the model described below). At steady state, the net atmospheric
14¢ flux into the ocean and terrestrial biosphere must balance the rate of new l4C
production in the atmosphere (neglecting a nominal decay). Atmospheric 14C content will
vary in response to changes in any of these fluxes.

The atmospheric A14C response to higher-frequency (eg. decadal, century-scale)
fluctuations in 14C production is significantly attenuated; lower-frequency (eg.
millennium-scale or longer) fluctuations in 14C production more effectively change
atmospheric (and oceanic) 14C content but with a strong delay. Fluctuations in
atmospheric 14C produced by changes in rates of air-sea CO, exchange and/or internal
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oceanic mixing also have a set of attenuation and lag *factors”. In recent preanthropogenic
times, surface ocean 14C/12C was only slightly depleted (ca. 5%) with respect to
atmospheric 14C/12C; the difference in the 14¢y/12¢ signatures of these two reservoirs
limits the power of air-sea and internal ocean CO;, flux changes to alter the atmospheric
14C content.

A global 14Crservoh'modelisreqmdmsimulatetheauenuaﬁonsandmedelaysm
reservoir Al4C histories that accompany sudden or gradual variations in these four
processes. The model described below reconstructs the histories of these forcing
mechanisms necessary to produce the observed millennium- and century-scale variations
in atmospheric A14C (chapters 2 and 3). With this model, the relative sensitivity of
atmospheric 14C content to these forcings and the adjustment time in its response can be
accurately quantified.

Several excellent modeling studies have already assessed the sensitivity of 14C
content in atmospheric and oceanic reservoirs to changes in 14C production rate and
climatic variables. Using 2- and 3-box global carbon reservoir models, Houtermans et al.
(1973) systematicaily calculate the frequency-dependent attenuations and lags associated
with atmospheric A14C variations forced by hypothetical 14C production rate cycles (see
section 2.1). With a global box-diffusion 14C model, Siegenthaler et al. (1980) and Bard
(1988) define the steady-state relationships of atmospheric and oceanic A14C levels to
climatic and 14C production rate conditions. Thes: authors also consider the transient
variations in 14C reservoirs during transitions in climate and production rate in the context
of glacial/interglacial cycles. Using an elegantly simple 4-box reservoir model, Wenk and
Siegenthaler (1985) and Toggweiler and Sarmiento (1985} investigate the implications for
reservoir 12C0;, 13€0,, and 14CO, contents of glacialfnterglacial changes in high-
latitude oceanic processes; the latter authors reconstruct the steady-sfate carbon and



nutrient chemistry of the glacial atmosphere and ocean from the present knowledge of
boundary conditions.

A few modeling studies have focused on the observed atmospheric (tree-ring) 14C
history during the Holocene and the identification of its major influences. With a simple
3-box carbon model, Grey (1969) finds strong correlations between the observed
atmospheric 14C variations and model-derived millenmium-scale and century-scale 14C
fluctuations forced by geomagnetic and solar changw, respectively. In contrast, Lal
(1985) concludes in his sensitivity analysis using 2 versions of a 5-box carbon model that
the observed Holocene-scale trend in atmospheric Al4C s better explzined by climate.
related reservoir changes occurring since the last glacial stage. These processes include
sediment dissolution and more effective oceanic mixing and high-latitude air-sea CO,
exchange during the Holocene. Lal emphasizes the uncertainties in the geomagnetic data
and notes the lack of a sinusoidal trend in early Holocene atmospheric A14C and the
contrariety of the ice-core 10Be data. All these points are addressed in this dissertation
(sections 2.2, 2.3, 2.4). Toggweiler and Sarmiento (1985) also find that oceanic
conditions (rather than 14C production changes) may explain much of the Jate glacial/early
Holocene A14C elevation but the transient simulations shown here indicate that the long-
term decline in Holocene A4C would not be expected if climate alone controls the initially
high Holocene reservoir 14C levels (section 2.2).

Stuiver and Quay (1980) utilize a global box-diffusion 14C modei to deconvolve
century-scale 14C production rate variations (assuming constant climate conditions) from
high-precision atmospheric (tree-ring) 14C measurements spanning 850 years; the model
production rates are regressed against solar activity records (sunspot numbers,
geomagnetic Aa indices) to quantify and extrapolate the soler modulation associated with
14C variations. With a 2-box model, Sternberg and Damon (1983) similarly deconvolve
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14¢ production rates to focus on the geomagnetic signal in the long-term 14C record.
This gl.issertaﬁon expands on these previous deconvolution model approaches by
employing new methods, assumptions, and data in order to build on (and sometimes
reinterpret) the earlier findings (eg. sections 2.3 and 4.4).

The objectives of this current study are to deconvolve the histories of four alternative
mechanisms for millennium- and century-scale atmospheric 14C variations during the
Holocene, compare the implications of each scenario with the available geophysical and
paleoclimatic evidence, and, in this way, identify and quantify the primary origins of the
14C signal (chapters 2 and 3). Combinations of processes will be simulated and other
potential influences on reservoir 14C variations will be assessed. After identifying the
main components of the 14C signal, spectral techniques are applied to search for patterns
and periodicities in the model-derived 14C production rate curve (concluded to be the
primary explanation for reservoir A14C variations), and the implications of the spectral
and pattern analtyses for past, present, andfumresolarbehaviorareconsidered(chapter
4).

1.2 Atmospheric (tree-ring) A14C database

The Holocene bi-decadal A4C history shown in figure 1.1 can be divided into five
distinct segments related to measurement sources. The derivation of the 14C record for
each segment is summarized below; supplementary details on the tree-ring (ie. “dendro-*)
chronologies can be found in several review articles (cf. Ferguson 1970, Pilcher et al.
1984, Stuiver and Pearson 1986 Table 2). The term “cal” is used extensively in this
dissertation to distinguish the time measurements (such as dendro-years and varve-years)
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that have been calibrated to the calendar timescale from those time references based on
14C ages.

(1) For the period of 2500 BC to AD 1840 (ie. "bi-decades” 2490 BC to AD 1830),
the 14C record is calculated from the combined high-precision tree-ring measurements of
the Seattle and Belfast laboratories (Stuiver and Pearson 1986, Pearson and Stuiver 1986).
Measurement precision is ca. 2 %00 (16 14C yrs) for each laboratory with respect to all
aspects of laboratory reproducibility; interlaboratory agreement is excellent with no
systematic 14C age difference on average for contemporaneous samples. The close
Belfast/Seatde agreement is underscored by the fact that 90% of the standard deviation of
25.6 14C yrs for interiaboratory differences on contemporaneous samples is explained by
the precision etror alone.

A nominal systematic correction of ca. -2 to -3 %/oo for the Seattle 14C measurements
(due to radon influence) is currently being defined and implemented but has not been
applied to any of the Seattle Al4C data discussed here. A similar adjustment is anticipated
for the Belfast data (G. Pearson, pers. comm. with M. Stuiver) so that the interlaboratory
agreement will remain strong. These secondary improvements will minimally affect the
model results discussed below.

The wood samples were collected from diverse geographic locations which are
campiled here to provide a canvenient overview of the entire Holocene tree-ring database.
For AD 940 to 1840, the bi-decadal A14C record is an average of decadal (ie. ten-ring)
measurements from Pacific Northwest Douglas firs (Washington, Oregon, and British
Columbia) with the bi-decadal (ie. 20-ring) Irish oak chronology (Ireland, Scotland, and
England). From 150 BC to AD 940, the 14C history is an average of decadal



measurements on California sequoias and the bi-decadal Irish oak chronology (with some
supplementary oak measurements from northern and southern Germany). For 2500 to
150 BC, Al4C measurements from the south German oak and Frish oak chronologies are
combined.

Contemporaneous wood samples from geographically distant locations (eg. eastern
Europe, western North America) sometimes show nominal systematic age differences of
several 14C years. A portion of such an offset may derive from natural spatial patterns in
atmospheric 14C0 as suggested by preliminary 3-D atmospheric tracer modeling
(Braziunas and Fung, in progress).

(2) From 5220 to 2500 BC, the A14C record consists solely of the Irish oak
chronology as reported in Pearson et al. (1986). These bi-decadal values have a standard
deviation of ca. 2 %0,

(3) Between 7220 and 5220 BC, bi-decadal Al4C values are a composite of results
from several laboratories (Linick et al. 1985, Linick et al. 1986, Kromer et al. 1986,
Stuiver et al. 1986a). Whereas the post-5220 BC 14C measurements discussed above
have a high precision and uniform tree-ring coverage for each bi-decadal interval, the data
mixture for this earlier time period generally has less precision and an uneven distribution
(figure 1.1 inset). Thus the combined results (grouped in 20-yr intervals) have a greater
standard deviation of 5 9/oo. Most cutliers are the data of Linick et al. (1985) with quoted
precisions averaging to 6 %/oo. The weighted-average bi-decadal 14C record derived here
from all reported measurements differs slightly from the 14C curve presented in Stuiver et
al. (1986b) for which I preferentially selected only the laboratory results with higher
precision. A 200-yr interval around 6000 BC has limited data coverage; therefore, less
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import must be assigned to this particular Maunder-type ("M") atmospheric Al4C
ﬂucmaﬂonasdeduwdﬁ'om&nelimitedmeasm-emems(seedzapter3).

Wood samples, although analyzed in different laboratories, are primarily from the
south German oak chronology. Between 6560 and 5340 BC, the data also include
sporadic wood samples from the cross-dated Bristlecone pine chronology (White
Mountains in California).

(4) From 7760 to 7220 BC, bi-decadal A14C values were derived from & floating
south German oak tree-ring segment ("M9” curve in figure 5 of Kromer et al. 1986)
tentatively matched wit) the dated German oak chronology.

Recently, reliable cross-dating has shown that the "Heidelberg Main 9” tree is 74
years younger than its original age assignment (B. Kromer, pers. comm. with M.
Stuiver). This shorténingofthe calendar age of the tree translates into a corresponding
average drop in the calculated atmospheric Al4C (pre-decay tree-ring 14C content) of
about 9 %/oo; the lower calculated initial 14Cconﬁenxforeachwoodsamp]eisreq1ﬁredm
compensate for the reduced time available for natural decay to contribute to the measured
14C age. The Al4C values for specific bi-decades can change by +1 to -26 900 because
of the shift in absolute time of high-frequency fluctuations in the tree-ring 14C history.

All mode] simulations discussed below were rerformed using the original age
assignment for the Main 9 tree before the 74-yr adjustment (and without supplementary
measurements supplied recently by B. Kromer, pers. comm. with M. Stuiver). The
revisions, hMa, should not significantly alter the model results presented in the
following chapters (see section 2.1 for specifics). Only one. century-scale Al4C
fluctuation is modified to a degree.
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(5) After AD 1850 the observed tree-ring A14C record has been influenced by the
release of 14C-deficient fossil fuel CO,. This “industrial effect” produces a sharp 16 %00
decline in atmospheric A14C by AD 1950 in addition to the natural variations imposed by
solar and geomagnetic modulation of 14C production rates (Stuiver and Quay 1981). The
dramatic decline in post-AD 1850 tree-ring measurements is displayed in figures 1 and 2
of Stuiver et al. (1986b).

In order to properly portray the most recent natural trend in atmospheric A14C, the
industrial effect must be removed from the post-AD 1850 tree-ring record. Therefore, for
the AD 1850 to 1970 time interval, I used the bi-decadal averages of a reconstructed
“natural” history for atmospheric Al4C (Stuiver and Quay 1981) derived from an
empirical relationship between sunspot numbers (averaged over 11-yr solar cycles
between AD 1720 apd 1860) and contemporaneous model-derived 14C production rates.
This reconstruction extends the pre-AD 1840 tree-ring record to AD 1980 (figure 1.1).
The bi-decade AD 1830 (ie. 1820-1840) is considered the last tree-ring Al4C
measurement without an industrial effect. As a first approximation, I assigned the same
“natural” A14C level to bi-decade AD 1970 as 1950.

A bi-decadal Q/sunspot relationship was calculated as part of the modeling efforts
here (as described in section 4.4). This new relationship can be applied, as part of an
iterative process, to modify the post-AD 1840 “natural” Al4cC values. However, the
original relationship of Stuiver and Quay (1981) properly regenerates the observed tree-
ring record when natural and anthropogenic influences are simulated in a forward model
so that any “improvements” in the relationship would be expected to be secondary. A
complete discussion is presented in section 4.4.

A cubic spline function wes fit to the bi-decadal A14C record to represent its long-
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term trend (thick curve in figure 1.1); an arbitrary average standard deviation was assigned
to the bi-decadal data in order to generate a smoothing spline (Reinsch 1967) that closely
resembles a 400-yr moving average. I preferred a spline to a moving average for the
millennium-scale trend because the resulting curve is smoother and remains centered more
closely on the data. For example, two large positive fluctuations in A14C within 400
years of one another will pull a moving-average curve away from the less positive data
between the fluctuations while a spline is less affected.

Thepm'poseofthe400-yru'endlineisioremove&1egradualgeomagneﬁcorclimaﬁc
influence on atmospheric A14C so as to look at the residual higher-frequency solar and/or
climatic signal. Major features of the A!4C record are the century-scale fluctuations of
about 20 ©/oo that resemble either the recent A14C excursion contemporaneous with the
Maunder Minimum in sunspots (variations marked “M* on figure 1.1) or the excursion
cmtempmaneouswiihﬂzelmgaSpémrMmﬁnummwmacﬁﬁty(vaﬁaﬁmsarematked
*S"). 1judged a 400-yr curve to best remove the longer-term trend while retaining the
essential characteristics of these shorter-term solar-related variations. The identification
andhnplhaﬁmsof&mecenﬁxy—scabfeanmmﬂwmﬁwofdmpm3and4.

Some researchers have characterized the long-term A14C trend after 6500 BC as
sinusoidal with a period of ca. 11,300 yrs and an amplitude around 50 %oo (e.g. Bruns et
al. 1983, Damon and Linick 1986). Prior to 6500 BC, however, the A14C record deviates
from a simple sinusoid. The sinusoid that yields the best chi-squared fit to the full 9700-
yr Al4C record has a longer period of 13,100 yrs, an amplitude of 49 ©/0o and a phase
shift of 160° (dotted line in figure 1.1 is equation: A14C = 44+cos((2n/13100)(T+5850))
where T is the calendar year as BC (nega&‘;; or AD (positive) ). The sinusoidal
representation of the long-term data trend is no longer satisfactory, espedially for the early
and late portions of the data record.

1 -
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Although long-term geomagnetic influence on atmospheric Al4C is sometimes treated
as inherently sinusoidal, geomagnetic dipole-moment data covering the past 30,000 yrs
show a general rise with no apparent cyclicity (figure 4.9 in Merrill and McElhinny 1983;
Tauxe and Valet 1989). This observation has a “reasonable” rating and implies that non-
linear processes operate in producing the Earth’s magnetic field (Merrill and McElhinny
1983, Table 10.1). In addition, because the geomagnetic data have a limited geographic
extent, regional non-dipole disturbances may significantly bias the paleointensity
measurements (Aitken et al. 1989). Because of these complexities, the empirical spline
approximation was selected to represextt the long-term A14C trend rather than a sinusoid or
theoretically-based curve (see segion 2.3).

1.3 Early- and pre-Holocene atmospheric Al4C

Radiocarbon ages of terrestrial macrofossils from Swiss lake-core sediments
(Zbinden et al. 1989) appear to indicate significantly reduced atmospheric Al4C levels
. dMgmuchof&eWOOyearspﬁmmmestanofﬂletee-rmgrecorddisamed above
(figure 1.2). The measured radiocarbon ages were converted into atmospheric A14C
values for specific calendar years by: (1) accepting the evidence from the Swedish varve
chronology (Tauber 1970) for the durations in varve (calendar) yrs of pollen zones
observed in the Swiss lake cores; (2) assuming constant sedimentation rates within the
pollen zones of the Swiss lake sediments; and (3) assigning an absolute date to the
Younger Dryas/Holocene transition of 10,700 cal BP in accord with the revised dating of
ice recessional features in the Swedish varve chronology (Strémberg 1985). This time
marker agrees perfectly with the 10,720 cal BP date determined by ice-layer counting for a
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definitive Younger Dryas/Holocene transitional signal in 5180 in the Dye 3 ice core from
Greenland (Hammer et al. 1986).

The atmospheric A14C trend calculated from the macrofossil radiocarbon ages and
assigned calendar ages (Zbinden et al. 1989, and figure 1.2) is offset from the trend
associated with tree-ring radiocarbon ages (described above) and from radiocarbon ages of
organic carbon in the laminated sediments of Lake of the Clouds in Minnesota (Stuiver
1970). Calendar ages were determined for the Lake of the Clouds samples by counting
laminae; the derived atmospheric A14C levels agree closely with the tree-ring record back
to 7960 cal BC (incorporating the revised Main 9 tree-ring curve). Also displayed on
figure 1.2 as dotted lines are the Allemd/Y ounger Dryas and Younger Dryas/Holocene
boundaries at 9550 cal BC and 8750 cal BC, respectively, as established by the Swedish
varve chronology utilized by Zbinden et al. (1989). Interestingly, the 13, 100-yr
sinusoidal curve of figure 1.1 passes through the scatter of the macrofossil A14C points.

The shaded rectangle in figure 1.2 represents the match between the calendar age for
the ice-core 5180 transition of 10,720 + 75 cal BP determined through ice-layer counting
‘ (ofseasonalvariaﬁmsmblso,dust,andaddity)andmemdiocarbonageoflo,OOO:HS
l4c yrs for the termination of the Juniperus pollen zone in southern Scandinavia, a
climate change believed to be synchronous with the strong 5180 event (Hammer et al.
1986). These two age estimates together translate into an atmospheric A14C of 53 +14
©/oo at the Younger Dryas/Holocene boundary. The full estimated error in ice-layer
counts is +150 yrs, half being considered as “one sigma” (Hammer et al. 1986).

To connect the trends of the macrofossil and lamina/tree-ring 14C records requires
either a sharp increase in A14C around 8300 BC or a correction in the calendar ages of
some of the data. A “floating” (ie. without fixed calendar ages) German pine record yields
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a ca. 950 dendro-year trend in radiocarbon ages that overlaps these other records (Becker
and Kromer 1986 Table 2; Becker and Kromer unpublished results, pers. comm. with M.
Stuiver). The German pine data do not display the requisite 14C increase and thus
indicates that a correction in calendar ages is necessary for either the Swiss lake or Lake of
the Clouds samples.

Whereas the Lake of the Clouds A14C values generally concur with the tree-ring
Al4C record, the Swiss lake results have several inherent limitations which might create a
significant calendar-age (and associated atmospheric A14C) displacement. The conversion
of radiocarbon ages to atmospheric A14C values is sensitive to the assigned calendar age
for the demise of the organic material (ie. the absolute time since its last exchange with the
atmospheric or oceanic reservoir). Zbinden et al. estimate uncertainties < 200 calendar yrs
for ages of pollen zone boundaries and uncertainties < 600 yrs on specific pollen zone
durations. An earher starting time of 200 calendar years in their chronology (a shift of
data points to the left in figure 1.2) also raises the associated A14C values by ca. 25 %00,
In such a case, the increased calendar time for 14C decay after death (ie. 14C aging)
requires that the calculated initial 14C contents be higher in order to produce the measured
radiocarbon ages of the samples. If the Allerad pollen zone (12,300 to 11,500 cal BP in
figure 12)1asted600ea1endaryembngermanoﬁgnanyaﬁmmme&4cme¢mg
the Allered would disappear. In this case, the lengthened calendar time for 14C decay
substitutes for the increase in atmospheric A14C otherwise required to explain the
measured radiocarbon ages (ie., 600 yrs of decay is the equivalent of ca. 75 9/o0).

The Iaboratory uncertainties of +120-200 14C yrs in the radiocarbon ages themselves
translate into errors in A14C of +15-25 %/00. Such large uncertainties result from the
small sample sizes on which 14C content was measured through accelerator mass
spectrometry (AMS). This lack of precision is reflected in the scatter of the data points
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(figure 1.2), an indication that little weight should be given to the value of any single point
alone.

The atmospheric A14C levels calculated from the Lake of the Clouds laminae are
about 40 %/o0 (equivalent to *320 calendar yrs®) higher than the most recent Swiss lake
values. The measured radiocarbon ages for the A14C data shown on figure 1.2 are plotted
with their assumed calendar ages in figure 1.3. The dashed line indicates 14C/calendar-
age equivalence. The Younger Dryas/Holocene boundary occurs at 10,000 14C yrs by
definition (Holocene Commission of INQUA). On such a diagram, a correction in
calendar age corresponds'to a horizontal shift in the data point; the vertical placement is
fixed by the reported radiocarbon age. Ifit a smoothing spline to the macrofossil data (all
points assigned one sigma of +200 14C yrs) to replace the jagged trend line in Zbinden et
al. (1989). A shift of 250 calendar yrs to older ages (to the left) would align the
macrofossil curve with the Lake of the Clouds/tree-ring trend and still permit it to overlap
the ice-layer result (although the Ycunger Dryas/Holocene pollen zone boundary in the
Swiss lake core would now precede the 5180 event by 250 calendar years).

The floating German pine data of Becker and Kromer, with average uncertainties of
only 27 14C yrs (3.5 9/o0), will best fit both the macrofossil 14C trend and Lake of the
Clouds data if: (1) the German pine 14C data span the time period of 9200 to 8250 BC,
and (2) the macrofossil ages are older by 450 calendar yrs. This fit is shown in figure
1.4 with the added trend (heavy line) of the floating German pine data. If the pine
radiocarbon trend is matchec to the original Swiss lake curve (figure 1.2), itis discrepant
with the Main 9 tree-ring results. Also, the floating pine curve cannot be matched to a
250-yr macrofossil shift and the lamina/tree-ring trend. The final fit was determined by
horizontally shifting the macrofossil and German pine curves until a good visual match
with the tree-ring and Lake of the Clouds data is achieved.
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For the reasons above, the adinsted radiocarbon chronology displayed in figure 1.4
with the 450-yr shift in macrofossil data is here considered the most acceptable. The
Swiss lake calendar ages are based on the Swedish varve chronology; a conjectured
addition of 450 calendar yrs, together with an earlier revision of +465 yrs (discussed in
Stromberg 1985), would produce a total +915 yr adjustment in the original (Tauber 1970)
Swedish varve chronology. The possibility of such an adjustment was expressed 20 yrs
ago (Stuiver 1970, Stuiver et al. 1986a).

A 450-yr shift in calendar ages for the Swiss lake data, however, does not necessitate
that great an adjustment in the Swedish varve chronology. The potential for time lags
between vegetation changes in Swiss lakes and glacial fluctuations in Sweden, as well as
the blurred resolution of the Swiss polien record, produce an estimated uncertainty of
£200 yrs in the calendar ages of the macrofossil samples (Zbinden et al. 1989)
independent of the accuracy of the varve chronology.

An independent chronology of radiocarbon variations during the last 30,000 yrs has
been derived from corals dated using 234U-230Th mass spectrometry. These
. mmeasurements (Bard et al. 1990) are consistent with the Holocene tree-ring record but are
contrary to the pre-Holocene Swiss macrofossil evidence. A minimum shift of 450
calendar years in the macrofossil ages is necessary to bring the post-12,000 BP data near
the coral results.

A complication in the interpretation of the coral radiocarbon measurements, however,
is the application of a “reservoir correction” in order to convert these surface ocean
radiocarbon ages to atmospheric vatues for comparison with the other chronologies. A
“reservoir correction” of 400 14C yrs is selected as a first approximation. If, as an
extreme example, 1o reservoir correction was required, that is, surface ocean Al4C levels
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were identical to atmospheric Al4C levels during the pre-Holocene time under
consideration rather than deficient by 50 %oo (“aged” ca. 400 14C yrs), then a 50-yr shift
in the calendar ages of the macrofossils is still necessary to place them near the post-
12,000 BP coral data. The elegantly simple 4-box atmosphere/ocean model of Toggweiler
and Sarmiento (1985) simulates a deficiency of ca. 75 %oo (ie. 600 14C yrs) in the glacial
surface ocean (discussed more below); a greater reservoir correction like this increases the
discrepancy between the macrofossil and coral data. The chronologies prior to 12,000 BP
are more discrepant and clearly involve a more complex scenario (including variable
production rates, climate change, and reservoir corrections) than will be considered here.

A dilemma apparent in figure 1.4 is the shifted chronology’s disagreement with the
ice-layer evidence (shaded rectangle). The shaded area expands if the full error of £150
calendar yrs in ice-layer counts is displayed. If the 5180 transitional event in the
Greenland ice core originally considered simultaneous with the Scandanavian Juniperus
zone termination (Hammer et al 1986) instead occurred after this termination, the shaded
area could drop vertically to a younger 14C age in figure 1.4. Direct 14C dating of the
Dye 3 ice care points to a younger radiocarbon age for the 5180 transitional event, but this
AMS dating application is presently franght with difficulties (Andrée et al. 1986a). Citing
this evidence, however, Fairbanks (1989) concludes that the 5180 fluctuation at issue is
some 500 14C yrs younger than the Younger Dryas/Holocene boundary and proposes that
a pulse in meltwater discharge is responsible for the 5180 signal rather than a temperature
event. Such a scenario, based on sea-level changes inferred from Caribbean corals, would
make the ice-core results consistent with the adjusted 14C chronalogy.

The radiocarbon chronologies as shown in figure 1.4 are converted to atmospheric
Al4C values in figure 1.5. The macrofossil curve A14C levels are ca. 60 /00 above the
original determinations of Zbinden et al. in figure 1.2. The shaded area between 11,400



22

N3y urewr owy U vyep Op1V PAUIqUI00 a1p Jo a3eIaA8 Futrouwr 1£-0p © Supsuxardds sugdg (3osuy)

"3U0Z UORBUTLLY seAL] 158unoX awp uj anA Dy Vv 15943y oy 03 Jopd s1£

JEPUSTEd 051 ¥ 008 pauopisod st 4g 180 omwg 1 PUB 052°Z1 usamiaq SuIpbys [euosei( “auy] puaxy [jssojonsul ot
Jo 5338 uoqmo0ipeI A1 UY K1 Op1- 00T ¥ 000°01 03 Buppuodsarsod [eAISIU Jepua[ed oY SIIA00 Jg [80 00601 pue
00%'11 usamaq Suppeys [suoelq *p'1 aIndy uy se Kpuop; sures oy 9ABY §au] pue sjoquIAg “p*| sy jo sofe
JepuaTed paudjsse-ox puw $938 H0QIEIOIPEI paINsEOW AN YPM PABLIOSSB SINJBA OpV duaydsouny :¢°y aundyy



cal BP

14000

YOUNGER DRYAS
IN PLACE

YOUNGER-DRYAS
TERMINATION

FETETRENT IFTERRYRRT ligssssnyg, IFNRERENEE [ FETERENET liga,
o o (o o () o
n O n o n
N (q\} — —t

C% 3,V JIY3IHASOWLY

10000 8000 6000

12000

cal BC



23

and 10,900 cal BP represents the time interval during which the trend in the radiocarbon
chronology (figure 1.4) is within +100 14C yrs of 10,000 14C yrs BP, the radiocarbon
age defined as the beginning of the Holocene. Because of the apparent drop in
atmospheric Al4C during this time interval at a rate similar to 14C decay, the Younger
Dryas termination (equivalent here to the start of the Holocene) cannot be as sharply
defined in calendar years. In fact, the radiocarbon time scale appears to underestimate
substantially the duration of this transition and makes it difficult to determine the true
synchrony of events at this time.

The ice-layer results are not compatible with the conjectured A}4C curve of figure
1.5. A 500-yr correction in 14C age, a possibility mentioned above, raises the shaded
rectangle vertically about 60 ©/00. A correction in the ice-layer counts of 450 shifts the
rectangle vertically and to the left as both calendar age and calculated initial 14C content
change. In both cases the ice-layer result would then be consistent with the proposed
atmospheric A14C curve. In the first case, however, a time Iag exists between the major
floral change at the end of the Younger Dryas and the dramatic 3180 signal in the
Greenland ice core. With the insensitive radiocarbon time scale at 10,000 14C yrs BP and
the possibility that ice-core 3180, glacial fluctuations in Sweden, and pollen transitions in
Scandinavia and Switzerland may not be synchronous, the definition for the Younger
Dryas/Holocene transition may require recansideration.

All calendar dates within the shaded region between 11,400 and 10,900 cal BP
qualifyasvaﬁdﬁmsforﬂ:etaminaﬁonofﬁleYomgerDryasifdeﬁnedas 10,000 £ 100
14¢ yrs BP. The pollen zone transition reflecting this termination in the Swiss lakes has
shifted 450 calendar yrs to specifically 11,150 cal BP. One might also choose the 135
/oo peak in A14C at 11,300 cal BP prior to the dramatic 50 %/oo fall in atmospheric A14C
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to denote the “true” termination. Using this definition and accepting the varve counts of
800 + 150 varve yrs for the duration of the Younger Dryas (Tauber 1970), the Younger
Dryas would commence at 12,100 + 150 cal BP (shaded region on left in figure 1.5).
This date corresponds with the 125 9/oo apex of a dramatic 100 /oo rise in atmospheric
Al4C. The timing of these two major digressions in atmospheric A14C, coinciding with
glacial and biological events, strongly implies that the atmospheric A14C trend at this time
isrdawdwmrvoh'(cﬁmate)chang&statherﬂmnpmduc&onmtevmiaﬁms.

The origin of the “Younger-Dryas excursion” in atmospheric A14C is not addressed
in detail in this dissertation. The explanation appears intricate because the dramatic 100
%00 rise in atmospheric A14C begins at ca. 13,000 cal BP, well before the start of the
“cold” Younger Dryas pollen zone and near the start of the “warm” Allerad pollen period
(assumed to cover the 800 calendar Years just prior to the Younger Dryas per Tauber
1970). If the Ymméer Dryas climate event is related to a decrease in northern Atlantic
ventilation, because of a meltwater influx and/or other “climatic mode switch” (Broecker et
al. 1985b, 1988a), then for this reason alone more 14C should indeed remain in the
atmosphere (section 2.2); but the secondary A14C elevation between 10,900 and 10,500
cal BP in the German pine dn'ondogymorecloselyagxmwiﬂltheﬁnﬁngandrapidityof
climate change for at least one other cah“brauon of the Younger Dryas event (figure 11 in
Broecker etal. 1988a). Another complication is that the general rise in atmospheric A14C
levels is contemporaneous with the strong atmospheric CO; increase between 14,000 and
11,000 cal BP (Neftel et al. 1988) countering the expectation that greater atmospheric
PCO, will lower atmospheric 14C content (section 2.2). The influences of these carbon
system changes on atmospheric A14C are addressed more quantitatively in section 2.2.
The conflicting evidence at present from the lake sediments, corals (see also section 2.3),
and 10Be implications (section 2.4) prevent a more defintive analysis of the origin for the
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Younger Dryas climate event.

The magnitude of this 800-yr "Younger Dryas excursion” in atmospheric A14C can
be compared to the rest of the 14,000-yr Al4C record in the inset of figure 1.5. The curve
in the inset is a spline (approximating a 400-yr moving average) of the combined data in
the main figure. In combining the individual A14C records, the macrofossil curve was
linked to the beginning of the German pine trend at 9170 cal BC and the gap between the
German pine and Main 9 trends was interpolated (passing through the Lake of the Clouds
data points). The combined 14C data can also be utilized to calibrate radiocarbon ages
beyond 8300 14C yrs BP. This preliminary 14C/calendar age calibration is presented in
Table 1.1. For radiocarbon ages older than 11,000 BP, we prefer the calibration scenarios
calculated from pre-Holocene dipole records (see section 2.3 and Table 2.1). These
alternative calibrations contrast sharply with the lake sediment record before 11,000 l4c
yr BP but are in good agreement with the independently calibrated coral 14C data (Bard et
al. 1990).

The modeling efforts detailed below indicate that the century-scale and millennium-
scale fluctuations in atmospheric A14C during the Holocene result from 14C production
rate changes related to solar and geomagnetic behavior, respectively. The Younger Dryas
Al4C excursion, however, appears to be induced by climate change. This conclusion is
critical in selecting the initial conditions of the model 14C simmlations. As demonstrated in
chapter 2, the pre-Holocene history of the geomagnetic field (and sun) has a more
persistent influence on the subsequent 10,000 yrs of the global 14C system than pre-
Holocene climatic events. A prolonged enhanced level of 14C production will be retained
in the oceanic system and influence model results for several 14C half.lives Gie. 20,000
yrs) after the production rate declines; the memory of a redistribution in 14C during a
climate disturbance will affect later 14C behavior only up to the mixing (ventilation) time
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TABLE 1.1
CALENDAR YR - RADIOCARBON YR AGE-CALIBRATION DERIVED FROM
ADJUSTED LAKE-SEDIMENT AND TREE-RING RECORDS

14c AGE CAL AGE 14c AGE CAL AGE
11000 12250 9600 10550
10900 12200 9500 10400
10800 12100 ‘ 9400 10300
10700 12000 9300 10200
10600 11900 . 9200 10150
10500 11800 9100 10100
10400 11700 9000 10000
10300 11600 8900 9950
10200 11500 8800 9800
10100 11400 8700 9550
10000 11350 8600 9500
9900 10900 8500 9450
9800 10850 8400 9400

9700 10850 8300 9200
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of the oceanic reservoir (<2000 yrs). Therefore, it is more important to properly establish
the pre-Holocene history in the geomagnetic field than in climate change in order to
accurately model all the influences on Holocene variations in atmospheric and oceanic
Al4C. These maxims will be illustrated in the sensitivity tests of alternative initial
conditions for Holocene simulations in the next chapter.

1.4 Global 14C reservoir model

The basic structure and parameterization of the global 14C box-diffusion (“BD")
model replicates the original design of Oeschger et al. (1975, figure 1) as implemented by
Stuiver and Quay (1980). The global atmospheric carbon reservoir exchanges with a
globalsmfaoeomncarbmmervo&andtwomuiﬂmervohsrepmmﬁng shorter-
and longer-lived biota. The oceanic reservoir is subdividsd vertically into a 75-meter
surface mixed layer, 37 thermocline layers each 25 meters thick, and 5 identical deep
ocean partitions extending to a total depth of 3800 meters. Figure 1.6 illustrates the
vertical resolution of the box-diffusion model ocean with each "horizontal line”
representing the A14C time history of one ocean reservoir. The surface mixed layer is the
top “horizontal line* of the 14C profiles. The shape and transient changes of the depicted
ocean 14C distribution are discussed below.

The 14C contents of each reservoir (except the two terrestrial boxes - see below)
areconsidered “well mixed” with all 14C atoms having equal probability of removal at any
specified time (Bolin and Rohde 1973) and reservoir exchanges are governed by first-
order donor-controlled differential equations (Oeschger et al. 1975). The model equations
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are simple linear approximations of these fluxes (the “Euler approach”) calculated at time
intervals short enough (.04 yr or less) to insure consistent model results.

In the rest of this section, I first describe the parameterization of the model constants
(all reservoir 12C contents, terrestrial 12C exchanges) and model variables (reservoir 14C
contents, atmosphere/ocean and oceanic 12C exchanges, 14C production rate). Then the
concept of ventilation index is presented as an important tool for comparison of model 14C
time series with oceanic 14C data. Finally, other modeling designs are briefly discussed.

Constant model reservoir contents and exchange parameters

The 12C contents of all model reservoirs are assumed to remain constant throughout
the Holocene. The ice-core CO5 record from Byrd Station, Antarctica, indicates that the
major rise in aunosphetic PCO; occurred between 14,000 and 11,000 BP (Neftel et al.
1988), more than 1000 calendar ¥15 prior to the start of the Holocene 14C simulations
conducted here. I have assumed that the 14C and 12C reservoirs recover from climatic
perturbations within such a time frame (as discussed in detail in section 2.2). The ice-core
CO7 measurements also indicate that atmospheric pCO2 may have varied +20 ppm F7%)
during the Holocene but, as demonstrated below, these variations in themselves will have
only a secondary impact on the Holocene record of atmospheric 14C.

Pre-industrial atmospheric PCO,, is set at 280 ppm, equivalent to 594 gigatons (GT)
of carbon. This pCO; level was chosen to agree with ice-core measurements (eg.
Oeschger and Stauffer 1986) although the more recently published data from the Byrd core
indicate a slightly lower average value for atmospheric pCO, during the Holocene (Neftel
etal 1988). An average pre-industrial atmospheric pCO; level of 270 ppm for the past
2000 calendar yrs was deconvolved using a global 13C model which translated the 13C
signal in tree rings into past deforestation and fossil fuel fluxes (Stuiver and Braziunas
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1986). As a simplification, atmospheric pCO, remains constant throughout the recent
centuries of the model simulation as well.

The terrestrial biosphere is partitioned into two reservoirs (B and B») with residence
times of 1) =2.7 yrand 75 = 80 yr, comprising 10.6% and 89.4% of the total model land
mass, respectively. The dual biospheric division mimics the structure of the original
Oeschger et al. BD model but the specifications are based on the estimated biospheric
reservoirs of AD 1970 in Emanuel et al. (1981, 1984). The reservoir with fast turnover
combines ground vegetation, leaves and detritus while the other reservoir contains tree
wood and active soil carbon. ’Ihequanﬁﬁcationofdeepersoilcarbonpoolsisoften
confused by choice of definitions and remains uncertain (eg. discussion in Olson et al.
1985). The less active soil carbon and peat are not modeled here; the sensitivity of the
model results to incorporation of such longer-storage terrestrial carbon reservoirs is
considered in section 2.1.

The total mass of the pre-industrial terrestrial biosphere is set at 1903 GT of carbon,
an increase of nearly 150 GT from the estimates of the standing crop in AD 1970 (Olson et
al. 1978, Emanue] et al. 1981). The additional carbon is assumed not to alter the
proportional distribution of the two reservoirs calculated above. The carbon increase for
ﬂlenauralbbspheﬁcbmdenwasdeﬁved&omﬂ:e&sﬁmatedamﬂaﬁve deforestation flux
deconvolved from a global 13C model (Stuiver and Braziunas 1986) and agrees closely
with independent estimates based on historical data of land-use changes (Olson et al.
1978, Houghton et al. 1983).

Each terrestrial reservoir exchanges directly with the atmosphere as a fixed delay line
according to its assigned residence time (see Oeschger et al. 1975). Thus, unlike the other
mode] boxes, the terrestrial biosphere is not simulated by well-mixed 14C reservoirs. The
parameterization of atmosphere-terrestrial exchanges is complex because, during
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deforestation, air-to-biomass CO2 uptake depends not only on atmospheric CO3 content
but also the changing size of the terrestrial reservoir. A simple donor-controlled first-order
exchange process will always (unrealistically) attempt to restore the original carbon content
of the terrestrial biosphere after a deforestation perturbation (Siegenthaler et al. 1978).
This difficulty is, however, not relevant here because the 12¢C conients of the atmosphere
and biosphere do not change in the simulations and thus the two biospheric fluxes (By/t]
= 21 GT C/yr and By/t5 = 75 GT C/yr) remain constant. But I still preferred the “fixed
delay” approach asa way to simulate biospheric residence as an “expected length of life”
rather than an “average age” (Bolin and Rodhe 1973). A more refined biospheric structure
with more complex interchanges between terrestrial compartments is especially important
to consider when modeling the variabie biosphere of recent centuries (eg. Siegenthaler and
Oeschger 1987).

The carbon reservoirs of the model ocean contain disolvedinorganiccarbon(za)z
= CO3 + HCO3™ + CO3~) but lack organic carbon. Without a biologically-mediated
particulate flux of carbon to the deeper ocean, the vertical Y CO, profile shows no
depletion in the upper ocean. The 2.CO, conttents of each oceanic layer is set identically at
" ca. 2.31 moles m-3 (2254 pmol kg-1) in agreement with the globai ocean average
calculated from GEOSECS data (Takahashi et al. 1981). The surface ocean depth
containing the same quantity of carbon as the atmosphere, ie. ZR( or the “equivalent
mixed layer depth” (Bacastow and Bjorkstrom 1981), is 59 meters, similar to the vaiue
assigned by Oeschger et al. (1975). Alternatively, the vertically constant [XCO9] of the
model ocean can be set at 2.04 moles m3 (2002 ymol kg-1), as in Siegenthaler (1983), to
realistically simulate the carbon contents of the upper ocean where CO; exchange with the
atmosphere occurs. The effect of this alternative parameterization is minimal for the
natural 14C simulations discussed here and is addressed in section 2.1.
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Although the living marine biomass is estimated to be ca. 3 GT C, the mass of the
particulate and especially dissolved organic carbon may be several orders of magnitude
greater (eg. Mopper and Degens 1979). The total marine organic reservoir thus may be
equivalent to a substantial fraction of the inorganic carbon pool in our model (38,200 GT
C). Depending on its residence time, marine organic carbon may contain a notable portion
of the total marine 14C burden (estimated at ca. 4% in Damon, 1988). This potential but
uncertain 14Cmvoh'hasnotbeenmco1pm-atedintoﬂzemmentmodel

A discussion of the sensitivity of atmospheric Al4C to changes in atmospheric pCO,
is included in section 2.2 under the heading: *Alternative roles for climate in long-term
reservoir Al4C change”. A 7% increase (decrease) in atmospheric pOO; is found to
lower (raise) atmospheric A14C by only 3.5 %00 at steady state.

Variable model reservoir contents and exchange parameters

Unlike the 12C contents in the mode] reservoirs, their 14C contents do vary with
changes in the global carbon system. The effect on atmospheric and oceanic A14C Jevels
of variations in three flux parameters (the 14C production rate Q, the air-sea CO,
exchange rate F, andﬂleintemalowannﬁﬁngdiffusianparameteer)isinvsﬁgawdin
chapters 2 and 3; the process of deriving transient histories in these parameters is

The rate of air-sea 12C02gasexchangeFdependsonseveralpotenﬁaﬂymconstant
factars. The equation for F has been simplified as:

F = kyBpCOx(atm) = ki BPCO2(surf oc) Qa.n

where ky, represents the wind- and temperature-dependent piston velocity myrl), g
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is the temperature-dependent CO, solubility (moles CO m-3 atm1), and PCO2(atm) and
pOOz(surf oc) are the partial pressures (atm) of CO; in the atmosphere and surface ocean
respectively. The F parameter (in moles CO» m2 yr‘l) represents either the air-to-sea
CO, invasion rate (left side of equation 1.1) or the sea-to-air CO5 evasion rate (right side
of equation 1.1), these fluxes being equivalent since all of the 12C reservoirs remain
constant in the following simulations ®CO2(atm) = PCO2(surf oc) at all times). The
wind-dependence of ky, will be quantified in chapter 2 in order to associate hypothetical
variations in global wind speeds with deconvolved changes in F.

Substituting F for thé individual terms above, the full equation for the net transfer of
14C0; from the atmosphere into the surface ocean becomes (after Siegenthaler and
Miinnich 1981):

14Fnet = (Mikay) (M48/8) (4012000 F A -
(Miplko) (M03c02) (14612000 oc F A 12)

where (14ky/ky,) is the ratio of piston velocities for 14C0, and 12C0, which
determines kinetic fractionation during air-sea transfer, (148/B) is the ratio of solubilities
for 1400, and 1200, which determines the equilibrium fractionation associated with the
invasion flux, (14Qyc02) is the equilibrium fractionation between the dissolved Co,
species and $.CCy, (14C/12C)q4y and (14C/12C)gys o are the carbon ratios in
atmospheric CO» and surface ocean 3'CO» respectively, and A represents the surface area
of the model ocean (3.61 x 1014 m2). The standard simulations ignore the fractionation
terms by calculating 14C/12C ratios from fractionation-corrected A14C levels (more
below). Although the net air-sea 12C0, flux is zero throughout all the simulations, the
14F et flux (moles 14005 yr1y is zero only if the 14C/12C ratios of the atmospheric and
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surface ocean carbon reservoirs are equal.

To represent standard pre-industrial conditions, the two exchange terms F and K7
(see below) were together calibrated to produce in AD 1830: (1) a fractionation-corrected
(M4CN2C)gy11 o thatis 5% less than the fractionation-corrected (14¢c/120) 34 and (2) a
similarly-corrected average (14C/12C) for the model ocean reservoir below the surface
layer that is 16% deficient relative to the atmospheric ratio. These A14C levels of -50 /oo
for the surface ocean and -160 /oo for the global average ocean conform to the pre-bomb
marine 14C data (eg. Oeschger et al. 1975, Siegenthaler 1989). The calibrated natural air-
sea exchange rate of 19 moles CO, m-2 yr-1 (kg = 4.6 m day-1) falls within a range of
published estimates (Broecker et al. 1980) and the results of 14C simulations that assume
constant F conditions during the Holocene are relatively insensitive to alternative F choices
within this range (see section 2.1).

Although the reconstructed surface ocean A14C is -50 %00 prior to nudear weapons
testing after AD 1945, the post-AD 1830 anthropogenic input of fossil fuel CO, (Al4C =
~1000 9/o0) precipitated an “unnatural” decline in surface ocean Al4C of perhaps 10 %00
as estimated from available coral 14C data (Druffel and Suess 1983) and globat 14C
- modeling (Stuiver et al. 1986b). The proper pre-industrial surface ocean A4C then is
closer to -40 9/00. However, recent oompilauons and extrapolations of pre-bomb surface
ocean Al4C measurements (Broecker and Peng 1982, Broecker et al. 1985a) yield by my
calculations an area-average pre-bomb (“post-industrial”) surface ocean Al4C of ca. -60
O/oo. Therefore the original calibration of Oeschger et al. (1975) was retained.

The F parameter is variable in some simulations. An indication of the “F sensitivity”
of atmospheric 14C can be derived by simple mass balance considerations. If the
production of new 14C in the atmosphere remains constant, then at steady-state the net
£h1xof14cmtoﬂ1eoceanmervoirmustalsonotd1ange. The fractionation-corrected net
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14C flux into the terrestrial biosphere is extremely small and does not influence these
calculations; the biospheric return of 1‘*C-tagged carbon is relatively rapid before any
significant 14C decay occurs. If F were to increase by 7% (ie. either ky, s, or pCO5 in
equation 1.1 increases 7%), then the 14C/12C ratios in equation 1.2 must respond to
prevent 14y, from changing. The large ocean reservoir maintains the same 14C content
if 14C production is constant. Assuming (A4C/120) g6 o remains at 95% relative to the
original atmosphere, the new (14C/12C)auy ratio decreases by .35% (3.5 %oo). This
(m)sensitivity factor of -1/20 will be further considered in chapters 2 and 3. I chose an F
variation of 7% because pCOz(m) may have varied to this degree during the Holocene
(Neftel et al. 1988; see section 2.2).

Vertical exchange within the model ocean is parameterized by an “eddy diffusivity”
Kz. Although diffusion is not the predominant process in oceanic mixing, K, represents
the approximation ﬁét “the many large- and small-circulation cells that perform mixing,
taken together, exert an effect statistically similar to molecular diffusion, only on a much
larger scale” (Baes et al. 1985). Such diverse processes as turbulent mixing, Ekman
pumping, polar convection, and the thermohaline circulation are simulated by this single
parameter.

The particulate flux of organic carbon (representing about 20% of the carbon
u'ansporttothedeepowanwhererenﬁneralizaﬁontozcozocan's)is determined by the
supply of nutrients to the marine surface waters; this supply, in turn, would be controlled
byﬂleocea:ﬁccirculaﬁcnrateinﬁﬁsone-dimensionalBDoceanmdeL Thus, for natural
14C simulations during the Holocene, the particulate 14C flux would @f explicitly
ircluded) vary with the single ocean mixing parameter K,. High-latitude oceanic
processes complicate this simple correlation and the storage or release of nutrients during
major pre-Holocene climatic transitions is an independent influence on the supply of
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nutrients to surface waters. Such factors are assumed to be less influential within the
Holocene climatic epoch (see below and section 2.2 for further discussion). In effect, the
organic 14C flux is incorporated here into the calibration of K,.

As also presented in Oeschger et al. (1975), the exchange equations governing marine
ventilation are:

18Fgc = - K, 014C00z (1.3)

al4coz('zyot = Kz 02 14C0y;022 - 2 1400y 14

such that the 14C flux 14F,; (in moles m"2 yr-1) depends on the eddy diffusivity (in
m? yr1) and the 1400, concentration gradient at that depth z and the time rate of change
in l4C ata given depth (in moles m-3 yrl) is related to the change in the slope of the
vertical gradient as well as the rate of 14C decay (A = 1/8267 yr- 1),

In figure 1.6, the oldest vertical 14C profile (at the first tree-ring 14C bi-decade at
7750 cal BC) essentially depicts the assumed natural steady-state distribution of oceanic
Al4C which initiates the standard 14C simulations considered below. The exponential
14C dectine reflects the decay of 14Cdutingitsdifﬁlsiveu'ansportintothedeeperowan
away from its atmospheric production source. In the simulation displayed in figure 1.6,
the 14Cpmﬁleﬂu@atesdmingﬂ1eHdooeneasﬂ1emarhecarbonsystemmpondswa
variable 14C production rate (see next subsectian).

Assmtedbefom,ﬂleexdmgepmmFdezaremgeﬂmcaﬁbramdwpmdwe
an oceanic 14C profile with fractionation-corrected 14C activities in the surface layer and
average below-surface reservoir that are 95% and 84% of the atmospheric 14C activity in
AD 1830. A modeling inconsistency arises because Oeschger et al. (1975) calibrate F and
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Kz to produce a steady-state pre-industrial (ie. AD 1860) 14C profile with the above 14C
specifications while, in the present Holocene-length simulation, these specifications are
associated instead with a transient 14C system in the early 19th century (youngest 14C
profile in figure 1.6). The distinction appears minor because the A14C histories of the
ocean layers are relatvely steady for the past millennium (figure 2.3); fortitously, the
parameterization of F and K to produce an initial steady-state oceanic 14C profile ¢at 7750
BC) with the above 14C specifications also provides a nearly identically-shaped profile in
AD 1830 (whenFandKzremainoonstantdmingﬂle Holocene simulation).

The above 14C specifications constrain F to be 19 moles COy m2yr! and K, to be
4000 m? yr1 (1.27 cm2 1), The K value is lower than independent parameterizations
using 3H and bomb 14C (compiled in Broecker et al. 1980) but basic modeling
conclusions are relatively insensitive to alternative combinations of F and Kz within a
reasonable range of choices. Although absolute numbers may change, relative model-
derived 14C production variations and the high-frequency (century-scale) Al4C
fluctuations and A14C trends in oceanic reservoirs are only minimally affected (see chapter
2).

Production of 14C occurs in the model atmosphere, considered as a single well-
mixed reservoir without latitudinal or vertical 14C distinctions. Although the modulation
of 14C production by the 11-yr solar activity cycle and the influence on 14C distribution
by latitude-specific stratosphere/troposphere and troposphere/ocean exchange processes
may produce persistent latitudinal gradients in atmospheric 14C (eg. Lerman et al. 1970,
Fan et al. 1983), these potential complications were not considered in the global

The 14Cprod11aimmteQiscalcmatedatsteadyastammbalancememtall4Cdecay
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in the carbon model reservoirs. Since the 14C contents of all other reservoirs are fixed
relative to the atmospheric reservoir by the parameterizations of F, Kz, Bj/t1 and By/ry,
the assumed initial steady-state atmospheric A14C value determines all other 14C terms.
In the simulation depicted in figure 1.6, the initial atmospheric Al4C is assumed to be 90
O/oo (ie. elevated 9% relative to an AD 1890 level of 0 O/o0; as a result, all other reservoirs
and the 14C production rate are elevated 9% from vaues that would be in equilibrium with
the 14C content of the AD 1890 atmosphere. This choice of initial steady-state conditions
is discussed in section 2.1.

The deconvolution of Q, F, and K z

Several versions of the basic global BD model described above were designed in
order to deconvolve alternative exchange parameter variations compatible with the
observed atmospheric (tree-ring) A14C record.

In the Q-deconvolution model version, the 14C production rate is calculated to
balance small changes in atmospheric A4C (interpolated from the bi-decadal tree-ring
record to the spacing of the model time step) with pre-change net atmospheric 14C fluxes
to the other model reservoirs. Using the new atmospheric A14C at the end of the mode]
time step, the reservoir exchanges are updated and the deconvolution procedure is
repeated. The deconvolution equation that involvzs these calculations is:

Q(MC) = (ARyAY 12¢, + l4F,, +
B1/)Ra - Ra(r1) + B/1)Ra - Ragr2) +ARy 12,  (1.5)

where Ry is the 14C/12C ratio in atmospheric CO, at the start of the model time step,
ARg/At is the rate of change in R, during the model time step, IZCa represents moles of



39

atmospheric COy, Ry(r1) and Ry ;) are the 14C/12C ratios in atmospheric CO, at 7j and
T2 Yrs ago, and the other variables have been identified above. The 14C production
function is usually expressed, after appropriate conversion, in uits of 14C atoms cmp-2
s~1 where CmE represents a centimeter of earth surface.

Analogously, the F- and Kz-deconvolution model versions calculate the variation in
each respective exchange parameter required to balance atmospheric A14C change and a
specified 14C production rate with a compensatory atmospherefocean 14C exchange. The
F-deconvolution model directly varies the air-sea 14C transfer while the K-deconvolution
model first determines the surface ocean Al4C change required, with constant F, to
produce the specified atmospheric A14C change. The model equations then deconvolve
the K; value that will provide the necessary change in surface layer/thermocline 14C
transfer to produce that surface ocean A14C change. An iterative process of updating
reservoir 14 contents and recalculating exchange parameters is again followed in these
model versions.

The relevant equation for the F-deconvolution model is:
F(l4C) = ((ARy/AY 12C-Q + AR, 12C + 14Fp )/ Ry, - Ry (1.6)

where 14Fp represents the two terrestrial exchanges shown in figure 1.5 and Ry is
the (14C/12C) ratio of the surface ocean reservoir. The K7 parameter is constant in this
model version; Q may represent a constant 14C production rate or an independently
assumed production history (such as derived from the geomagnetic dipole record in
section 2.3).

The two pertinent equations in the Kz-deconvolstion model are:
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Rso = ( (ARy/AY 12C, -Q+ Ry F+ 14Fg + AR, 12C, ) / F (1.7)

Kz(14C) = ((Ra - Rso) - A Rgg 12C5, - (ARg/AY) 12¢5, )/
(Rso 1250/ Zso - Ry 1201/ Zim )/ @)y (1.9)

where Ry is the new (14C/12C) ratio of the surface ocean required to balance the
observed change in atmospheric A14C, Ry, and Ryp,| are the pre-change (14C/12C) ratios
of the surface ocean and uppermost thermocline boxes respectively, 12¢, and 1241 are
the Y¥CO; contents (expressed as moles m-2) of the surface ocean and uppermost
thermocline respectively, and Zg, and Zyp, are the thicknesses of the surface layer and
upper thermocline box respectively. The terms in the main denominator of the equation
represent the linearization of the 1400, gradient at the mixed layer/thermocline boundary.
The ¥CO» contents of every oceanic layer are equivalent in the model since the particulate
flux is zero. The units of Kz(14C) for this equation are m2 yr-1-

Because Kz(14C) governs all the oceanic exchanges associated with the vertical 14C
profile, the required changes in 14cu'amferatﬂ1emixedlayer/&1ermodmeb01mdaryhave
significant implications for the 14C distribution throughout the entire oceanic reservoir.
The deconvolved K»(14C) history is a bit tremulous even when forced by smoothed long-
term trends in atmospheric A14C and Q (eg. figure 2.30), and Kz(14C) often becomes
undefined when required to compensate for short-term (bi-decadal) variations in the
atmospheric 14C contents. The adjustment of 14C fluxes throughout the ocean interior
creates a very unsettled situation at the surface layer/thermocline interface where the
variable 14Csignalsﬁ'omaboveandbebwcmnbineinﬂ1emcalaﬂaﬁonoszatead1ﬁme
step. A simultaneous variation in circulation at all oceanic depths is indeed an extreme
scenario but this simple case can still provide basic insights into the influence of global
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oceanic processes on transient atmospheric 14C contents.

A fourth model version, the F,Kz-deconvolution model, was programmed to derive
the simultaneous and equivalent relative changes in air-sea CO9 exchange rate and eddy
diffusivity that together will balance the assumed atmospheric Al4C and 14C production
rate histories. More information on this model is presented in section 2.2 in association
with its application.

The validity of the deconvolution process is tested by applying each deconvolved
parameter history as a forcing function in a conventional model version which determines
the consequent Al4C variations in the atmosphere and other model reservoirs. A model-
derived atmospheric A14C record that replicates or closely resembles the original (tree-
ring-related) atmospheric Al4C curve confirms that the responsible parameter history has
been accurately deconvolved. Such a 14C model of “forward” calculations is described by
the basic equations in Oeschger et al. 1975. The model version programmed here will
accept any combination of variable or constant Q, F, and/or Kz functions. In addition to
its use in verifying the deconvolution results, the “forward” model has also been utilized to
simulate the implications of sudden (century-scale) climatic switches (e. step changesin F
or Ky) for atmospheric and oceanic 14C variations (section 3.3).

Potential insights from oceanic ventilation indices

In the four deconvolution models described above, the atmospheric AL14C record
serves to force variations in specified flux parameters. The consequential A14C variations
in the model oceanic reservoirs furnish an independent means of evaluating the likelinood
of each simulated 14C scenario. In the following chapters, the comparison of modeled
marine results with the 14C data from corals and forams will be an important method for
assessing model assumptions. Therefore, several useful definitions involving modeled or
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observed oceanic 14C levels are presented here prior to their extensive application in the
modeling analyses in following chapters.

The apparent 14C age difference between surface and deep ocean reservoirs provides
an indication of the deep sea ventilation rate (ie. the renewal or turnover time of the deep
ocean reservoir). The equations relating 14C age to radiocarbon activity (Stuiver and
Polach 1977) translate this 14C age difference into the equation:

ty = 8033 In (Aso/ Ado) = 8033 In (Rgo/Ryo) 1.9)

where t, is the deep sea ventilation time in 14C yrs, Ag, and Ry are the 14C activity
and (14C/12C) ratio respectively associated with the surface ocean, and Ado and Ry, are
the 14C activity and (14C/12C) ratio respectively associated with the deep ocean reservoir.
This latter reservoir must be defined with respect to a particular depth or depth interval. In
this way, the direct 14C measurements of marine water samples, as part of the GEOSECS
14Csub-prog'am,weremﬂizedwsﬁmaterephcemmt&msfmabyssdocembasim
(Stuiver et al. 1983).

Using accelerator mass spectrometry (AMS), Andrée et al. (1986b) measured the 14C
activity of foraminifera in sediment cores from the South China Sea that span the last
12,000 yrs. These authors defined the apparent 14C age difference between
contemporaneous benthic and planktonic (Globigerinoides sacculifer ) foraminfera as a
“foram ventilation index” (FVI). Although this FVI has limitations as a global ventilation
index because it is regionally biased and restricted to one depth level, it still provides
important (and rare) information on long-term oceanic ventilation rates. Andrée et al.
conclude that no significant digressions in ocean circulation are apparent over the last
10,000 yrs (discussion continued in section 2.1).
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The FVI provides an oceanic 14C history without the need to determine the Al4C
time series of the surface and deep ocean individually. As in the case of the terrestrial 14C
samples discussed in section 1.3, each measured foram 14C age can derive from an
infinite combination of initial 14C contents and calendar ages. Without an independent
calibration of the foram calendar ages, the oceanic AL4C levels associated with this
“floating” record cannot be identified. The difference between l4c age of surface and
deep waters does not depend on calibration of the synchronous time at which the
planktonics and benthics were living.

A "model ventilation index* (MVI) is analogously defined here as the 14C age
difference between model surface ocean 14C and average model deep ocean 14¢ (below
the thermocline at 1 km depth). With respect to the A14C signatures of the reservoirs, the
equation for this index can be written as:

MVI = 8033 In ((1000+A14C;)/(1000+A14C ) (1.10)

where the subscripts “so” and “do” refer to the surface ocean reservoir and the
- average deep ocean below 1 km respectively. As an option, A14Cdo can refer to the
average ocean below the surface layer (ie. the model thermocline and deep ocean) in order
to compare MVI directly with the third ventilation index KVI defined below.

At standard steady-state conditions the model surface ocean R is approximately
equal to .95 R, and the average model ocean (below the surface) Rg+dois .84 Ry (see
calibration ebove). The latter ratio weighs the steady-state average thermocline Re, of .91
R, with the average deep ocean R, below the thermocline of .81 Rgy. These relative
values yield a steady-state MVI of 1275 14C yrs according to equation 1.10, When,
alternatively, the 14C contents of the entire ocean below the surface are compared to the
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surface ocean, MV1 is 1025 14C yrs (using precise numbers for the ratios).

The analytical solution for the steady-state oceanic 14C profile in the global BD model
also defines a ventilation index which is directly related to the strength of the ocean mixing
parameter Kp. The model ocean diffusivity is linked to the 14C activities of surface and

-deepwavexsﬂlroughtheequaﬁon(Oesdzgeretal 1975):
Ado= Agp (tanh (V(WKp) hd)) / (¥(WKy) hd) (1.11)

where A, refers to the average 14C activity of the model ocean below the surface
layer and hd is the depth of the model ocean below the surface layer (3725 m).

Equations 1.9 and 1.11 are combined here to define a Kz-related ventilation index
KVIdirecﬂymﬂec&ngmodelooeannﬁ:dngmteatanysdeﬁme:

KVI = - 8033 In(tanh (V(WKp) hd) / (V(WK;) hd)) (1.12)

As in the cases of FVI and MV, the time associated with KVI is measured in 14C
yrs. According to this equation, the standard K value of 4000 m2 yr1 defines a KVI of
1025 14C yrs, in agreement with the alternative definition of MV above.

Although MVI and KVI are identical when the mode] ocean is at steady state, these
two ventilation indices can differ notably when external (or even internal) forces produce
changes in the 14C contents of the ocean reservoirs. For example, figure 1.6 displays the
vatiations in the oceanic 14C profile associated with the observed atmospheric (tree-ring)
. A14CmcordwhentheaunospheﬁcAMCvmiaﬁmsamasumedtobeforcedbychang&s
in the 14C production rate under constant climatic conditions. Because K, remains
constant in this simulation, KV is constant at 1025 14C yrs. However, the attenuations
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and delays that accompany the transmission of Q-forced atmospheric 14C variations into
the oceanic realm produce changes in the oceanic 14C profile that falsely suggest
fluctuations in ventilation rate as measured by MVI (quantified in section 2.1). Thus,
whereas variations in KVI reflect the "true” oceanic mixing history, MVI (and FVI) only
provide *apparent” ventilation histories which can be misleading especially when the
oceanic 14C system is not near equilibrium.

Stll, FVI and MVI are the only long-term 14C ventilation indices available and, when
analyzed in conjunction with other recorded signals in the climate system, their
interpretation can become more robust. To illustrate the complications (and merits) of
analyzing FVI and MVI together with other 14C records, I utilized the conventional global
BD model version to delineate the potentiai implications of an FVI digression in a
hypothetical scenario. To lend interest to this illustration, the scenario is based on actual
foram 14C data that show significant late-glacial FVI variations (Shackleton et ol 1988).
This BD model is neither structured nor parameterized to authentically portray late-glacial
14C changes but an accurate model analysis is not sought here. This exercise is presented
only to demonstrate thé distinctions between KVI and MVI and the importance of
additional databases for their interpretation.

Figure 1.7 displays the model-derived atmospheric and oceanic 14C response 10 a
40% decline in 14C production rate spanning 2000 yrs (upper left panel). The
atmospheric A14C response entails a significant dectine (nearly 20%) but a more gradual
recovery (solid line in upper right panel) than the return of Q to initial conditions. The
oceanic mixing rate K remains constant in this simulation and thus KVI also is steady
(dashed line in lower panel). However, the lag in the response of the deep ocean 14C
reservoir to the Q perturbation in comparison to the timing of the surface ocean 14C
respanse produces an apparent 500-yr digression in oceanic ventilation time as
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represented by MVI (solid line in lower panel). The initiai conditions for this simulation
are the standard choices discussed in detail in the following chapters. The global MVI
trend was adjusted by a multiplication factor of ca. (1535 14C yrs/1275 14C yrs) in order
to match the absolute “base-line” values of the regional FVI points (squares).

The FVI record is derived from the 14C ages, measured by AMS, of planktonic and
benthic (3120 m depth) foraminifera in a core from the eastern equatorial Pacific
(Shackleton et al. 1988). For the purpose of simplifying this illustration, I have assumed
an equivalence between calendar yrs and the reported 14C ages of planktonic forams
(minus a constant 580-yr rwervoxr correction); this timescale corresponds to the graphical
presentation by the original authors. In order to reconstruct the original magnitude and
true timing (in calendar yrs) of the FVI excursion, a preliminary calibration of the surface
ocean 14Cagwmightbevenunedbyapplyingthe MCIca.lendarageassociationsinTable
1.1 @in section 1.3) and Table 2.1 (in section 2.3); a variable reservoir correction
representing the changing atmosphere-surface ocean 14C difference is a complicating
factor. An appropriately parameterized 14C model is necessary for a detailed analysis of
this foram data. The late-glacial transgression in FVI is actually only a secondary
component in a 30,000 14C-yr FVI record whose major feature is a significantly slower
(apparent) ventilation time for the Pacific during the last glacial stage (Shackleton et al.
1588).

Figure 1.8 shows an alternative mechanism that generates the same digression in FVI
and MVI as does the Q perturbation. In this second hypothetical scenario, the oceanic
eddy diffusivity is the forcing function in the conventional BD model. When K; is
enhanced 90% during a 2000 yr interval (upper left panel), the true ventilation index KVI
(dashed line in lower panel) and "apparent” ventilation index MVI (solid line in lower
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panel) both deviate similarly from pre-disturbance conditions. However, even when MVI
genuinely reflects changes in oceanic mixing, a lag in MVI of up to 200 yrs is apparent in
comparison to the actual history of the KVI (ie. K;) digression.

To identify the mechanism that produces the MVI or FVI record, evidence from other
sectors of the global 14C system must be pursued. The Q and K, perturbation have
distinctive effects on the atmospheric 14C reservoir (upper right panel in figures 1.7 and
1.8). The redistribution of global 14C by a change in oceanic mixing rate leaves a more
modest and shorter-term mark on the atmospheric reservoir in comparison to a Q
perturbation that acts to deplete 14C throughout the entire system. Both model curves
show a surface similarity to the macrofossil 14C data of Zbinden et al. (1989) from Swiss
lakes (dashed line). With our favored adjustment in this data trend (450 cal yrs older with,
as a consequence, A14C greater by ca. 55 %00, as discussed in section 1.3), the similarity
between the data and the K-forced atmospheric A14C curve is even stronger. The lack of
evidence from corals (Bard et al. 1990) or geomagnetic data (Merrill and McElhinny 1983)
for a sharp decline in 14C production rate in the late glacial also contradicts the first
hypothetical scenario. These additional records will be discussed in detail in section 2.3.

The distinctive effects of climate and 14C production variation on reservoir aldc
histories during the Holocene will be analyzed closely in the following chapters. Asin
this introductory illustration, the evidence from model and foram ventilation indices for
oceanic 14C changes will be weighed against the observed atmospheric 14C signal and
proxy records of 14C production rate fluctuations to assess the likely origins for
millennium- and century-scale digressions in the 14 system.
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Alternative model parameterizations

A few complications to the basic box-diffusion 14C model described aBove are
discussed here.

The standard model versions do not incorporate fractionation factors in the exchanges
between the atmospheric, oceanic, and terrestrial reservoirs because the Al4C values are
corrected for such fractionation. Applying the definition of Al4C (Stuiver and Polach
1977), the conversion of these A values into 14C/12C ratios for the model equations
normalizes all carbon reservoirs to possess the same 13C/12C ratio (513C = -25 %00 for
all reservoirs in the standard simulations). This homogenization simplifies the modei
without altering the exchanges between reservoirs. However, two flux terms, the 14C
production and decay rates, do depend on the true absolute 14C contents of the reservaoirs,

In order to quantify the secondary consequences of this dependence, fractionation
factors were included in one version of the box-diffusion model. Constant 513C contents
were assigned to each major reservoir: the atmosphere was fixed at -7 /00, the ocean at
0.92 %/00, and the terrestrial biosphere at -25 %/00. Fractionation factors for air-sea
exchange conformed to estimates of Siegenthaler and Miinnich (1981); fractionation
during atmosphere-to-terrestrial exchange was assumed to completely account for their
3¢ disparity whereas no fractionation occurred during the return tlux. The precise
equations of Stuiver and Robinson (1974) for conversion of A14C into absolute lacyi2e
ratios were required for a proper steady state in the model. The results of this sensitivity
analysis is noted near the end of section 2.1.

Reservoirs of 14C with very long residence times are not included in the standard
14C model versions. Damon (1988) estimates that sediments may hold ca. 25% of the
14C in the global system. Soils on land, coastal wetland environments, and marine

sediments may each have substantial 14C contents, despite long residence times and
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substantial decay, because of their large carbon reservoirs. Damon’s estimates allow the
global 14C decay rate to match independent estimates of recent 14C production rates,
although an equivalence is not strictly necessary.

In this model analysis, relative variations in 14C production are emphasized rather
than absolute scales. However, simulations with longer-storage terrestrial reservoirs were
performed and the results are presented at the end of section 2.1. The implications of a
significant oceanic 14C reservoir are also discussed.

Polar marine processes have a significant control on atmospheric pCO and are
expected to play important roles in glacialfinterglacial carbon reservoir changes (eg.
Toggweiler and Sarmiento 1985, Wenk and Siegenthaler 1985). The inclusion of high-
latitude marine boxes allows a carbon model to more realistically portray ocean-induced
I4C changes. A transient model with high-latitude processes has not been developed here;
however, the effects of alternative steady-state oceanic conditions on atmospheric Al4C,
as simulated by the box models with polar marine reservoirs and by the one-dimensional
box-diffusion model, are compared below and found to be basically consistent (last part of
section 2.2).

Siegenthaler (1983) designed an “outcrop-diffusion” model to investigate the
importance of a high-latitude oceanic sink for removal of fossil-fuel CO5 from the
atmosphere. This model does not have an explicit polar oceanic reservoir but, instead,
appends onto the box-diffusion structure an additional direct interchange between the
atmosphere and subsurface model ocean layers. This model demonstrates that the polar
ocean can effectively diminish excess atmospheric CO, while insignificantly modifying
the accompanying “industrial effect” on atmospheric 14C (ie. the ca. 20 %00 decline in
AL4C between AD 1850 and 1950 created by the input of the "dead” carbon in fossil

fuels). Because the atmospheric A14C history is insensitive to this extra feature, the Q
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record derived from the simpler box-diffusion 14C model should also be robust with
respect to this alternative model design.

The contrary responses of atmospheric 12C0; and 14C0 1o a direct deep-ocean sink
reflect the different chemical equilibration times for the two carbon isotopes in the surface
ocean. Surface ocean pCO; equilibrates with atmospheric pCO> on the timescale of a
month whereas for 14CO, complete isotopic equilibrium is required, with a tinescale of a
decade, among dissolved CO2, HCO3", and CO3™ (Broecker and Peng 1974). Thus the
excess 12CO, in the global surface ocean is ca. 85% in equilibrium with the excess
12C02 in the atmosphere (as modeled by Oeschger et al. 1975) and the high-latitude
circumvention of the rate-limiting exchange between the surface and deep oceans produces
a significant increase in marine uptake. The global surface ocean is only ca. 50% in
equilibrium with the 14C "industrial effect” (eg. Druffel 1982) and, therefore, the polar
outcrop has a much less dramatic effect on the atmospheric 14C perturbation.



CHAPTER 2. MODEL ANALYSIS OF ORIGINS FOR
. MILLENNIUM-SCALE Al4C VARIATIONS

The deconvolution models described in section 1.4 were utilized to assess several
potential causes for the longer-term features observed in Holocene atmospheric and
oceanic Al4C histories. Climate and production-rate sources for the measured atmospheric
(tree-ring) A14C record invoke contrary responses in oceanic A14C which allow a critical
appraisal of their credibilities. In addition, data records of natural phenomena (eg.
geomagnetic and 10Be fluctuations) tied to relative 14C production rate variations permit
the evaluation of a production-rate origin for reservoir A14C trends. If such records and
their relationships to 14C production rates are treated as indisputable, then the secondary
climatic contributions to observed A14C variations can also be quantified. Here climate-
mhmddlmgsm&/seacozgasexchangemdmverﬁcdnﬁmgamcmsidemd

2.1 Implications of a produciion raie origin for reservoir Al4C

variations

Deconvolved model 14C production rate

The Q-deconvolution carbon reservoir model described in section 1.4 was utilized to
derive the 14C production rate required to generate the observed atmospheric (tree-ring)
14C record for the past 9700 yrs with assumed constant climate conditions, i.e. with
constant reservoir exchange parameters and burdens. A “steady state” atmospheric Al4C
value of 90 ©/oo prior to 7750 BC was assumed, as noted in chapter 1 and considered
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more extensively below.

The deconvolved production rate variations, Q( 14C), are averaged over the same bi-
decadal intervals as the atmospheric A14C data and are displayed in figure 2.1. Analogous
to our treatment of the atmospheric A14C record, a smoothing spline that approximates a
400-yr moving average was chosen to represent the long-term trend in production rate
(thick curve in figure 2.1). A curve with this level of detail can be used to differentiate the
14C variations of duration greater than 500 yrs which are often attributed to geomagnetic
causes from the higher-frequency Al4C fluctuations often discussed in terms of solar
origins (eg. Damon and Linick 1986). Such a spline distinguishes the typical century-
scale prominences from the more subdued trends in 14C. The 17 century-scale Maunder-
and Sporer-type oscillations in pfoduclion rate, marked as “M” and “S” respectively in
figure 2.1, will be discussed in the next chapter.

The deconvolved production rate curve (figure 2.1) is similar to the original
atmospheric 14C curve (figure 1.1) but with stronger high-frequency variations relative to
the long-term change (see also figure 2.2). The atmosphere acts as a low-pass filter,
attenuating higher frequency periurbations in production rate more than the gradual rate
changes. An “attenuation coefficient’ H is defined as the relative change in reservoir
Al4C divided by the causal relative change in 14C production rate. This coefficientis a
function of the duration and nature of the forcing (e.g. pulses or harmonic variations in
14C production) but is independent of the absolute magnitude of the perturbation.

Based on a simple global two-box 14CO, model for the atmosphere and ocean,
Houtermans (1966) derived theoretical attenuation factors of .0055, .045, .07 and .43 for
harmonic (cyclic) 14C production rate changes with periods of 101, 102, 103 and 104
yrs, respectively. In other words, a change in atmospheric A14C of 10 %00 Ge. 1 %) on
each of these time scales requires a respective change in Q of ca. 180%, 22%, 14%, and
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2.3%.

Houtermans et al. (1973) calculated similar H values with a more sophisticated 3-box
global model but found that the inclusion of distinct surface and deep ocean reservoirs
(each with atmospheric exchange) creates somewhat weaker attenuations for harmonic
perturbations faster than 102 yrs. However, the models respond similarly for longer-term
perturbations which have time to be distributed throughout the ocean regardless of the
model structure.

The box-diffusion model utilized in this study, with the parameterization of reservoir
burdens, exchanges and fractionation processes described in chapter 1, yields attenuation
coefficients of .0082, .044, .088, and .27 for sinusoidal fluctuations in Q with periods of
101, 102, 103, and 104 yr, respectively. That is, to produce a 10 %00 change in
atmospheric A14C maintained for each respective time period listed, the causal production
rate must change ca. 120%, 23%, 11%, and 4%. The associated phase lags are 2, 10,
120 and 1200 yr.

The magnitudes of attenmation factors for the box-diffusion model compare weli with
the corresponding factors for the 2-box model suggesting that the essential nature of the
14C system is ably simulated in Houtermans’ elegantly simple study. The greater oceanic
resolution and diffusive vertical mixing of the box-diffusion model significantly limit the
capacity of the ocean to attenuate the atmospheric responses to high-frequency 14C
production chages, bmomHvahmsﬁIlfallwithinﬂwmeangs of attenuation
factors provided by the model analysis of Houtermans et al. (1973).

A mass balance calculation demonstrates the basic principle behind this attenuation
phenomenon. Since the atmosphere contains about 100 yrs of 14C production (eg. (800
ke 1C burden) / (6 kg/yr production) according to our model parameterization), a specific
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Qincrease lasting 1 yr will only raise the atmospheric burden by 1/100th, or 1% of the Q
increase (H = .01). A more permanent Q increase lasting 10,000 yrs, however, should
raise the atmospheric burden proportionately (H=1.0) because the time equivalence of the
14C burden is greatly exceeded.

The 14C0; reservoir exchanges and transient redistribution of newly produced 14C
complicate this static explanation. The residence time of atmospheric CO, is ca. 7.2 yrs
with respect to oceanic exchange (eg. (600 GT burden) / (80 GT/yr air-sea exchange)
according to our model parameterization where GT denotes gigatons or 1015 gm of
carbon); the residence time of atmospheric 12C0, and 1400, is ca. 3.3 yrs with respect
to oceanic and terrestrial exchanges (eg. (600 GT)/(180 GT/yr) ). The attenuation is still
high (ic. H is low at =.01) for decadal-scale production variations because the rapid

‘exchange of CO, with surface ocean waters and terrestrial leaves and grasses acts to
eﬁ‘ﬁveljmoreﬂmndoubleﬂne l"Cr&servoirabscrbingthe new production. On century
scales, the attenuation is still high (H = -04) because of indirect exchange with the huge
deep ocean reservoir. The long 100-yr “time equivalence” for the atmospheric 14C0,
burden, as compared to the residence time of 3.3 yrs, stems from the pet oceanic flux of
14C0; (eg. 113 kg 14C/yr invasion - 107 kg 14C fyr evasion according to our model
parameterization) which is about 20 times weaker than the gross oceanic flux of 14C.

The 14C production rate declines about 25% ( (1.7 - 1.3)/1.5 ) on average in
transition from the early to late Holocene (figures 2.1, 2.2). The deconvolved century-
scale perturbations in Q show similar relative excursions. The attenuation factors for Q
fluctuations of 102 and 104 yrs indicate that the atmospheric AY4C responses to the former
perturbations will shrink to 1/6th (H=.044 / H=.27) of the magnitude of the Holocene-
scale atmospheric A14C change. Thus atmospheric A14C signals are weakened to 1.1 %
(11 %00) and 6.5 % (65 /o) for 25% Q forcings with periods of 102 and 104 yr,
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respectively. In this way, the long-term decline in atmospheric A4C (with an amplitude
of 50 ©/oo for a peak-to-trough difference of 100 9/00) becomes more prominent than the
century-scale Al4C variations (= 15 %/o0) driven by comparable changes in 14C
production rate.

Specifically, as illustrated in figures 1.1,2.1, and 2.2, an average Maunder-type Q
variation of 25% lasts 200 yrs and produces a fluctuation in atmospheric A14C of 13 %00
(H = .052) while an average Spdrer-type Q variation of 31% lasts 300 yrs and produces
an atmospheric A14C change of 17 %00 (H = .055). A detailed discussion of these
century-scale variations is presented in chapter 3.

The decline in Q(14C) commences 300 yrs before the drop in atmospheric AL14C and
concludes at 2000 BC, that is 2500 yrs prior to the nadir in atmospheric A4C (cf. splines
in figures 1.1 and 2.1). The greatest rate of descent in Q(14C) centers on 3000 BC,
approximately 1000 yrs prior to the midpoint of the atmospheric Al4C drop. These
Q(14C) characteristics broadly accord with the phase lag (300 or 800 yrs) predicted by
Houtermans et al. (1973) for a 10,000 yr periodic disturbance. The contrast between the
abrupt dectine in 14C production rate and the gradual descent in atmospheric A14C is
discussed more in the next subsection.

The 14C production rate varies about a constant level of 1.34+.0114C atoms 51
cmg2 between ca. 3000 BC and AD 500 (where cmp2 denotes a square centimeter of
earth surface). This stability compares well with the trend in contemporaneous 10Be
concentrations in Greenland ice cores which may more directly reflect variations in
cosmogenic production rates (see section 24).

The model-derived 14C production rate is 1.36 14C atoms 51 cmg-2 in AD 1950 (e.
1940 - 1960). Independent estimates for 14C production based on theoretical calculations
and limited neutron-flux data vary from 1.75 for the rate in AD 1950 (O’Brien 1979) to
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2.2 + 0.4 for the average production during several recent 11-year solar cycles
(Lingenfelter and Ramaty 1970; Damon 1988). The strong bi-decadal variability exhibited
by Q(14C) (figure 2.1) hinders the comparison of model results with other estimates of
average production rates over short time scales. Yet the model fluxes generally fall more
than 20% below the independently-calculated 14C production rates. The uncertainties and
distinctions involved in the theoretical and model estimates are considered in detail in
sections 2.4 and 4.4.

Enhancement of the model’s carbon reservoir sizes and the inclusion of sedimentary
storages increase the deconvolved 14C production appropriate to balance the total decayin
the global 14C system. The relative variations in production rate will remain essentially
unchanged (see below). The reference level for the relative scaie in figure 2.1 (right axs)
was chosen to be 1.546 14C atoms s°1 cmg-2, the average model Q(14C) back to 500 cal
BP (AD 1450). This selection is not entirely arbitrary in that it expedites the comparison
of “long-term* Q(14C) to 14C production derived from time-averaged geomagnetic data in
later sections.

The modeling procedure and analysis detailed above was repiicated for the 4500-yr
(2500 BC - AD 1950) decadal tree-ring AL4C record of Stuiver and Becker (1986). The
model sinulations utilized a pre-2500 BC atmospheric A14C record comprised of the
previously described bi-decadal A14C data set and pre-Holocene “steady-state” conditions.
The natural atmospheric A14C levels for the decades after AD 1855 @e. 1850 - 1860) were
reconstructed from the sunspot-derived curve of Stuiver and Quay (1981) as described in
chapter 1. Figure 2.2 does not show the decadal features and splined trends for this
artificial extension.

The decadal versions for the atmospheric A14C, the deconvolved Q(14C), and their
long-term trends (ie. cubic splines approximating 400-yr moving averages) closely
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resemble their bi-decadal counterparts (figure 2.2). The residual features of both the bi-
decadal and decadal records are displayed and discussed in more detail elsewhere (Stuiver
and Braziunas 1988). The finer resolution of the decadal records does not impact the basic
spectral analysis presented in chapter 4. The deconvolved decadal Q(14C) record is
currently being utilized to compare finer scale features of the 14C curve with
contemporaneous high-resolution climate records (Stuiver, work in progress).

As a final remark, the derived 14Cproducﬁonrate1ﬁstorimaxebasedonaunosphcxic
A14C measurements strictly from the northern hemisphere. Lerman et al. (1970)
presented ca. 40 14C measurements on tree rings that indicate a consistent 4-5 /oo
depletion in the 14C content of the natural atmosphere of the southem hemisphere relative
to the northern hemisphere Al14C record during the current millennium. An
interhemispheric box-diffusion model (Stuiver and Braziunas, in progress) indicates that
the true “global” 14C production rate history is, on average, <1% reduced in absolute
magnitude from the Qlﬂstory&convolvedﬁ'ommenmﬂlemhcnﬁspherereoordalone.

Ocean A14C response to Q-forcing

The variations in atmospheric 14Calsoaﬁ‘ectﬂ1eoceanicmrbonmervoirt1n'oughﬂ1e
mode] exchange equations described in chapter 1. In the functional scenario considered
here, the model ocean is “driven” by the atmosphere which, in turn, is responding to a
changing 14C production rate under static climatic conditions (constant reservoir burdens
and exchange parameters). The impact of this external forcing on the distribution of
oceanic AMC has already been illustrated in figure 1.6.

The 90 %00 decline in atmospheric A14C from 3000 BC to AD 500 is echoed in
similar drops of 85, 80, and 75 9/oo for the surface ocean mixed layer, thermocline, and
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deep ocean, respectively (figure 2.3). However, the oceanic response lags the
atmospheric decline increasingly with depth. For example, only the model deep sea does
not yet reflect the recent rise in A14C apparent in the other reservoirs in response to the
recent upswing in 14C production rate. The depth-dependent lag in oceanic response
changes the relative distribution of 14C among the reservoirs. The strength of the vertical
14C profile wanes in the mid-Holocene as the upper ocean Al4C declines more quickly
than the marine reservoirs below 1000 meters but waxes again in the current millennium
(figure 1.6).

An important component of the 4500-yr mid-Holocene decline in atmospheric and
oceanic A4C is the long-term memory of the global 14C system for past 14C production
rates. With a decay half-life of 5730 yrs, the 14C created during the extended high levels
of 14CproducﬁoneaﬂyintheHo]ocmepexsminthesysmwenbeyondmemorerapid
Q drop that begins-around 4000 BC. Figure 2.4 demonstrates this persistence by
comparing the observation-dependent reservoir A14C curves (light lines) with the
dxﬁnh:gAMChismﬁshnpmwdbyaanmeomdmpmMCpmducﬁonmteatmoo
BC. Except for the recent observed Al4C rise, the match with the hypothetical curves is
excellent. At least several half-ives (ie. 17,000 yrs) are required for the 14C in the
Teservoirs to stabilize and reflect the new “steady state” level of 14C production. Because
reservoir A1C integrates the past history of 14C production, the timing and magnitude of
the specific sources responsible especially for long-term A14C trends is obscured in the
Al4C record and more easily revealed in deconvolved 14C production rate or climate
curves (see following sections for further discussion).

As a consequence of the nearly parallel intra-oceanic A14C trends, the surface/deep
ocean 14C age-differences remain relatively constant. Because vertical mixing (ie. K;)
does not vary in this solely Q-forced model scenario, the true oceanic ventilation rate KVI
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is strictly constant; however, lags and attenuations impart a low-level noise to the model
ventilation index MVI (see section 1.4 for definitions).

The secondary variation in the model ventilation index is displayed in figure 2.5
which compares the trend in model ventilation index with the foram-derived trend in
surface/bottom ocean 14C age-differences from the South China Sea (Andrée et al.
1986b). The model curves are plotted against the left axis scaling MVI; the foram data are
associated with the right axis scaling the foram ventilation index FVI (see section 1.4 for
description of the foram analysis). The scales only differ by a shift of 310 yrs that allows
the AD 1830 model surface/deep ocean age difference of 1275 14C yrs to match the
sﬁmamdpre-anﬂnopogenicanface/bomommagediﬁ'erencemﬂze South China Sea of
1585 £ 150 yrs. This offset in recent “baseline” values may partially be explained by
geographic idiosyncrasies and/or inherent interpretative difference between MVI and FVI.
The former represents the 14C age difference between global-average ocean surface water
and all marine layers below one km while the latter measures 14Cagediﬁ'erencesbetween
surface andbouomwater(speciﬁca.llyatkadepﬂl) in the South China Sea. The shift
does not interfere with a comparison of ventilation trends.

The trend in MVI (solid line in figure 2.5) falls within the uncertainty of the foram
data. The late Holocene decrease of 200 14C yrs in MVI results from the lag in deep
Ocean response to the mid-Holocene atmospheric and surface marine A14C dedline. This
artificial ventilation feature must be distinguished from the truly constant ventilation rate of
1275 yrs Gie., KVI, corresponding to the model’s constant eddy diffusivity of 4000 m2
yr-1or 1.26 cm2 571 as denoted by the solid line in the figure inset). Thus MVI and FMI
are imprecise indicators of oceanic mixing rate when the ocean system experiences rapid
transient Al4C redistributions driven by external (or internal) processes. The discussion



66

pI0oI

OV doydsoune paatasqo aip Ajomua supjdxa (Op )0 uoym pasn anfea Zy Jurlsu0o oy soye0FPU SUT] prjoS
YL (Aj9Agoadsar ‘soupy paysep pus PaYsep-8uoj-1ioys) aje1 o3usyoxa su 200 uy saBueyp Jusieambo noyIMm pus
M pIodx 0,1 v oHdydsouns paAlasqo o eIousd o) paxnnbox Aoivnz uofsnyIp Appa paAjoAuodaq (3osuy)
sonjea ,e1s-Apsajs, [BRIUY 9YeolpUY Sa[Fue)d0I YIeq “(ouy paysep-3uof-uoys) (Oy,1)%'d pourquioo

B 10 *(auf] paysep-10p) (y,1)d ‘(auyy poyjsep) Op P “(oun PHOS) (O, )D :51 ,uoRouny Suoroy, PAAJOAU0DD
olp UdYM PI023I Oy, 1 v OHIYASOUNEB PIAIISGO AU} YIIM PSJBIOOSSE SSHOISTY Oy, |V UB200 31} WOIJ PAAHISP 3T8 S9AMD
IAW "SonjeA 1ua0ax 9ARsadsal Jja1p Yojeur 0) JAPIO UJ S[XB JA] o 0 SARB[AI PIIYS S SXB [AW Y], ‘(sreq
Jo113 BWTIS-3UO YIMm §,X puB so[SuBiY) Bag BUID WINOS 31 UF 53100 JUSWIFPSS OM} WOTJ BlBp 03 AJTeoryioads s9)8[ox
IAd "spXe 8K o U0 payeds s| pue eloJuTUIRIO} ORUSq PUE  Jajnoons saploumaTIGof wrexoy opuopjued oy
uaamiaq (14 0y, ; W) 2ouasoxmp oS8 aup s8 (q9g6]) ‘B 1o 99IpUY Aq poumap T JAA *STXB 1J9] S} UO Poeds s} pus
(uny 1 mojaq *a) ue300 doap [apowr aFeI0Ae oy pus Tofe] wBa00 208JINS [apous oy usomjaq (15 Op1 UD 20UIhp
a38 oy} s8 pouyop s A “(A19Andadsal ‘I pus AW SS0IPUT UONBIRUSA WEBIO) PUB [OpOJN :6°T dIndyy



ay 1ee Jg 1Ipe°

00S

0001 I

00ST

o
!
8

@A 3,0 X3ANI NOILYIIINIA T1300W

00Ge

000E

0002 0 0002 000Y 0009 0008  0000I
~ —-._-—_-———-——-_-—-—_-—--—_--—-—__—- -—--—--—--ul
% ooo1 [ +
o - + + :
~ L + ]
s 00S1
= - N %. _
= A N ]
m - . / /l{l\\l/l -

_m [ av 8 N _
0 000v =~ —
Joosz[ O 000V ooos TS 7T~
= - L~ % NIo9TWo =M
~ [ \\ ot NIOINO d4—— 7]
000€ - . - B NISIMO ZMe— — —
< - MN\./ v13 NIOIND O :
14 i 7/ o 7
2 N R SYH 3,, W1V $80
Domm —_—-_--—--—--—--—--—--—--—--—-_-———-—!--
0 0002 000 0008 0008  0QOOOT

d8 1P°



67

of this figure continues in section 2.2.

The century-scale atmospheric 14C variations are attennated by ca. 50% in the ocean
surface layer and are fully diluted in the deep sea except for a "mega-event” near 700 BC
(figures 2.3, 1.6). (The 200-yr time-averaging in figure 1.6 artificially reduces the
variability.) All lags and attenuations have implications for accurate radiocarbon dating
and age calibration of marine samples as detailed by Stuiver et al. (1986b). Discussion of
these features continues in chapter 3.

Sensitivity of model results to revisions in tree-ring Al4C

The dendrochronological dating of the older tree rings must occasionally be revised.
For example, as noted in section 1.2, the chronology of the south German oak “Main 9*
series was recently revised by 74 yrs inducing a relative drop of ca. 9 9/o0 in the age-
corrected atmospheric A14C for a 600-yr period (bi-decades 7750 BC to 7150 BC). A
correction of ca. SOymisalsoreqtﬁredmanotherporﬁonofmesouthGermanoak
chronology. What impact can these revisions be expected to create on the conclusions
derived from the “less-revised” A14C record utilized here?

A simulation with the Q-deconvolution model using the revised Main 9 Al4C data
produced only secondary alterations to the ﬁrevious model-derived Holocene histories of
14C production rate and oceanic Al14C (figure 2.6). The production rate is reduced on
average by 3% between 7750 and 7050 BC, surface ocean A14C is reduced on average by
6.5 ©/oo between 7750 and 7130 BC, thermocline A14C is reduced by 4 %/0o between
7750 and 7030 BC, and deep ocean AL4C is reduced by 1 /oo between 7750 and 6130
BC. Beyond these time periods, the model differences are deemed negligible (less than
2% in Q differences, less than 2 %/oo for oceanic A14C differences). The deeper oceanic
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discrepancies are longer lasting but reduced in magnitude. The spectral analysis (see
chapter 4) is negligibly affected.

The greater relative drop in average Q of 3% (i.e. 30 9/00) during the time period of
the -9 %/oo correction in atmospheric A14C is an attenuation phenomenon; the production
rate must drop low enough to diminish the 14C content not only in the atmosphere but also
in the other reservoirs (ie. surface/thermocline ocean and terrestrial biosphere) that
exchange with and influence atmospheric 14C levels. However, as seen in figure 2.6, the
atmospheric A14C drop does not translate into a simple Q reduction. The Q(}4C)
deconvolved from the new atmospheric A14C history that is attached to the same pre-
Holocene initial A14C Jevels is more strongly reduced during the early portion of the
revised 600-yr interval and even exceeds its original values in the late portion. The
balance between current reservoir A14C levels and past 14C production rates leads to
complex responses in the deconvolution process.

Sensitivity of mcdel! results to initial conditions

A series of model simulations were conducted to determine the sensitivity of the
Holocene Q(14C) and Al4C results discussed above on assumed initial pre-Holocene
conditions. Similar tests were performed to gauge the sensitivity of deconvolved
Holocene oceanic, geomagnetic, and 10Be-related scenarios to assumed pre-Holocene
condnmns (see later sections).

The structure and parameterization of the simple box-diffusion model does not
include some of the reservoirs and mechanisms that may be critical during
glacial/interglacial changes in the carbon cycle (sections 1.2, 2.2). For example, prior to
11,000 BP (9050 BC), the model assumption of constant almosphéric CO5, is no longer
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valid (Neftel et al. 1988). To avoid some of these complications, the global carbon model
Wwas primarily utilized only to simulate transient 14C system behavior after 11,000 BP.

Constant "steady-state” conditions usually initiate any model simulation. Thus, as a
preliminary simplication, I tested several choices for pre-11,000 BP “"steady-state”
conditions. If the model results for the Holocene show little dependence on diverse
“steady-state” assumptions, then a more detailed simulation of pre-Holocene 14C history
is not required for the present analysis. However, a preliminary simulation of variable
pre-Holocene atmospheric A14C was  performed to test the implications of the 30,000-yr
behavior of the global dipole moment on hypothetical model-derived Holocene 14C
production lﬁstmi&sasociatedwilhgeomagneﬁcmodlﬂaﬁon (see section 2.3).

The preferred radiocarbon chronology of figure 1.5 (see section 1.3 for dlscusmon)
Was chosen to represent the pre-7750 BC atmospheric A4C history for all standard model
simulations. ‘This radiocarbon scenario remains at a relatively stable A14C level of 90 %00
for the 1300 calendar yrs between 11,000 BP (9050 BC) and 9700 BP (7750 BC). In
contrast, the original radiocarbon chronology of Zbinden et al. (1989) displays a deficient
atmospheric Al4C history prior to 7750 BC (figure 1.2). Two strong features of this
alternative scenario are (1) the A14C levels of ca. 50 %00 after 11,000 BP, in accord with
the independent ice-layer determinations, and (2) the A14C Ievels of ca. 0 %00 in the Late
Wisconsin. An antithetical scenario is an elevated pre-7750 BC atmospheric A14C level
averaging ca. 140 %/o0 as proposed by Beer et al. (1988) from ice-core [10Be] evidence
(see section 2.4). Our adjusted Younger-Dryas radiocarbon chronology (figure 1.5) is
compatible with this estimate; radiocarbon ages of 234U/230Th-dated corals (Bard et al.
1930) also indicate high pre-Holocene Al4C levels of 200 %00 or more (figure 2.22).

The basic sensitivity tests were simplified (figure 2.7 upper right) such that four
“steady-state” atmospheric A14C levels of 0, 50, 90, and 140 %/oo were alternatively
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assumed prior to 11,000 BP; atmospheric Al4C then advanced linearly to 90%oo0 at the
commencement of the tree-ring A14C record at 9700 BP (7750 BC). The cause(s) of
these alternative A14C trends may be deconvolved as 14C production rate changes,
climate-related fluctuations in air-sea gas exchange or ocean ventilatic:n, or a combination
of these factors. Here I consider the implications for Holocene model results of the
alternative 14C production rate scenarios needed to produce the observed (tree-ring)
atmospheric A4C record when linked to the four hypothetical pre-7750 BC Al4c
histories shown in figure 2.7. Ooeanparamemremamconstantatstandm'dvalusdm-ing
these tests (as denoted by the horizontal line in figure 2.7 upper left).

Because of radiocarbon’s half-life of 5730 yrs, past “steady-state’ levels of
production can have a lasting effect on reservoir 14C contents. As noted above, several
half-lives are reqmred before the memory of a prior “steady state” production is nearly
eliminated through red:suibuuon and decay. However, a substantial proportion of the
dlscrepanclesmmodelmultsthatdeﬁveﬁ'omdiffa'entiniﬁalQ conditions disappears in
one half-life (ie. 5000 yrs). The four deconvolved 14C production histories and the
associated trends in oceanic 14C contents are shown in figure 2.7 (bottom) and figure 2.8
(left), respectively.

In order to produce the observed post-7750 BC Al4c record, l14C production rates
must generally be greater if the global 14C system is recovering from lower pre-Holocene
“steady-state” production. Such Holocene production rates are required to maintain a
relatively high level of atmospheric 14C activity against a historically depleted ocean and
terrestrial biosphere. For example, when initial production is 4% lower than the standard
simulation in order to generate a pre-Holocene atmospheric A14C,, of 50 O/00, the
deconvolved Q(14C) is subsequently 14% greater in 7750 BC. As shown in figure 2.7,
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the lowest “steady-state” level of production (curve A) results in the highest compensatory
Holocene production rates. However, by 4000 BC the differences among Q(14C)
histories deconvolved from alternative pre-Holocene “steady states* dwindles considerably
(eg. the difference between Q(14C) from the A14C, scenarios of 90 %/00 and 50 %/oo is
only 1.3%). These changes to the long-term trend in deconvolved Q(14C) have impartant
implications for the proper normalization of geomagnetic- and 10Be-related l4c
production rate histories (see sections 2.3 and 2.4), but do not, in ﬂiemselvs, affect any
conclusions stated above.

Deconvolved century-scale Q(14C) features in the early Holocene are secondarily
affected by the alternative choices for initial production conditions. The magnitude of a
century-scale Q digression depends on past production levels because, as for the longer-

term wend, the background history incorporated into all the reservoir A14C contents in
contact with the atmosphere determines the additional production required to produce an
observed Maunder- or Sparer-type event. However, the detrended patterns (see chapter 3)
and the spectral analysis (see chapter 4) of the alternative Q(14C) records are essentially
equivalent (eg. for the scenario with A4C, = 509/00, only the 420 yr periodicity from the
Burg method is modified by 2 yrs).

The time interval involved in these hypothetical transitions from a "steady-state”
condition to a fixed atmospheric Al4C record has a significant influence on the
deconvolved 14C production rates. For example, if the 14C system is allowed twice as
much time (ie. 2600 yrs) to progress from an initial “steady state” to the observed Al4C
level in 7750 BC, then the deconvolved 14C production rate need be less enhanced at that
time. For the case of Al4C,, of 50 9/00, Q(14C) in 7750 BC is only 8% rather than 12%
greater than in the standard simulation if the transition from initial conditions began in
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12,300 BP (10,350 BC). The slower pace spreads out the elevated production levels,
allowing a reduced rate of production at any specific time. Partially counteracting the
mitigating effect from the increased time available for production is the greater involvement
of deeper oceanic reservoirs that requires an enhanced production rate (ie. a transitional
period twice as long does not reduce the requisite production rate fully by 50%). The
duration of the transition period is less influential when climatic changes are responsible
(see next section).

The deep ocean responds more slowly to a long-term change in 14C production;
nearly all of the perturbation in model ventilation age (figure 2.8) is the result of the lag in
the deep ocean. The recovery from this artificial production-induced digression is
essentially complete in 4000 yrs (eg. the increase in ventilation age of scenario B over
scenario C is 12% in 7750 BC but only 2% by 4000 BC). As noted for the deconvolved
Q(14C) histories, the transient perturbation response is less severe when the 14C system
has more time to adjust to the transitional forcing. For example, the MVI discrepancy
between scenarios B and C is reduced 40 yrs (25%) if the transition from initial conditions
is 2600 rather than 1300 yrs. Still, even with the possibility of an increased transition
period, the MVI response to scenario A (ie. the scenario with a production-induced pre-
Holocene Al4C, of 0 9/o0) appears too diametrically opposed to the foram data to be
feasible.

In summary, if the considered pre-Holocene atmospheric Al4C, levels derive from
14C production rate variations, then moderate adjustments will ensue in the early
Holocene model-dependent 14C production rate curve and oceanic A4C histories. The Q
analysis detailed above is unaffected by these secondary alterations. The Q(l4c)
modifications are important to consider when geomagnetic- and 10Be-based 14C
production histories are reconstructed (see sections 2.3 and 2.4). Spectral analysis of
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higher-frequency Q features is insensitive to the assumed pre-Holocene conditions.
Finally, for 3 of the pre-Holocene “steady state” scenarios, model and foram ventilation
indices are compatible; only with a production-forced deficiency in pre-Holocene
atmospheric Al4Cq, of 0%/00 do model oceanic A14C trends conflict with the available
foram radiocarbon evidence.

Sensitivity to model exchange parameterization

The deconvolved 14C production rate and oceanic Al4C responses will be affected
by modifications to reservoir exchange rates or burdens (contents). Since reservoir
burdens are usually determined by specific exchange parameters, adjustments in one
model parameter create associated changes m other features. Four sets of simulations
were performed to gauge the sensitivity of model results to oceanic exchange rates (F and
K), model surface ocean A14C level, the vertically-uniform [ZC0;] of the model ocean,
and air-sea and air-land fractionation processes.

Broecker et al. (1980) have synthesized and reviewed the information available for
parameterization, calibration and validation of global carbon models of varying
complexity. Bomb radiocarbon inventories endorse F values between 19 and 24 moles
COz m2 yr-1 in the AD 1960s when atmospheric CO, was approximately 325 ppm (or
between 16.5 and 21 moles CO2 m~2 yr~! for our pre-industrial atmospheric CO;, level of
280 ppm). The bomb 14C inventories are also compatible with a K; range of 1.9 to 3.3
em2 571 (6000 to 10,400 m2 yr-l). Natural radiocarbon inventories, surface ocean 222Rn
deficits, and oceanic 3HpencuaﬁondepthsmdicatemodelparameterrangesforFof 16 to
21 moles COp m2 yr-1 and for K, of 1.25 to 1.7 cm2 51 (4000 m2 yr-1 to 5400 m2 yr-
l).

If F is re-parameterized as 24 moles CO» m~2 yr-1 while retaining standard values for
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the other parameters and initial conditions, the model simulates for AD 1830 a surface
layer Al4C deficiency of 40 ©/oo rather than 50 ©/o0o relative to the contemporaneous
atmospheric 14C content. The deep sea is also 10 %00 less depleted in AD 1830 than in
the “standard” case; asa result, the model ventilation age is not modified. In addition, the
oceanic Al4C reservoirs are always within ca. 2 %00 of a constant 10 /oo constant shift
from their “standard” histories during the entire Holocene (figure 4 in Stuiver et al.,
1986b). The constancy of this offset means that the relative millennium-scale trends and
century-scale patterns in oceanic Al4C are virtually unaffected by the reparameterization.
The oceanic offset of 80 14C yrs (10 Ofoo) will be important, however, to the proper
calibration of marine radiocarbon age samples if historical information is unavailable for
normalizing the model calibration curves to the A14C characteristics of the sample site
(Stuiver et al. 1986b). In order to balance the greater oceanic 14C reservoir, the
deconvolved 14C production rate history is shifted almost uiformly by +1% (10 %00)
during the entire simulation.

The diffusivity K; was also re-parameterized t0 2.2 cm? s (6950 m2 yr-!) as
suggested by the synthesis of estimates in Broecker et al. (1980). This enhanced mixing
increases the deep ocean A14C content by 60 /0o while drawing down the surface mixed
layer Al4C by ca. 4 9/00. ¥f F is also re-parameterized to 20 moles COy m*2 yr-1, the
model conforms with the calibration criteria of a 50 %00 depleted surface ocean relative to
the atmospheric 14C contents in AD 1830. The Holocene Al4C history of the surface
mixed layer that results from this alternative combination of F and K was found to vary
by less than 1 9/oo from the standard case. On the other hand, the deep ocean is younger
(initial “steady-state” MVI = 750 instead of 1275 14C yrs) and also responds more quickly
to the Holocene-scale atmospheric A14C decline, thus *aging” 80 14C yrs (ie. becoming
only 50 9/oo enriched) relative to the standard case during the 3000 BC to present
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transitional period. The associated MVI curve can be re-normalized to the foram data in
figure 2.5 by shifting the left axis such that the AD 1830 MVI “base line” of ca. 800 14C
yrs matches the FVI “base line” of 1585 14C yrs; the new MVI trend dlosely resembles the
standard model curve in figure 2.5 excent for its offset of -80 14C yrs in the first half of
the Holocene. _

The greater eddy diffusivity of 2.2 cm? s°1 generates a deep ocean A14C level of -
140 ©/oo for the 19th century, a much greater 14C content than the -180 /oo that
measurements indicate (eg. Oeschger et al. 1975, Siegenthaler 1989). Since the enriched
deep ocean Al4C content of this Kz parameterization does not conform to our calibration
criteria (see section 1.4), this simulation was deemed inappropriate for deconvolving 14C
production rates, and its implications were not pursued further. An alternative model
strategy would be to employ an enhanced diffusivity for the thermocline layers only
(Stuiver 1980a).

Whereas changes have been considered in oceanic 14C relative to a fixed 12¢
content, the ocean’s ¥ CO, content can be re-parameterized as well. In this way “steady-
state” Al4C (a measure of 14¢y 12¢) 1evels may remain unchanged while absolute
" quantities of 14C vary with 12C. As a sensitivity test, the models vertically-uniform
[ZCO,] was re-parameterized to reflect thé lower surface ocean concentration of 2.05
moles m-3 rather than the average ocean value of 2.31 moles m-3 (Takahashi et al. 1981).
The analogous “equivalent mixed layer depth” ZEQ becomes 66.8 m rather than 59 m
relative to an atmospheric CO, content of 280 ppm (see Bacastow and Bjorkstrom, 1981,
section 2.2 for discussion).

The diminished oceanic carbon reservoir (for both 12C and 14C) induces a general
10% decrease in 14C production rate but negligibly influences relative millenmium-scale Q
trends. After detrending, the percentage century-scale AQ/Q variations are only enhanced
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3%, ie. about 10% relative to their original 30% ranges (see chapter 3). The diminished
oceanic 14C content also weakens the absolute decay rate, causing a slight (5 %00) rise in
the A14C leveis of all oceanic layers. Relative oceanic A14C variations, however, remain
essentially unchanged and, with slight adjustments in the F and K parameters, the model
ocean can be finely tuned to again precisely meet our calibration criteria (see section 1.4).

The use of fractionation-corrected Al4C values in the global model effectively
eliminates the need for explicit fractionation factors in air-sea and air-land interactions.
However the strengths of the decay process and the 14C production rate depend on the
absolute 14C contents, especially in the large oceanic reservoir. When the fractionation-
induced enhancement (relative to the atmosphere) of isotopic carbon in the oceans and the
fractionation-induced depletion of isotopic carbon in the terrestrial biosphere is “carrected”
by normalization to a standard 13C content, the absolute rates of decay and production will
be affected.

In their landmark modeling paper, Oeschger et al. (1975) noted that some secondary
modifications will ensue when 13C inhomogeneities are fully incorporated into the
calculations of absolute reservoir 14C contents. With assigned 53¢ values of -7 %oo0 for
the atmosphere, -25 O/oo for the terrestrial biosphere, and 0.92 S/oo for the ocean (as
determined by the chosen air-sea fractionation factors), the initial steady-state 14C
production rate of the box-diffusion 14C model utilized here is elevated by ca. 4% (ie. Q =
1.74 rather than 1.67 14C atoms cmg"2 5°1 at the start of the simuiation). The greater Q is
required to balance the enhanced oceanic 14C contents (increased ca. 5%) and atmospheric
14¢ (increased ca. 4%).

More realism could be insiiiied in the model by explicitly including a marine
particulate flux. The marine 13C vertical profile consists of a relatively enriched surface
ocean and depleted subsurface ocean due to biological activity and this 13C distribution
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will modify the secondary adjustments just considered. Of course, a variable rather than
fixed 13C distribution ultimately allows the most precise representation of the 14C system
aswell. Because the relative variations in 14C time series are fairly robust to shifts in the
absolute levels of 14C contents (influencing only production and decay rates modestly), I
did not pursue the fractionation effects in further detail here.

Sensitivity to additional model CO, and 14C reservoirs

The incorporation of the large long-term CO; and 14C storage reservoirs in marine
sediments and terrestrial soils will generally enhance the deconvolved 14C production
rates necessary to balance the decay in the global 14C system. Such an increase would
make the model Q more compatible with the Q’s derived from neutron flux measurements
(Damon 1988; see also sections 2.3 and 4.4). Relative variations in production rate will
be less affected when an additional 14C reservoir “scales up” the Q variations required to
produce the observed atmospheric A14C history (see Lazear et al. 1980 for a discussion of
the “model DC gain”). However, as noted above, attenuation factors relating relative
atmospheric Al4C fluctuations to causal 14C production fluctuations are dependent on the
specific reservoir interchanges controlling the residence times of atmospheric l4co,.

To test the impact on absolute and relative Q and A 14C variations of the addition of
14C0;, reservoirs onto the basic global box-diffusion structure, a longer-storage terrestrial
subfossil carbon pool was incorporated into the model; to test the maximum possible effect
on the attenuation factor, this box was parameterized to interact directly with the
atmospheric reservoir. The reservoir contained alternatively 970 or 3000 GT (ie. gigatons
or 1015 gm) of carbon, the extremes of the burden estimates in Olson et al. (1985). A
slow gross exchange flux of | GT C yrl (net flux = 0) yields alternative reservoir
residence times of 970 and 3000 yrs. The model initial conditions and other exchange
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parameters were unchanged. ‘

The model simulations with long-term terrestrial storage of 970 yrs or 3000 yrs
respectively deconvolved 14C production rates 3% and 7.5% greater than the standard
model results. The relative millennium-scale Q trends are essentially identical with the
standard Q curve and the relative century-scale Q patterns are noticeably modified only for
the simulation with the greater subfossil pool. After detrending (see section 3.1 for
details), the century-scale Q variations are reduced about 7% relative to their original
ranges. In other words, the attenuation factor H for century-scale Maunder-type
perturbations is .058 instead of .052, a secondary modification. The reason for the
increase in H appears to stem from the fact that the atmospheric 1400, residence time is
little changed (shortened by .02 yrs) with the additional air-land flux; as a consequence,
the 14C production rate needs to change less (than a simple “scaling up” would indicate)
because the atmosphere efficiently retains the newly produced 14C with only an additional
slow leakage. The history of the ocean 14C reservoir is unaffected by the additional long-
storage terrestrial reservoir.

The estimated Q of 2.2 14C atoms cmg-2 57! derived from neutron flux
measurements Over recent solar cycles (see compilation of Damon 1988) is 40% greater
than “base-line” model Q (for atmospheric Al14C = 0/o0); about 20,000 kg of additional
reservoir 14C contents are required to generally elevate the decdnvolved Q levels by 40%.
If a single terrestrial sedimentary reservoir is assumed for simplicity to be responsible for
most of this additional 14C, an infinite pairing of reservoir residence times and 12C
contents will yield the necessary 14C mass. For example, a (well-mixed) terrestrial
reservoir with a residence time 7 of 10,000 yrs and a 12C burden of 33,000 Gtons (and
thus a carbon flux of 3.3 GT/yr) will have an absolute 14C content of 20,000 kg with
AL4C being ca.-550 O/oo; a sedimentary reservoir with t of 1,000,000 yrs and a 12¢
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burden of 1,800,000 Gtons has the same 14C content with A14C being -990 %oo.

Damon (1988) estimates the size of carbon reservoirs that potentially contain enocugh
14C t5 raise the total decay of the global 14C system to 2.2 14C atoms <:m]_=j2 5", From
his tables and references, I calculated an “effective” 12C reservoir not considered in the
box-diffusion model utilized here. My computations indicate that Damon’s sedimentary
(and other uncousidered) reservoirs contain ca. 30,000,000 Gtons of 12C with an average
residence time of ca. 17,000,000 yrs; although the 14C/12C ratio are therefore extremely
low (A14C is -999.5 ©/o0) the total 14C burden amassed is 20,000 kg. The impact of this
added burden, based on limited and uncertain evidence, was modeled as an “exteme” case.

The relative Q variations deconvolved from the tree-ring Al4C record and a box-
diffusion model containing such a well-mixed terrestrial reservoir with Damon’s criteria
have the same basic pattern as but are significandy reduced (generally by 25%) on both the
century- and millennium-scale from the standard Q history described above. The absolute
Q record is, of course, also increased by 40%. However, this “maximum® increase in
14C requires more research before acceptance.

A large marine sedimentary 14C sink requires an increase in air-sea CO, exchange to

balance additional oceanic 14C decay. Yet my calibrated model F agrees with other
estimates and the implications of additional marine sinks have not been further pursued.

2.2 Implications of a climate (atmosphere/ocean) origin for reservoir

Al4C variations

Could the climate system have generated the millennium-scale trends in reservoir

Al4C if the 14C production rate has remained constant during the Holocene? In this
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section, the variations in oceanic vertical mixing and air-sea CO, gas exchange rate
required to produce, alone or in conjunction, the long-term atmospheric (tree-ring) Al4C
record are derived from the global Kz-, F- and F,K,-deconvolution models described in
the first chapter. The hypothetical histories K,(14C), F(14C) and F,K(14C) have been
subsequently applied as forcing functions in a model version that produces an atmospheric
Al4C record. Amamhbezweenmeoﬁgmalm@phemlkrewmandtheregenemd
rwmﬂhasoonﬁmwdthevaacityofthedeoonvoh:ﬁonplmedmeineachcase.

The oceanic Al4C variations implicated in these climate-induced parameter
digressions allow, by comparison to the foram data already described, an evaluation of the
three postulated climate scenarios. Microparﬁcleconcenu'aﬁonsmbemﬂmtspanme
Holocene infer global wind conditions that, because of the wind-dependence in air-sea
QO exchange rate, can be compared to the model scenarios as well.

In addition to the basic analysis outlined above, the impact of pre-Holocene climatic
conditions on the Holocene model A14C curves is tested in a similar fashion as was the
influence of pre-Holocene 14C production rates in the previous section. As will be
discovered, the global 14C system has a much shorter memory for the redistribution of
14C within reservoirs than for changes in 14¢ production.

Finally, other potential climatic explanations for long-term Al4C variation will be
briefly considered.

Variable eddy diffusion and reservoir AI4C trends

In the Kz-deconvolution model, specified time histories of both 14C production rate
mdamSplmricAl%mhpmﬁmﬁommatfmamﬁblemmmsmymeddy
diffusion. More specifically, the K7 parameter for the entire vertical profile is recalculated
for every time step such that the vertical redistribution of oceanic 14C will compensate,



84

through its effect on surface ocean A14C, for any discrepancy between the assigned 14C
production rate history and the observed atmospheric A4C record.

To test the sensitivity of atmospheric A14C solely to the internal oceanic mixing
process, a static Holocene 14C production rate Q. was chosen. The average deconvolved
14C production back to 500 cal BP (AD 1440 - 1980) is 1.55 atoms s'! cmp-2. In the
Kz-deconvolution model, this recent value for the 14C production rate is assumed to apply
throughout the Holocene and a varying eddy diffusion becomes the sole factor responsible
for the atmospheric Al4C record. In section 2.5, the atmospheric A14C observations are
reconciled to joint changes in oceanic mixing and non-constant 14C production histories
derived from geomagnetic or 10Be information.

A smoothed atmospheric Al4c curve is used as the other model input in addition to
the 14C production rate. The high-frequency variability in the original bi-decadal tree-ring
Al4C cannot be explained solely by variations in eddy diffusion because the model
deconvolves inordinate vacillations in K; that quickly become unstable. The “400-yr
spline” of atmospheric A14C shown in figure 1.1 could aptly represent the millennium-
scale A14C trends, but a moderately smoother curve was chosen to serve as model input
(figure 2.9, short-short-long dashed line). The basic insights gained from the analysis
below are not sensitive to these options for long-term atmospheric Al4C although the
quantitative aspects will be secondarily affected.

To explain this choice for the long-term atmospheric Al4C curve, I must jump ahead
and briefly describe the coarse resolution geomagnetic record that will be involved in
several modeling analyses. The smoother atmospheric A14C curve is a “least common
denominator” that facilitates the assessment of the relative contributions of climate, 14C
production and combinations of both. In order to properly measure the relative roles of
climate and 14C production, all potential forcing mechanisms must be associated with a
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common atmospheric Al4C history. The long-term variation in the geomagnetic dipole
moment is conceivably the overwhelming influence on millennium-scale atmospheric
Al4C change through its effect on 14C production (section 2.3); the dipole data are
averaged over 500-yr intervals for the past 4000 calendar years and 1000-yr intervals for
the earlier Holocene (figure 2.15). Thus the Q(14C) record, deconvolved in the previous
section, was averaged over identical time intervals as the geomagnetic averages and used
in the Q-forcing model to produce a “standardized” atmospheric A14C record of
comparable resolution as the model-derived Al4C record that will be generated by the
dipole-related production rate Q(DM) in section 2.3. This “standard” low-frequency
record of atmospheric Al4C captures the fundamental trends of the bi-decadal
observations as shown by the comparison in figure 2.21 of the upper smooth solid curve
ﬁdenﬁcaltoﬂleatmospheﬁccmveinﬁgme 2.9) and the bi-decadal bar curve. The use of
one atmospheric A14C record standardizes the resolution of all deconvolved source
functions and allows combinations of sources to be simulated. Section 2.3 contains
additional details not necessary for the current discussion.

The dewnvohedlﬁstmyofeddydiﬂ‘usionrequiiedtoexplainﬁlehng-wrmtendm
atmospheric A14C without 14C production rate changes is depicted in the inset to figure
2.5 (equi-dashed line). The corresponding changes in surface and deep ocean Al4C are
shown in figure 2.9 (equi-dashed line) with the resultant model ventilation history
displayed in figure 2.5 (equi-dashed line). Figure 2.10 provides a more detailed depiction
of the changes in the oceaaic vertical A14C profile that accompany the atmospheric A14C
trend when eddy diffusion is the driving variable. The time resolution of this latter figure
was drawn out, for darity, into two-hundzed year averages.

To maintsin a steady-state atmospheric 14C content, the net flux of atmospheric 14C
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into the ocean must equal the production of new 14C in the atmosphere (neglecting the
minimal net flux into the model’s terrestrial biosphere and the negligible decay rate). Since
CO; air-sea gas exchange remains constant, the driving factor behind the “pumping” of
1400, into the ocean is the relative surface ocean Al4C depletion. When production is
also assumed constant but steady-state atmospheric A14C is greater by 90 /o0, then the
surface ocean must also have increased by 90 %/00 to maintain the same net fiux of 14C
into the ocean. In order to raise the surface ocean 14C content, less 14C must be
transported into the deeper ocean, ie. vertical mixing must be reduced. Thus, when
variable K is the origin of atmospheric A14C change, such change is controlled indirectly
through the effect on surface ocean A14C of strengthened or weakened penetration of 14C
into the deeper ocean; because of rapid air-sea exchange (ie. short atmospheric 14C
residence time), variations in surface layer Al4C are generally paralleled by the
atmospheric 14C reservoir Gie. nearly at steady-state).

The correlation between atmospheric AMC and surface ocean Al4C (figure 2.9 upper
equi-dashed line) is even closer than when production rate changes forced the atmospheric
and surface ocean Al4C trends (upper solid line). The oceanic lag and attenuation
involved in the Q-forced scenario introduce a greater variability in the simulation’s
atmosphere-surface ocean A14C difference (s = +4 %/00) than when the forcing is directed
by ‘the oceanic reservoir (s = £0.4 %/00). Because an increase in upper ocean 14C content
Tiow requires a decrease rather than an induced increase in deep ocean 14C concentration,
the “steady-state” deep ocean A4C is 10% (100 %/00) lower than during a Q-forced
scenario (figure 2.9, {swer dashed and solid lines). The variations in the vertical oceanic
Al4C gradient are fully depicted in figure 2.10.

The low-frequency variability of atmospheric A4C is more sensitive to 14C
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production changes than internal oceanic mixing. When production is constant at 1.55
14C atoms s-1 emp"2, the initial atmospheric A14C level of 90 %00 requires a substantial
reduction in Kz(14C) of 45% t0 0.7 cm2 5! or 2200 2 yr-1 (equi-dashed line, figure
2.5 inset); when Ky is fixed at 1.26 cm2 s-! or 4000 m2 yr1(solid line, figure 2.5 inset),
the initial production of 1.67 14C atoms 51 cmg-2 is only 7.5% enhanced relative to Qe
The magnified eddy diffusion change is a complicated consequence of the equation
governing the vertical profile of oceanic 14C. The diffusion process operates on the
concentration gradient for the entire ocean, a more oblique influence on atmospheric Al14C
than direct changes in 14Cpmduclionwiﬂ1inﬂ1e8unosphere.

The 10% decline in atmospheric A14C from 5000 BC 10 AD 500 requires eddy
diffusion to increase 140% to a maximum of 1.7 cm2 s-1 or 5350 m2 yr-1 in AD 400
(figure 2.5 inset). Diffusivity changes do not show a simple proportionality with
variations in aunospheﬂc Al4C; this nonlinearity results from the greater changes in K,
required as the concentration gradient diminishes (see “steady-state” discussion below)
and from ﬂzespeciﬁcpasthistorymoceanicvenﬁlaﬁon that is incorporated into the
deconvolution process.

The deep ocean Al4C trend induced by a surface ocean Al4C history forced *from
above'ismntarymthedeepowmuendpmducedwhenvaﬁcalweanknﬁﬁngfom a
similar surface A14C history “from below” (figures 2.9, 1.6, and 2.10). The K,forced
redistribution of oceanic 14C yields a distinct history for the model ventilation index that i
incongruous with the foram 14C evidence (figure 2.5, equi-dashed line). Specifically, the
. simulation’s surface/deep ocean 14C age differences in the early Holocene are 1000 14C
yrs greater than, and beyond the range of, the (normalized) Holocene trend in oceanic
ventilation indicated by the foram 14C measurements of Andrée etal (1986b).

The true ventilation index KVI, derived directly from K,(14C) through equation



90

1.12, differs secondarily from the apparent ventilation rate represented by MVIL. The
former index exceeds the latter by 100 14C yrs during the 3000 - 2000 BC period when,
because of the rapid increase in Kz(14C), true changes in oceanic mixing outpace the
adjustment time of the deep ocean. Atall other times, MVI more dosely reflects the mode}
Ocean’s actual concurrent mixing rate. Since a direct measure of KVI is unavailable, the
apparent ventilation index MVI is the proper quantity to compare to the ostensible
ventilation history derived from the foram data,

To test the sensitivity of model results to the value of the constant Holocene l4c
production rate, I chose an alternative value for Qc of 1.46 14C atoms s-1 cmB‘Z, the
average Q(14C) during the recent AD 1800-1860 period. Although this production rate is
only 6% less than our preferred choice for Qg, the initial “steady-state” Kz(14C) necessary
to maintain an atmospheric A14C content of 90 %00 in conjunction with this production
level is 30% lower than before Kz = 0.5 cm? s°! or 1600 m2 yr-1). From this reduced
production rate for Qc and the observed long-term trend in atmospheric A14C, a history of
more subdued K variations is deconvolved which never exceeds 0.95 cm2 s-1 (or 3000
m2 yr-1), & maximum achieved in the time interval from 400 BC to AD 500. Thus the
 entire K history falls at least 25% below the base-line K level of 1.26 cm2 s-1 (or 4000
m2 yr-1) derived for the recent preanthropogeric period from the observed vertical proie
in oceanic Al4C.

The oceanic 14Cverﬁca1gradientassodatedwmlﬂ1edinﬁnismdpmducﬁonrateand
eddy diffusivity is relatively steep: the initial “steady-state” deep ocean Al4C value is -
270 /00 and resultant MVI is 3000 14C yrs BP. Thus the oceanic distribution of 14C
and, as a consequence, the atmospheric 14CcontentaremoresensiﬁvetovaﬁaﬁonsinKz
which operate on the 14¢C gradient. In this way, the absolute magnitude of and relative
range in deconvolved K, variations depend acutely on the assumed constant value for the
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14¢ production rate during the Holocene.

Because ﬂlisaltema&vechoicefochpromzos a history of ocean mixing inconsistent
with recent observations, it was not considered a suitable value for the constant Holocene
14¢ production level, and the associated deconvolution of a K; record was not regarded
further. However, the recent K history deconvolved from the preferred choice for Q.
also mismatches, by 8%, the base-line level K7 for the 19th century (figure 2.5 inset). A
'ﬁne-umgoncmwneaﬂﬁssecondarydisaepmyispmbablymwmramwm
of the large uncertainties in the “base-line” K3 related to: (1) the limited measurements of
deep ocean A14C and the simple averaging of its geographic variability (eg. Oeschger et
al. 1975, Killough 1980); (2) the incorporation of all vertical exchange processes
including advection, diffusion, and particle flux into one mixing parameter despite their
distinctive effects on the shape of the vertical 14C profile (eg. Broecker et al. 1978); and
(3) the assumption of steady-state conditions for the oceanic 14C vertical profile of the
19th century which is not strictly valid, as shown, for example, in figures 2.9, 1.6, and
2.10. A refinement in Q; (ie. a reduction in Qc less extreme than the alternative value
tested above) would serve only to increase the early Holocene discrepancy between MVI
and the foram evidence, and thus does not compromise our conclusions.

Thus the changes in ocean ventilation rate (in the guise of K variations) required to
explain the millennium-scale trends in atmospheric Al4C during the Holocene produce an
oceanic Al4C history that is not compatible with the available foram 14C data. The
assumed constancy in Holocene 14C production rate also contradicts the variable 14C
production implied by long-term archaeomagnetic data and ice-core 10Be concentrations
(see sections 2.3 and 2.4). For these reasons, we reject an oceanic mixing origin for
long-term reservoir A14C variation.
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Variable CO, gas exchange rate and reservoir Al14C change

In the F-deconvolution model, specified time histories of both 14C production rate
and atmospheric A4C are input functions that force a compatible transient history in the
air-sea CO; gas exchange rate. The net air-sea flux of CO3 remains at zero, that is, the
CO invasion and evasion rates always balance. However, a net air-sea flux of l4co,
exists when atmospheric and oceanic 14C concentrations differ (see equation 1.2), and
thisﬂuxvarieswiﬂlthesu'engthofﬂle exchange rate F and the magnitude of the air-sea
14¢ gisparity.

When the Holocene 14C production rate is assumed constant at 1.55 14 atoms s-1
cmg-2, the early Holocene gas exchange rate F(14C) is reduced 60% from its recent
“base-line" value of 19 moles CO m™2 yr-1 to 7 moles 00y m2 yr-1 in order to maintain
an enriched “steady-state* atmospheric A14C of 90 /oo (figure 2.11, dot-dash line). As
noted above, under constant climate conditions (ie. constant F and K3), an increase in 14C
production of 7.5% is required to sustain the same initial atmospheric 14C enrichment.
Thus, as in the case of variable K, the atmospheric A14C is less sensitive (by a factor of
S)mﬂuquaﬁominah'-seagasexchangemantopioducﬁonmtevaﬁaﬁom.

In contrast to the ventilation scenario, both surface and deep ocean A14C remain
nearly constant during the long-term atmospheric 14C decline (figure 2.9, dot-dash lines).
The constancy in 14C production induces a more stabje deep ocean A14C histary during
the Holocene than when Q variability is assumed to drive the 14C system. When internal
oceanic mixing is also considered to be constant (at 4000 m2 yr-1), the model surface
ocean 14C remains invariable as well, locked into an oceanic vertical 14C gradient
maintained by the stable exchange rate with the large stable 14C reservoir of the deeper
ocean (figure 2.12). Variations in the internal distribution of oceanic 14C are not required
for atmospheric A14C change in this F-induced scenario, only deviations in the exchange
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rate between the small model atmosphere (containing 1.4% of global carbon and 1.7% of
global 14C) and immense model ocean (with 94% of global carbon and 93% of global
l4c),

The precision of the state and rate variables in the F-deconvolution model was
doubled in order to detect the modest changes in these quantities when the ocean reservoir
is subjected to such reduced 14C perturbations. Whereas, in an F-deconvolution
simulation including a variable production rate (see section 2.5), the net atmosphere and
ﬂlermoclineﬂuxswiththesurfaceoc&nmervoirdjﬁeratanyﬁme step by as much as
40%, these differences are reduced to 4% or less when the production rate is constant.

The diminished sensitivity of atmospheric A14C change to air-sea gas exchange rate
relative to production variations is a consequence of the altered difference between
invasion and evasion 14C fluxes that accompanies F changes. If “steady-state” production
rate of atmospheric 14C is reduced 7.5%, the net flux of atmospheric 14C must be
similarly reduced (neglecting decay and exchange with the terrestrial biosphere).
However, such a 14C flux reduction increases the difference between atmospheric Al4C
and surface ocean A14C by ca. 7.5% or 75 /oo (cf. figure 2.9) necessitating a greater
reduction in F to counterbalance the larger 14C differential. In equation format, letting Q
= F (1.0 - .95), the discussed change becomes (1-.075) Q =x F (1.0 - (.95-.075)) where
x, the factor representing the fractional change in F, can be calculated as .37 (ie. a 63%
reduction).

The F-deconvolution mode] simulates a 8as exchange rate remaining nearly constant
during the first half of the Holocene, then rising sharply to a peak of 46 moles CO, m2
yrlin AD 500 in order to adequately increase the rate of oceanic uptake to draw down the
atmospheric 14C content as observed in the long-term trend (figure 2.11, dot-dash line).
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This 550% amplification of F results from the simultaneous contraction in the air-sea
Al4C difference (e. difference between the short-short-long dashed line and dot-dashed
line in figure 2.9). The air-sea CO, exchange must *work” harder when atmospheric and
surface ocean 14C concentrations are closer. As the atmospheric Al4C trend again
ascends after AD 500, the gas exchange rate drops to a level near the “base-line” value
assumed under constant climate conditions (solid line in figure 2.11).

Broecker et al. (19853, 1986) summarize the evidence for the wind-speed dependence
of air-sea piston velocity and CO, invasion rate. Wind/wave tunnel studies and ocean
isotopic (natural 14C, bomb 14C, 222Rn, 3H) evidence generally accord with the linear
dependency determined from experiments using an introduced tracer (SFg) in a lake
(Wanninkhof et al. 1985, Broecker et al. 1985a). The theory of gas transfer continues to
develop andtheexagtwind-speed dependency, especially for winds greater than 13 ms1,
is still unsettled (eg. Liss and Merlivat 1986). Satellite measurements of global winds
have been utilized to test proposed relationships (eg. Erickson 1989). The dependency
presented in Broecker et al. (1985a) remains a valid approximation.

The linear equation and an alternative nonlinear equation fit to the lake data are
presented in Broecker et al. (1985a) as: P.V. = 2.2 (w.s. - 2) and P.V. = .22 w.s.)2
where “P.V." is the piston velocity of SFg in cm hr-! and *w.s.” is wind speedinm s°1.
The piston velocity for SFg differs from CO, as determined by their diagnostic molecular
diffusivities and kinematic viscosities (cf. Wanninkhof et al. 1985). P.V. of SFg is
converted in figure 11 of Broecker et al. (1985a) into a CO; invasion rate (equivalent to F)
in moles m2 yr-1 that can be represented by the equations: F = 3.7 Ws.-2)andF=.37
(w.s.)2. Both relationships associate a gas exchange of 19 moles CO; m-2 yr-! with a
wind speed of 7.2 m 51, a value that accords with the mean scalar wind speed estimated
for the present world ocean (Broecker et al. 1985a, Table 8, from the atlas data of
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Esbensen and Kushnir 1981). The linear equation was used to rescale the CO, exchange
flux in figure 2.11 (left axis) into a measure of mean global wind speeds (right axis).

Winds drive the k, component of air-sea gas transfer rather than F directly. A model
piston velocity of 4.6 m day-! (19 cm hour1) is associated with the “base-line” gas
exchange of 19 moles COy m2 yr-l, as calculated from the invasion rate equation: F=k,
S pCO;, where ky is the piston velocity in m yr-1, S is the solubility in water of CO5 equal
to ca. 40 moles m-3 atm-1 (Broecker and Peng 1974), and pCO;, is the partial pressure of
CO2 equal to 280 ppm in our preindustrial atmospheric reservoir. The wind-speed
dependency for F derived by Broecker et al. (1985a) partially reflects the enhanced
atmospheric pCO, of ca. 325 ppm during the GEOSECS measuring period. Thus a
correction of 280/325 should be applied to the two equations for the wind dependence of
CO, exchange rate, expanding the wind-speed axis in figure 2.11 by 16%. However, the
“base-line” gas exchange of 19 moles COy m'?-yr'1 then corresponds to an inflated mean
global wind speed of 8 m s*1. The original F relationships presented in Broecker et al.
(1985a) were retained to derive conservative estimates for the global wind-speed scenario
associated with the deconvolved F history.

The deconvolved Holocene CO, exchange rate varies from 60% less to 140% more
than the “base-line” level (figure 2.11). If climate-related variations in air-sea CO gas
exchange are responsible for the long-term trends in atmospheric Al4C, the linear and
nonlinear relationships stated above require low mean global winds of 4 or 4.5 ms-1,
respectively, during the early Holocene and maximum speeds of 14.5 or 11 m s-1,
respectively, near AD 500.

Microparticle concentrations in ice cores are related to snow accumulation rate,
volcanic activity, available dust sources such as deserts and exposed continental shelves,
and global wind strengths. Holocene microparticle concentrations in ice cores from both
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the North and South Pole regions are dramatically reduced (by factors of 2.5 to 30) from
their concentrations during the late-glacial stage (Petit et al. 198 1). The seasonal
resolution of the microparticle analyses especially for the later Holocene (see references
compiled in Petit et al. 1981) convincingly establishes the uniformity in the low
concentration levels during the Holocene. If, as Petit et al. (1981) infer, the higher late-
glacial microparticle concentrations were induced in part by a 50% increase in regional and
global wind speeds (to perhaps 11 m s1), then the late Holocene wind strength exhibited
in figure 2.11 for the variable F scenario should be reflected in a late Holocene inflation in
microparticle concentration by perhaps an order or magnitude. Thus the microparticle
evidence does not support the changes in global wind speeds required for an air-sea
exchange-rate arigin for the Holocene-scale trend in atmospheric Al4C.

The grain-size distribution of aeolian-marine dust in sediment cores from the
subtropical Adlantic reflects in part the strength of the trade winds; variations in these
winds, in turn, may indicate changes in atmospheric circulation on a global scale. From
such data, Sarnthein et al. (1987) have reconstructed a 50,000-yr history of trade wind
speeds, the Holocene portion of which displays more variablility than the microparticle
concentrations indicate. This record, as well as the remaining model curves in figure
2.11, will be discussed in section 2.5. Here I will only note that the proposed Holocene
pattern in trade winds is converse to the modeled F trend compatible with the long-term
atmospheric A14C curve.

The ocean is unresponsive to variations in F, showing only secondary changes at the
surface during the rapid late-Holocene increase in gas exchange rate (figure 2.12).
Surface ocean Al4C remains near -50 %o while deep ocean A4C is stable near -180
©/oo. Therefore the mode! ventilation index is nearly constant at 1275 14C yrs throughout
the Holocene (figure 2.5, dot-dash line). Such a scenario for oceanic behavior cannot be
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rejected by comparison with the foram 14C data.

The preferred choice for the constant production rate ( Qc = 1.55 14C atoms s-1
cmE'z) generated a recent gas exchange rate (24 moles CO, m-2 yr'l) similar to the
“base-line” estimate (figure 2.1 1); the simulation’s recent oceanic Al4C values also
conform to the inferred pre-anthropogenic 14C profile. The alternative choice for the
constant production rate (Qc = 1.46 14C atoms s°1 cme-2; see above), together with the
observed long-term trend in atmospheric A14C, deconvolves a Holocene history of
dramatically diminished gas exchange rates that are never stronger than 50% of the"base-
line” rate of 19 moles COrm2yrl. Asdiscussed in regard to the K scenario, the value
for Q might be adjusted to match the deconvolved recent F history with the “base-line”
value, but this modification does not alter the basic pattern in the modeled F nor its
deficiencies noted above.

In conclusion, the Holocene history of mean global wind speeds that is required to
explain (through variations in air-sea CO; exchange rate F) the millennium-scale trends in
atmospheric AL14C is not supported by independent evidence such as the microparticle
concentrations in ice cores or the dust grain sizes in ocean sediment cores. Although we
reject a variable F as the sole mechanism driving the Holocene trend in atmospheric A14C,
the influences of a variable F combined with variations in ocean ventilation or in 14C
production rates were also investigated (see next subsection and section 2.5).

Coincident variations in diffusivity and gas exchange

Climatic regimes are characterized by many features including atmospheric and
oceanic circulation rates which may be interrelated in complex ways. One proposed
climate “interconnection” (eg. Lal 1985) prescribes that, when the meridional temperature
gradient is reduced such that less poleward heat transport is required (during warmer
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climatic periods), atmospheric winds become weaker (thus model F decreases) and the
oceanic thermohaline circulation diminishes (thus model K, decreases as well). Although
this simple relationship accords with some model analyses favoring enhanced oceanic
ventilation rates during glacial stages (eg. Broecker and Takahashi 1984), the cessation of
North Atlantic Deep Water Formation during glacial times is also convincingly in evidence
(eg. Broecker et al. 1985b).

A single-parameter concept for ocean ventilation is difficult to retain for extensive
climate variations on a glacial/interglacial scale; high-latitude processes in both
hemispheres (eg. Toggweiler and Sarmiento 1985, Wenk and Siegenthaler 1985) and
intermediate/deep water mixing rates (Boyle 1988) are important features to incorporate
into global carbon models. However, for climatic changes within the Holocene, the K,
parameter is a practical concept; and simpler joint changes in climatic variables, such as the
F,Kz-covariance proposed above, may occur.

A global 14C model was programmed to deconvolve concomitant and equivalent
relative changes in air-sea CO5 exchange rate and vertical oceanic mixing that are
compatible with specific records of atmospheric A14C and 14C production. Specifically,
the F,K;-deconvolution model recalculates, at every time step, the gas exchange rate
necessary to balance the atmospheric A14C record and the assumed 14C production rate;
the K, parameter is recalculated simultaneously to reflect the same relative change as
between the updated and prior F values. In this way, the requisite climatic perturbations
were partitioned equally between wind-driven exchange at the air-sea boundary and
internal oceanic mixing. Although the reality of this interrelated climate scenario cannot be
verified, the model simulation allows an assessment of the strength and direction of
potential “feedbacks” of equivalent multi-parameter changes on atmospheric A14C,

The previously described long-term atmospheric A4C trend and preferred 14C
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production-rate constant served to “force” the Jjoint exchange-parameter histories during
the Holocene. The initial “steady-state” atmospheric A14C of 90 %00 is maintained by a
“steady-state” gas exchange rate and eddy diffusivity that are 36% below “base-line”
conditions Ge. F = 12 moles COp m2 yr! and K, = 2550 m2 yrl).

The K; history that accompanies the equivalent relative variations in F closely
resembles the K, history that would alone explain the long-term atmospheric A14C trend;
however, relative to the “base-line” level, the early Holocene reduction in K; is only 85%
aslowéndthemaximusznearAD 5oo'ison1y60%ashighasthe1auerxzvaﬁaﬁons
(figure 2.5 inset, short-long dashed line). Analogously, the gas exchange history from the
F,Kz-deconvolution follows the same trend as the F history that alone would explain the
Holocene-scale atmospheric A14C record, but the early Holocene depression in F is only
60% as low and the peak at AD 500 is only 20% as high as the latter record. When the -
atmospheric 14C forcing is split equally, both F and K., vary from -37% fo +25% (relative
to their respective “base lines*) during the Holocene.

When relative variations in F and K are simultaneous and identical, the effect on
atmospheric A14C is reinforcing: the required digressions in both exchange processes are
reduced from the deconvolved histories for each parameter operating alone. But, rather
than simply attenuating the variance in each history by 50%, the reinforcement more
severely affects the Holocene trend in the CO; exchange rate. This asymmetry is
primarily explained by the greater sensitivity of atmospheric A14C to variations in K,
compared to F, as apparent from the different “steady-state” responses discussed above.
When equivalent relative variations in F and Kz are responsible for atmospheric Al4C
change, the stronger influence of K, on atmospheric A14C translates into a greater
contraction of the F trend from its solo pattem.

The transience in the joint histories complicates theexplanaﬁonbecauseﬂ:eFandKz
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Tesponse at any time step is linked not only to the atmospheric 14C content but also to the
oceanic 14C profile derived from the past histories in these exchange processes. The
problem of interpreting the “feedback” effects for joint parameter variations is further
compounded because, as noted before, the sensitivity of atmospheric A14C to changes in
Kz and F at any point in time is also a function of the magnitude of the oceanic vertical
14C gradient and of the atmosphere/surface ocean 14 disparity, respectively.

The model ventilation index associated with the joint F/K; histories described above
(figure 2.5, short-long dashed line) more closely resembles the MVI curve for the
unaccompanied Kz scenario (equi-dashed line) than MVI for the unaided F scenario (dot-
dashed line). Thus, even when the climate-related forcing is partitioned equally between
air-sea exchange rate and mm oceanic mixing, the resultant MVI trend transgresses
the range in foram 14C data. Furthermore, the mean scalar wind speeds associated with
the joint F/K, simulation, as calculated from the linear relationship of Broecker et al.
(1985a), range from 5.2 ms*1 between 8000 and 4000 BC to a peak of 8.4m s-1 at AD
500. These digressions of -25% to +20% in Holocene wind speeds are not compatible
with the microparticle data described above. For these reasons, this specific joint climate
. scenario, comprising equivalent relative variations in F and Kz, is also rejected as the
explanation for long-term atmospheric A14C variation.

Sensitivity of model resulis to initial conditions

The four hypothetical pre-Holocene histories in atmospheric A14C described in
section 2.1 were again utilized to test the sensitivity of model results to initial conditions
(figure 2.13, upper right panel). However, we now assume that each of these four
alwrnaﬁveuendshasacﬁmaﬁcoﬁginmddeﬁvs&mnmdstoeeneﬂidownetmsiﬁomm
Kz orF. Asin the climatic deconvolutions discussed above, the 14C production rate is
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assumed constant during the simulation (figure 2.13, left upper panel). I chose a Q. value
of 1.67 14C atoms s-1 cmp-2 because this production rate maintains an early Holocene
atmospheric Al4C level of 90 900 if Kz and F represent the standard “base-line”
conditions of 4000 m2 yr-! and 19 moles COy m"2 yr-1, respectively. In this way, we
can test the influence of different climate-related pre-11,000 BP (9050 BC) “steady states”
in K; and F on the hypothetical Holocene histories of these parameters presented above.

The K(14C) trends derived from the K,-deconvolution model are conversely related
to the assumed atmospheric AL4C record (figure 2.13, lower panel). As noted before,
oceanic mixing must diminish in order to permit more 14C t remain in the atmosphere
and surface ocean. If a change in Kz was responsible for a hypothetical pre-11,000 BP
atmospheric Al4C level of 0 /00 (but not for the Holocene variations in atmospheric
Al4C), then K, must have been 20,000 m2 yr-1 prior to 11,000 BP only to decrease
swiftly to “base-line” values at the start of the tree-ring A14C record in 7750 BC. The
analogous “steady-state” K, values for alternative atmospheric A14C levels of 50, 90, and
140 /oo are 6500, 4000, and 2800 m2 yr-1, respectively. In all cases, the recovery curve
~ from these initial mixing rates tc the standard "steady-state” Holocene diffusivity is
constrained by the transition period in atmospheric Al4C with little perturbation effects on
the post-7750 BC K, deconvolution.

Model ventilation ages of 275, 800, 1275 and 1750 14C yrs (figure 2.8, right) are
derived from the oceanic A14C changes induced by the four hypothetical K, histories
which are required to explain the alternative atmospheric A14C "steady states” of 0, 50,
90, and 140 %00, respectively. The most extreme MVI curves (associated with scenarios
A and D) transgress the foram 14C observations. Thus these two pre-Holocene
atmospheric A14C scenarios are not convincingly explained by variations in ocean mixing.
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The oceanic Al4C responses to the same set of pre-Holocene atmospheric A14C
scenarios have contrasting natures when the assumed driving mechanism is variable 14C
production or variable eddy diffusion (figure 2.8, left vs. right side). If Q is entirely
responsible for the changes in pre-Holocene atmospheric A14C, the memory of past 14C
production continues to affect the 14C contents of the ocean (and terrestrial biosphere)
well after the alternative pre-Holocene atmospheric A14C transitions have occurred. KK,
is entirely responsible for the changes in pre-Holocene atmospheric A14C, the oceanic
recovery (ie. the redistribution of the oceanic 14C contents) is rapid enough that the impact
on the Holocene 14C system is negligible.

Generalizing from these distinctive responses, if pre-Holocene variations in
atmospheﬁcA“C-nomatlerhowexn'eme -- were induced by dimatic events rather than
14C production changes, such variations make a minimal impression on the Holocene 14C
system. The pre-Hoiocene digressions in eddy diffusion need not be considered for an
accurate portrayal of the early Holocene K; history; the deconvolution of Q for the early
Holocene, however, depends more sensitively on the Q changes that have come before.
The fundamentally different responses reflect the ability of the deep ocean with a
ventilation rate of ca. 1000 yrs to recover more quickly from a climate-induced
redistribution in reservoir 14Cthantoqiectpreviomlyp‘oduwd 14C with a mean life of
ca. 8000 yrs.

The slow 100 ©/oo long-term decline in atmospheric Al14C during the Holocene,
then, cannot merely represent a recovery from pre-Holocene climatic conditions. The ice-
age simulation of Toggweiler and Sarmiento (1985), for example, indicates that an
atmospheric Al4C level of ca. 100 /o0 may have accompanied reduced oceanic
ventilation. However, this climate-induced enrichment could not have alone caused the
elevated A14C levels of the early Holocene because the atmospheric recovery would have
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been much more rapid than observed. An increased 14C production rate or climatic
variations during the Holocene are implicated by the slow atmospheric 14C decline. The
greater oceanic ventilation time of ca. 1750 14C yrs for the simulated glacial ocean of
Toggweiler and Sarmiento is not evident in the early Holocene foram 14C data but this
absence is expected because the Holocene marine reservoirs will also recover quickly from
their pre-Holocene conditions.

The Q- and K, -forced model ventilation curves represent inherently different
reactions of the oceanic 14C system to disturbance, Each Q-forced MVI curve reflects the
transient adjustment of the ocean system operating to re-establish its equilibrium 14C
configuration which, in association with Ky, is identical (KVI = 1275 14C yrs) before,
during and after the atmaspheric AlC transition. These MV] curves are functions of the
magnitude and duration of the atmospheric Al4C transition; as noted above, the
perturbation in the oceanic 14C profile is less pronounced when the linear recovery from
the hypothetical pre-Holocene “steady-state” atmosphere is simulated as more gradual.

In contrast, each Ky-forced MVI curve reflects the adjustment of the ocean system
operating to establish 2 new equilibrium 14C configuration which varies in conjunction
with the changing ocean mixing rate. Rather than being artifacts of an external Q forcing,
the latter model ventilation curves represent actual changes in the oceanic ventilation rate
and, in fact, closely approximate the true histories in the ventilation indices (KVI) as can
be defined by the deconvolved Kz trends (figure 2.13). Because the Kz-forced MVI
curves trace real trends in ocean mixing, a change in the duration of the transition from
pre-Holocene “steady state” to standard Holocene conditions does not affect the magnitude
of the MVI digression, only its timing.

The F(14C) trends derived from the F-deconvolution mode] are conversely related to
the four alternative atmospheric A14C histories (figure 2.14). Like internal ocean mixing,
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the air-sea exchange rate must diminish in order to permit more 14C to remain in the
atmosphere. Atmospheric “steady-state” A14C values of 50, 90, and 140 %oo require gas
exchange strengths of 110, 19, and 9 moles COy m*2 yr1, respectively. With the level
assumed for 14C production rate (figure 2.14, left panel) and oceanic mixing (K, at
“base-line” conditions), a low value of 0 /oo in atmospheric A14C cammot be maintained
by any air-sea CO; exchange rate. At “steady state”, the 14C production rate determines
the 14c content of the large deep ocean reservoir; the eddy diffusion, in turn, is a prime
determinant of the surface ocean 14C contents relative to the deeper reservoir. These
restrictions impose a surface ocean 14C concentration too high to permit an atmospheric
A14C of anly 0 %/00 even with an infinitely large F (which equalizes the atmospheric and
surface ocean A14C values).

The influence of the atmospherefsurface ocean A14C disparity produces a nontinearity
in the relationship of *steady-state” gas exchange to atmospheric 14C level. A five percent
(50 /o0) increase in the initial “steady-state” atmospheric A14C (scenario D) requires a
50% decrease in F whereas a 4% (40 O/o0) decrease in the initial “steady-state”
atmospheric A14C (scenario B) necessitates a 500% increase in gas exchange!

According to the linear wind-speed dependence of CO, gas exchange in Broecker et
al. (1985a), the “steady-state” F values for scenarios B and D correspond to global wind
speeds of 32 and 4.5ms1, respectively, or deviations of +350% and -33% from “base-
line” conditions. Microparticle evidence from ice cores supports late-glacial wind speeds
perhaps 50% above Holocenecondiﬁons,muchbosexu'emeﬂlanreqtﬁredbyanF-fomd
pre-Holocene atmospheric A14C of 50 /00 and contrary to the trend implied by elevated
pre-Holocene atmospheric 14C levels.

The histories of the model ventilation index associated with these alternative F-forced
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atmospheric A14C scenarios all vary by less than twenty 14C Yyears from the standard MVI
of 1275 14C yrs. This insensitivity means that the foram 14C observations do not help to
distinguish or reject any of these alternatives.

In summary, if the Pleistocene/Holocene differences in atmospheric Al14C are
primarily induced by climate (in the guise of exchange parameters K3 and/or F) rather than
l4c production rate, the impact on the oceanic 14C contents during the Holocene is
insignificant. Distinct alternative pre-Holocene histories in F and K; have litfle bearing on
the deconvolved Holocene trends of these parameters whereas the pre-Holocene history of
14C production moderately affects the earlier portion of the deconvolved Holocene Q
record. Neither the foram 14C data nor the ice-core microparticle records support climatic
origins for the two most extreme Pleistocene/Holocene scenarios in atmospheric A14C.

Climatic events and 14Cpmducﬁonra'tedmngamayboﬂz have occurred during the
time of the Pleistocene/Holocene transition. Independent proxies for 14C production rate
variations, such as long-term data on the geomagnetic dipole moment and 10Be
concentrations in ice cores, may allow the “Q component” in the atmospheric A14C record
to be extracted. The next two sections present the evidence for Holocene variations in the
14C production rate. In section 2.5, the Kz-, F-, and F,Kz-deconvolution models are
used to calculate the “residual” climate forcing required to produce the atmospheric A14C
record when a specific 14C production rate is assumed. In addition, alternative couplings
of Q and climate forcings are considered for the four hypothetical pre-Holocene
atmospheric A14C scenarios presented above.

Alternative roles for climate in long-term reservoir Al14C change
Inaddiﬁontovaﬁaﬁonsinowanicmiﬁngandair-seagasexchange, a variety of other
climate-related changes in the global 14C system might occur during the Holocene. The
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simple box-diffusion model is incapable of simulating some of these alterations while
other proposed climate-induced parameter modifications are speculative and difficult to
verify. A brief discussion follows of some of the climate-induced 14C/12C perturbations
that were not modeled. These atmospheric 14c/12¢ perturbations may result primarily
from atmospheric 1200, variations or from changes in source 14c/12C signals directly.

Atmospheric pCO2'  Variations in atmospheric pCO; influence the 14C exchange
rates between the atmosphere, ocean, and terrestrial biosphere (see equations in section
1.4). The global carbon modeling undertaken here has assumed the constancy in 12C
contents of all reservoirs. Yet during the Holocene atmospheric pCO; changes of
approximately +7% (ie. +20 ppm) are recorded in the ice-core CO, measurements from
Byrd station in Antarctica (Neftel et al. 1988). Such variations may result from inbalances
in the carbon exchanges represented in the box-diffusion model by F, K, and Br.

Anetcarbonﬂlmﬁ'omﬂiemuialbiosphezeisimplicewdm at least one apparent
lO-ppmdigmaSoninaunospheﬁcCOzmarAD 1300 (as measured in an ice core from the
South Pole) provided the synchronous change in atmospheric 13002 is verified by more
data (Siegenthaler et al. 1988). From a 2000-yr record of decadal tree-ring 513C
(assumed to reflect atmospheric 513C variations), carbon reservoir modeling has
deconvolved a history of hypothetical terrestrial biospheric carbon fluxes; these fluxes
would have generated Holocene atmospheric pCO; excursions on the order of +10 Ppm
(Stuiver and Braziunas 1986, Stuiver et al. 1984). The tree-ring 513C history may instead
derive from changes in atmosphere/biosphere fractionation induced by Holocene global
temperature and/or humidity variations (Stuiver and Braziunas 1987); such climatic
diversions might also have disturbed atmospheric pCOy through modifications in its
exchanges with the other reservoirs.
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In a one-dimensional ocean with a vertical gradient in ¥ CO», a decrease in ocean
mixing K without a change in particulate flux would cause a decrease in atmospheric
pCO3 because of reduced contact with the deep ocean (eg. Keir 1983, Lal 1985).
However, the particulate flux co-varies with ocean mixing to strip the surface ocean of its
supply of limiting nutrients (phosphate and nitrate), maintaining a steady pCO; in the
surtace ocean and, subsequently, in the atmosphere (when the global surface ocean is
presumed to always lack nutrients). When Kz-independent forces alter the biological
pump, eg. marine organisms incorporate a different C/P ratio or the nutrient content of the
ocean is reduced by storage on submerged continental shelves, atmospheric pCO, can be
substantially affected (as recapitulated in Broecker and Peng 1982). But, although such
dramatic biological modifications may occur during glacial/interglacial transitions, these
evenis are not expected during the Holocene. By neglecting marine biology, our box-
diffusion model lacks the vertical gradient in marine £CO; (and >13C0,); in effect,
however, the model assumes that compensatory processes such as biological pumping will
wunta'aunosphaic(andowanic)poozvmiaﬁonsmhwdmchmg&sinocemnﬂﬁng. In
any case, as discussed below, pCO, variations have only a secondary effect on
atmospheric Al4C.

The oceanic processes that specifically occur in polar regions appear crucial to the
explanation of atmospheric pCO; increase during glacialfinterglacial transitions (eg.
Broecker and Takahashi 1984, Toggweiler and Sarmiento 1985, Wenk and Siegenthaler
1985). The thermohaline circulation is comprised of deep water formation at high latitudes
and upwelling in lower latitudes; in addition, convective interchanges between surface and
deep polar waters occur during the winter season; finally, at high latitades nutrient
utilization is incomplete and potentially variable. These processes have been integrated
into the fundamental ocean mixing parameter Kz in the box-diffusion model. Yet the
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atmospheric pCO;, is especially sensitive to high-latitude carbon exchanges (see below).

An indication of the distinct role of polar oceans on carbon cycling is the contrary
response of atmospheric pCO to greater oceanic "ventilation” when high-latitude
processes are incorporated into the ocean model. In such a model, a decrease in ocean
mixing (ie. themohaline ventilation) produces an increase in atmospheric pCO, through
the dominant effect of high-latitude surface ocean pCO;7 on the pCO,, of the atmosphere
and low-latitude surface ocean (eg- Broecker and Takahashi 1984, Toggweiler and
Sarmiento 1985). But because the lower atmospheric pCO, of the last glacial stage was
apparently accompanied by less rather than greater deep-water formation, compensatory'
changes in other co-varying high-latitude processes (ie. convective interchanges and/or
biological productivity) must have occurred.

Regardless of the origin for changes in atmospheric pCO2, the pCO, change itself
has a secondary eﬁ'é& on the atmospheric A14C content, The source for this atmospheric
Aldc change is the pCO,-dependence of the air-sea gas exchange which determines the
degree of communication between the atmosphere and the 14¢_depleted surface ocean.
We have calculated before that, if atmospheric A14C is constant and 14C production
decreases by 7.5%, then the air-sea invasion rate must decrease 63% (ie. by a factor of
8.5) in order to counter the greater air/surface ocean Al4C disparity. A “scaling effect”
also occurs when, instead, 14C production remains constant and atmospheric A14C is
a]lowedtovm'ywithchangesinﬂleair-seainvasionrate. In this case we find that a 7%
incmaseinF(induwdbyaZOppminaeaseinaunospheﬁc-andsurfaceowan-pcoz
in equation 1.1) generates only a 3.5 %00 decresse in atmospheric A14C (a reduction
factor of -1/20).

The insensitivity of atmospheric A14C to variations in F and, thus, atmospheric
PCO; is explained by: (1) the constancy in the net 14C0, gas flux, equivalent to F R, -
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Ry), required at “steady state” if 14C production remains constant and (2) the essential
stability of the 14C contents of the ocean (and thus Rg) when the 14C production is
unchanged. To maintain a constant net 14CO, gas flux, a 7% increase in F must be
balanced by a ca. 7% reduction in (Ra - Ry). Inserting the pre-disturbance values for
relative 14C activities yields: F(1-.95)=1.07F(l +x- .95) where x represents the
fractional increase in the atmospheric relative 14Cacﬁvityreqlﬁredtobalanceﬂ1enewand
old invasion rates. The solution for x is ~(.05)(.07)/1.07 or -3.5 %00. Thus a variation in
atmospheric pCO; of +20 ppm produces only a minor deviation in the atmospheric Al4C

level.

14c/12C signats:  As demonstrated by the deconvolution modeling presented above,
air/sea gas exchange and other oceanic processes not only affect atmospheric A14C
secondarily througﬁﬁeir control on atmospheric pCO5 but are capable of a profound
influence on atmospheric 14C because of the 14C deficiency in the oceanic reservoir.
Several reservoirs with distinct 14C/12C signals (eg. polar oceans, terrestrial peatlands,
and marine sediments) are not incorporated into the present structure of the box-diffusion
model and are discussed briefly here.

The box and box-diffusion models without a high-latitude ocean reservoir produce a
10% increase in atmospheric A14C for a 50% reduction in K, (Keir 1983; our results
above). The box models that incorporate polar processes show a similar total sensitivity
of atmospheric A}4C to combined components of ocean mixing despite the inclusion of a
polar oceanic source of more deficient A14C to the atmospheric reservoir (Wenk and
Siegenthaler 1985, Toggweiler and Sarmiento 1985). The deficiency in high-latitude
surface ocean Al4C is as extreme as < -100 %/oo (eg. data compilations of Bard et al.
1989 and Stuiver and Braziunas 1985, preanthropogenic reconstruction of Broecker et al.
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1985a). Yet atmospheric A14C response to a change in ocean ventilation is unaffected by
this feature.

The reason that a high-latitude oceanic outcrop has a significantly greater effect on
atmospheric pCO than on atmospheric 14C is discussed in section 1.4. The high-latitude
box models demonstrate that the sensitivity of atmospheric A14C to changes in
thermohaline circulation is about twice its sensitivity to high-latitude convective
interchanges.

The CO, gas exchange between the polar surface ocean and the atmosphere is also
missing in the simple box-diffusion model. High-latitude F has a disproportionate
influence on atmospheric 14C because of the greater high-Iatitude air-sea Al4C: disparity.
But the limited surface area of the polar outcrop counters this greater sensitivity. A box
model yields a 25 /oo increase in atmospheric A14C for a 50% reduction in the high-
latitude an'-seacozexdmnge (Lal and Venkatavaradan 1970). This scaling factor of 1/20
matches the total scaling factor for the sensitivity of atmospheric AL14C to the globally-
averaged air-sea gas exchange rate (discussed above). Thus climate-induced variations in
Poiar air-sea exchanges have only an equivalent influence on atmospheric Al4C.

In 2 one-dimensional ocean model, changes in marine production require co-
variations in the ocean mixing pm'ametér (except during major glacial/interglacial
distlxrbanc&smnuu'ientdynanﬂm). However, the particulate flux in the polar ocean is not
nutrient-limited and may independently influence atmospheric A14C. Doubling the high-
Iatinde particulate flux, however, only increases atmospheric AI4C by 3 %/oo (Wenk and
Siegenthaler 1985), likely because of its influence on atmospheric pCO; (see above). The
lm'gerefrmuxypmlofoomdisolvedmgankmbon(DOC)mayplayaqhimlmlem
carbon cycling (eg. Sarmiento et al. 1988) butits 14C and 12¢ characteristics are
controversial at present (Toggweiler 1988).
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Obviously a one-dimensional ocean model lacks features required to properly
simulate carbon system variations during a glacial/interglacial transition; the dynamics of
such processes can only be treated distinctly in a transient ocean model with explicit high-
latitude reservoirs. Yet, for the Holocene, carbon system variations are less extreme and
Kz may remain a valid statistical entity for the combination of physical processes that
govern internal ocean mixing.

Variations in the terrestrial biosphere have a nominal effect on atmospheric Al4C
primarily through changes in the atmospheric CO, content as discussed above. An
imbalance in atmospheric exchange with older terrestrial carbon reservoirs in which most
14C has decayed has a greater potential for modifying long-term atmospheric A14C,
Carbon accumulation and release rates in peatlands and coastal wetlands may vary
significantly with climatic and sea-level changes during the Holocene (Olson et al. 1985,
Zoltai and Vitt 1990). The details on size and associated fluxes for these reservoirs are
still speculative (Olson et al. 1985, Damon 1988) and this mechanism for long-term
Holocene trends in atmospheric A14C was not incorporated into the global carbon model.

CarboninﬂleupperSGnofmarincsedimentsgenerallyhas ages of several thousand
radiocarbon yrs because bioturbation mixes in older carbon from deeper sediment layers
(Keir 1984). The extensive dissolution of marine sediments could decrease oceanic and
atmospheric A14C by infroducing 300, that is deficient in 14C into the active system (Lal
1985, Lal et al. 1990). Indeed Keir (1984) suggests the occurrence of a mid-Holocene
millennium-scale dissolution event, synchronous with enhanced coral reef growth, in
order to explain anomalously old 14C ages in the carbonate profiles of sub-lysocline
Pacific sediment cores. Although my own modeling efforts did not include a simulation of
such an event, the calculations of Lal (1985) indicate that a mid-Holocene dissolution peak
and/or increase in river influx of dead carbon can explain the atmospheric A4C decline
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but that substantial flux perturbations are required with respect to prior "steady-state”
conditions. Because the existence of a dissolution event is based on equivocal evidence
with alternative explanations such as mechanical erosion or sedimentation rate change
(Keir 1984), the proper timing and magnitude of the proposed flux perturbations is highly
speculative.

Lal and co-authors remain strong proponents of a dominant climatic influence on
Holocene-scale atmospheric Al4C variations because of the lack of viable alternatives,
The geomagnetic evidence has large uncertainties and contains an enigmatic phase lag that
hinders comparison with the 14C production rate hypothetically associated with the
atmospheric A14C record; the 10Be concentrations in ice cores appear to contradict the
geomagnetic evidence of long-term Q variations (Lal 1985, Lal et al. 1990). We hope to
show, however, that both the global dipole data and ice-core [10Be] records strongly
support a geomagnetic origin for millennium-scale Holocene variations in 14C production
and atmospheric A14C (see section 2.3 and 2.4).

2.3 Bvidence from the geomagnetic dipole moment for a production

rate origin for reservoir A14C variations

The theoretical basis for a geomagnetic influence on 14C production was outlined in
section 1.1 and will be detailed in the following pages. The measured long-term trend in
the dipole moment is here converted to a trend in 14C production rate, Q(DM), for
comparison with the trend in 14C production rate, Q(14C), deconvolved from the
atmospheric (tree-ring) Al4C record. The model-determined Q(14C) history assumes no
significant climatic changes to the carbon cycle during the Holocene. The derivation of
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Q(DM) and its similarity to the smoothed Q(14C) curve is assessed before discussing the
apparent “residual” influence of climate in section 2.5,

Geomagnetic dipole moment data

The global archeomagnetic intensity data on the dipole moment are reproduced from
Merrill and McElhinney (1983) in figure 2.15. Samples consist largely of pottery and
bricks associated with ashes from kilns and fireplaces whose radiocarbon ages are
measured and calibrated to calendar ages. Past dipole moments are determined from the
samples’ thermoremanent magnetization (FRM) and are reported in units of A m2 where A
signifies amperes (one A m2 bemg equivalent with 1000 Gauss cm3 in the cgs system).
The figure lists the number of samples incorporated into each averaged result (squares
with +2-sigma dipole ranges). The horizontal bar for each result represents the calendar
interval it comprises.

The dipole data were originally grouped into 500-yr intervais and 1000-yr intervals
before and after 4000 cal BP, respectively. However, in figure 2.15, the results prior to
the 6500 + 500 BP average have been recalibrated using a revised calibration method and,
- subsequently, the calendar intervals have expanded moderately. The proper assignment of
calendar ages to the dipole data is critical iri establishing that the problematic phase shift
between the mid-Holocene declines of Q(DM) and the smoothed Q(14C) cannot be
eliminated simply by a revised calibration of these data (see below).

lmm]ibratedmhavuagemuhmdimmlmdmrangebyﬁxstmverdngtheoﬁginal
calibration procedure (described by McElhinny and Senanayake, 1982) in order to
regenerate the original 14C ages that would be associated with these averaged results. To
produce new estimates for the calendar ages of the averaged results and their ranges, I then
applied a new calibration program (Stuiver and Reimer 1986); or, for samples older than
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8100 14C yrs BP, I applied the linear equation x = 1.05R + 470 approximating the
preliminary observed relationship between radiocarbon ages, R, and calendar ages, x, of
older materials (Stuiver et al. 1986a). Ideally, the calendar age of each of the 1161
archeomagnetic samples should be recalibrated instead of merely the averaged resuits, but
Ideddedtotakeﬂﬁsl&spreciseﬁm-orderapproadl.

As a result of the recalibration, the averaged dipole results at 7500+500 B.P.,
8500+500 B.P., 9500+500 B.P., 10,500+500 B.P., and 11,500+500 B.P. are
reassigned calendar ages of, respectively, 7600+600 B.P, (5650 B.C.), 8900+700 B.P.
(6950 B.C.), 10,300+700 B.P. (8350 B.C.), 11,5004£500 B.P. (9550 B.C.), and
12,500+500 B.P. (10,550 B.C.). I will hereafter refer to the dipole data according to
these recalibrated times. The averaged dipole results for the two latter intervals (not
shown on figure 2.15) are highly uncertain, beingbasedononlyafewsamples, and were
not used in the standard mode] simulations, Including them, however, affected the mode]
results insignificantly (see below).

The dipole moment in AD 1950 is 8.065 x 1022 A m2 (Sternberg and Damon 1983)
and the average dipole moment for the last ten 1000-yr intervals (now recalibrated in figure
2.15 to span 11,000 calendar years) is 8.75 x 1022 A m2 (McEminny and Senanayake
1982). Sporadic analyses undertaken since AD 1835 show that dipole intensity has
decreased ca. 5% in a linear fashion to AD 1980 (Merrill and McElhinny, 1983, their fig.
2.10).

Since the geographic coverage of the TRM samples emphasizes the Furopean region,
changes in the local non-dipole field may color the data (McElhinny and Senanayake
1982). From an analysis of the re]aﬁveﬁ!ninginﬂlemillennial-sealeilnensityu'endsﬁ'om
separate geographic regions, Aitken et al. (1989) suggest that a major component of such
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intensity records could be a westward-drifting non-dipole disturbance. McElhinny and
Senanayake (1982) contend that long-term averaging, as they have done, removes much
of the non-dipole influence. Relative paleointensity data from marine sediments support
the general character of the data trend in figure 2.15 (Tauxe and Valet 1989). However,
between ca. 4000 BC and AD 1000 when the phase difference between the rise in the
dipole moment and the decline in atmospheric A14C is critical for the acceptance of a
geomagnetic influence on long-term A14C, the intensities of the European TRM samples
differ notably from the marine sediments (Tauxe and Valet 1989; see figure 2.22) and
from limited TRM data for the rest of the world (McElhinny and Senanayake 1982, figure
1). Keeping these limitations in mind, the dipole moment data in figure 2.15 are
considered here still the best representation available for the millennial-scale dipole
moment and is used to generate the long-term dipole-related 14C production rate QDM).

Finally, as mentioned in section 1.2, although the sinusoidal characteristics of the
dipole trend and the long-term tree-ring A14C record were emphasized by some earlier
researchers, the dipole moment need not be inherently sinusoidal (eg. Merrill and
McElhinny 1983). The limited pre-Holocene intensity data do not exhibit a sinusoidal
trend (Merrill and McElhinny 1983; Tauxe and Valet 1989; alsc see below). Some
modelers have approximated Q(DM) with a sinuscid (eg. Keir 1983) but, in this study, the
geomagnetic 14C production rate will be more directly related to the dipole moment
measurements.

Relationship of Q to geomagnetic dipole moment
The complex dependence of the penetrating cosmic-ray flux on the strength of the
geomagnetic field can be accurately represented, for intensities ranging from 70% to 300%
of the current dipole moment, by a simple relationship in which 14C production rate varies
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with the inverse square of the dipole moment (Elsasser et al. 1956, Wada and Inoue 1966,
Ramaty 1967). The equation is:

Q/Qo = V(DMy/DM) or Q=cy/VDM 2.1

where Q is the 14C production rate in 14C atoms per second per cm2 of Earth
surface, DM is the geomagnetic dipole moment in units of 1022 A m2, Q, is a specified
production rate related to DM,, which is a specified dipole moment, and C} is a constant
scaling factor algebraically equivalent to Qo times YDM,,. Estimates of the precise
exponent for DM in relationship (2.1) vary from -.52 to -.47 or -.49 (the latter alternatives
reflecting differential sensitivities at solar maximum and minimum sunspots, respectively);
as in Ramaty (1967) and Lingenfelter and Ramaty (1970), an average estimate of -.50 is
chosen here. |

As noted above, the simple approximation fails at high and low dipole moments
relative to the present field; but the Holocene results displayed in figure 2.15 are within
80% and 200% of the present dipole moment, thus qualifying for use in equation (2.1).
The low geomagnetic field strength indicated for the 20,000 calendar yrs prior to the
Holocene requires that a more complicated formulation be applied to calculate the 14C
production rates (see subsection below). During this period of low paleointensity
measurements, the sensitivity of Q to DM is reduced; the maximum possible Q, for a
hypothetical DM equal to zero, is only about twice the current 14C production (Wada and
Inoue 1966).

A proper value for c; is required to convert dipole observations to hypothetical 14C
production rates. Two related difficulties are (1) accurate estimates for Q, and DM, and
(2) consideration of the additional influence on Q of variable solar wind modulation, SW,
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on different time scales during the Holocene. Extended times of low sunspot numbers like
the Maunder Minimum of the 17th Century may theoretically lead to increases in 14C
production by 30% or more depending on the contemporaneous geomagnetic field strength
(eg. Lal 1988, Table V). If DM, and Q,, were measured during this Maunder time interval
and converted to the constant of proportionality ¢] (= QoVDM,), then equation @.1DH
would overestimate the sensitivity of Q to DM levels at times when solar modulation was
more “average”. Because variations in SW are not incorporated, relationship (2.1) and the
geomagnetic intensity record can be expected 1o generate a Q(DM) history comparable to
the long-term trend in Q(14C) only if the average level of solar modulation has remained
ﬂwsameasfortheﬁmepexiodﬁmnwlﬁcthandDMowemselected.

From theoretical considerations, Castagnoli and Lal (1980) and Lal (1988) explicitly
describe and quantify the separate influences of solar activity and geomagnetic field
strength in producing relative variations in 14C production rate. The relative Q variations
are assigned absolute values by normalizing to and extrapolating from neutron flux
measurements and theoretical estimates for the associated 14C production rates (eg.
Lingenfelter 1963, Lingenfelter and Ramaty 1970) during two sets of recent minima and
maxima times in the ca. 11-yr solar cycle. The limited neutron flux data produce
substantial uncertainties of ca. 20% in the estimated absolute 14C production rates. For
example, Lingenfelter and Ramaty (1970) calculate 14C production rates, in units of 14C
atoms per sec per cm? of Earth surface, of 2.42+.48 for the solar minimum in AD 1953-
54, 1.93+.39 for the solar maximum in AD 1957-58, and 2.2+.4 for the average over the
3 solar cycles from AD 1937 to 1967. Extrapolating the regression between sunspot
numbers and 14C production rates calculated from neutron flux estimates, Lingenfelter
(1963) estimated an average Q of 2.50+.50 over the 10 solar cycles from AD 1844 to
1954,
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Lal (1988) suggests that a typical ca. 11-yr solar cycle yields an average 14C
production rate of 2.56 with a range of .94 between solar minimum and maximum; for
extreme solar minimum (e.g. the Maunder period) and extreme solar maximum, Lal
proposes that the range in 14C production is 1.80 with an average rate of 2.72. Damon
(1988) compiled the various estimates for 14C production rates calculated from neutron
flux data for the AD 1965 solar minimum and AD 1969 solar maximum.; six
independently published estimates converge on respective Q’s of 2.47+.19 and 2.02+.13.
In contrast, O'Brien (1979) calculates a substantially lower average 14C production rate
of 1.75 from AD 1937 to 1970. O’Brien defends his results as more physically valid and
accurate because his theoretical calculations are not normalized to limited thermal neutron
measurements as done by, for example, Lingenfelter and Ramaty (1970); however, he
utilizes data on proton and alpha particle spectra which also have lmitations.

The recent 14C pmducuonm deconvolved from the tree-ring 14C database and the
modeling efforts here are significantly lower than the calculations based on neutron flux
estimates. For example, Q(14C) in AD 1950 is 1.37 and the average for the interval of ca.
12 solar cycles from AD 1820 to 1960 is 1.44. The long-term trend, Q;, in model 14¢
production rate has nearly the same values as Q(14C) for these two time periods. The
post-AD 1840 model production rates cannot, however, be treated as simple functions of
the tree-ring 14C history since these recent production rates were deconvolved from
reconstructed “natural” atmospheric A14C levels, in turn based on previous model
determinations incorporating dipole and solar modulation factors (Stuiver and Quay 1981).
A detailed discussion of these complications is presented in section 4.4. In any case,
figare 2.1 (left-hand scale) clearly demonstrates that nearly all of the model 14C
production rates throughout the Holocene are significantly lower than the neutron-flux
based estimates of ca. 2.0.
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All of the researchers discussed here refer to DM, and Q as the current dipole
moment and 14C production rate, respectively. However, which of the above Q estimates
should be selected in order to calculate ¢ 1 for generating a Holocene Q(DM) history? If
the dipole moment and 14C production rate occurring exactly at AD 1950 are used to
determine cj (eg. Sternberg and Damon 1983), then the postulated Q(DM) record
approximates the true long-term trend in 14C production rate only if average Holocene
solar activity is well represented by its AD 1950 level. If DM, and Q, are averages for
longer time intervals, then the variable solar component has more likely been averaged out
for use of equation (2.1). For example, better choices for DM, and Q, might be the
average dipole analyses and neutron-flux based 14C production estimates for AD 1937 to
1967 of 8.41 x 1022 and 2.2, respectively). Still, as noted by Castagnoli and Lal (1983),
solar activity for the last 200 years appears significantly different from the solar variations
for the previous 200 years. How representative of standard Holocene conditions will be a
3 salar-cyde or even a 10 solar-cycle average in 14C production rate?

For these reasons, a different approach was employed to determine ¢. Values for
DM,, and Qg were derived from the multi-century average dipole moments described
above and from averages for the Q4o history spanning the same time intervals. Such
500-yr and 1000-yr averages are assumed here to be long enough to balance exceptionally
high with low solar modulation events and, thus, remove the solar influence on 14C
production from consideration. Also, in this way, c{ and subsequently Q(DM) are
‘normalized” to the lower model 14C production rates, a record covering the entire
Holocene, rather than the higher production levels determined from the limited neutron
flux measurements of the recent past. This normalization is appropriate since the purpose
is to judge compatibility in the relative trends of the hypothetical Q(DM) and Q(l4c)
records rather than to compare absolute values. I contend that if the lower deconvolved
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l14c production rate history is scaled up through the computer modeling to match the
production estimates normalized to neutron flux data (by increasing 14C reservoirs in the
deconvolution model), the relative changes in Q(14C) will be only moderately affected
(see section 2.1 for detailed discussion). Therefore, absolute differences are of secondary
importance.

Several variations in the normalization procedure were considered. First, cj can be
derived from the dipole moment measurements and the model-derived 14C production
rates averaged for the last ca. 500 years, ie. AD 1450 to 1980 (the most recent datum point
in figure 2.15). However, as noted above, the post-AD 1840 model 14C production rates
are only indirectly determined. Furthermore, each multi-century average of palecintensity
determinations only approximates the global dipole moment because it is biased toward
the regional geomagnetic field characteristics of the majority of its sample sites (McElhinny
and Senanayake 1982, Aitken et al. 1989). A temporal bias in the palecintensity averages
may also exist because, whereas each multi-century Q(14C) average equally weighs each
bi-decade within its time interval, the limited dipole data for each multi-century average
may be concentrated within certain subperiods. As noted before, the terrestrial
paleointensity averages show moderate differences to paleointensity measurements in
marine sediments, an independent estimate of “global” geomagnetic variations (Tauxe and
Valet 1989). Perhaps as a result of these Iimitations, the ¢} chosen in this fashion
produces a pre-AD 1450 Q(DM) history significantly offset from the comparable trend in
Q(l40).

Some of the influence of inconstant solar modulation and the regional geomagnetic
bias may be removed by using more than one pair of multi-century Q(14C) and DM
averages to determine ¢}. I decided that utilizing all 14 dipole averages in figure 2.15 and
the contemporaneous Q(14C) averages in order to define a c} was the most effective
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method for assessing the role of geomagnetism in influencing relative multi-century-scale
changes in 14C production during the Holocene. In computing the c¢; which produced the
best possible match between the Holocene DM and Q(14C) records, I treated all 14 points
equivalently (in effect, favoring the 500-yr averages of the later Holocene with larger
sample numbers and minimizing the 1000-yr averages with sparse data).

A cj of 4.39 applied to the DM averages in figure 2.15 through equation (2.1)
yielded the best x2 fit between the 14 derivative Q(DM) values and their corresponding
Q(14C) averages (figure 2.16, squares and bar curve, respectively). The correlation
coefficient is r=.76 and the probability of no correlation (eg. Bevington 1969) is p=.002
for number of samples n=14. The standard deviations for the average dipole moments
waewnva'tedmmmdaxddeviaﬁome(DM)bycalaﬂaﬁngﬂwpropagaﬁmofm
(Bevington 1969). The error propagation associated with equation (2.1) is:

SQmM) = (-5QSpy) /DM .2)

where SoM) and Sp)y are the respective standard deviations of the dipole-related
14Cpmducﬁanmte and the measured djpolemoment.

Alternatively, cj may be simply chosen so that the 14-point Q(DM) average ( = |
(INDM| + INDMj + ... + INDM 4)/14) equals the corresponding Q(14C) average.
The results are nearly identical since alternate c] equals 4.40. However, if a value for c1
is generated by combining the 14-point average DM (‘DM,*" = (DM + DM + ...
DM} 4)/14 = 9.20) with the analogous Q(14C) average ("Q,”" = 1.46), the calculated <
(=QoVDMy) is 4.44, slightly different from the other estimates because of the nonlinearity
in equation (2.1). Although the difference in calculated proportionalities is only 1%, the
aunospheﬁcAMCrecordisasensiﬁvesealereﬂecﬁngmallchang&sianorcing (al%
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increase in Q will produce an equivalent 1%, ie. 10 %00, increase in atmospheric A}4C at
steady-state). Therefore, c| must be carefully estimated and the x2 method allows a
proper comparison of the relative long-term 14C production rate trends and their carbon

cycle implications.

The geomagnetic role in multi-century 14¢ production rates

Ideally, if geomagnetic modulation is the driving force behind the multi-century- to
millennium-scale trend in 14C production, the Q(DM) history would be identical to
Q(14C) in figure 2.16. The correlation is strong enough (see above) to suggest that dipole
influence is a strong component of the Q(14C) record; however, discrepancies exist which
appear to produce a ca. 900-yr phase difference between the two calculated production
records. A phase lag of this magnitude is expected between millennial-scale atmospheric
aAldc changes and low-frequency variations in the 14C production rate due to rate-
limiting exchanges between carbon reservoirs (Houtermans et al. 1973), but such carbon-
cyde delays cannot explain the discrepancies between alternative production rate records in
. themselves. In fact, contentions of Lal (1985) and Lal et al. (1990) indicate a mostly
fortuitous similarity between the hypothetical trends in dipole-related 14C production rate
and in the production history deconvolved from the tree-ring A14C observations assuming
constant climatic influences; Lal asserts that climate-related changes in the global carbon
cycle can explain the major features of the millennium-scale and century-scale Holocene
variations in atmospheric A14C,

I have discussed elsewhere (see sections 2.2 and 3.3) the potential roles of variations
in several carbon-cycle exchange parameters, controlled by climate, in producing the
observed longer-term fluctuations in atmospheric A14C during the Holocene. I concluded
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that the evidence did not support the degree of climate change required, as an alternative
for major 14C production variations, in order to generate the low-frequency atmospheric
A14C record; the role of other climate scenarios (Lal 1985, Lal et al. 1990) for such l4C
change is still speculative (section 2.2). Rather, climate may be a secondary player in
millennial-scale atmospheric A14C change, explaining some of the discrepancy between
the dipole-derived and “constant-climate® 14C production rates, ie. compensating for the
stronger dipole-derived production in the middle of the Holocene and the weaker dipole-
derived production in the late Holocene (see section 2.5).

If one accepts the applicability of equation (2.1) and the strong correlation in figure
2.16 as evidence that the geomagnetic field is primarily responsible for the long-term trend
in 14C production rate, the secondary differences in the two 14C production records may
originate in several ways already mentioned. Changes in the ventilation of the deep ocean
cannot be ruled out as invalidating the “constant-climate” assumption of the Q(4C) record
(section 2.5); limitations of the dipole data may create irregularities in the Q(DM) record;
and/or multi-century-scale variations in solar modulation may complicate the application of
~ equation (2.1).

The 14C production rate derived from the 10Be concentrations in a Greenland ice
core, Q(10Be), compares favorably with the Q(14C) record of figure 2.16 when averaged
for the same time periods (see section 2.4). The millennium-scale as well as the century-
scale fluctuations in 10Be appear to have the same origin as the 14C variations, Through
equation (2.1), the Q(10Be) and Q(14C) averages were converted to hypothetical dipole
moments, DM(10Be) and DM(14C) respectively, and compared with the averaged dipole
moment measurements (figure 2.26). All three records are correlated, suggesting a
common origin, but DM(19Be) and DM(14C) show the strongest affinity (section 2.4),
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which may mean that limitations in the dipole measurements contribute to their
discrepancies with the other two "dipole proxies*. These conclusions contradict the
argument, discussed below, that the history of ice-core 10Be concentrations does not
exhibit a geomagnetic influence (Lal et al. 1990).

The computation of Q(DM) assumes the same *average” solar modulation on balance
during 500-yr or 1000-yr time intervals whereas Q4o may reflect a higher or lower
than "average” solar influence in addition to the geomagnetic modulation. For example,
over the last 500 years, reduced solar modulation during the Maunder and Sporer sunspot
Minima may have increased 14C production rate more than the “average” salar modulation
for other multi-century intervals through the Holocene. This additional forcing, then,
might explain part of the enhanced Q40 average relative to Q(DM) for the last 500
years.

Itriedtoquanﬁfy the potential interference of long-term solar modulation on the 500-
yr and 1000-yr intervals in atmospheric A14C. The Q(14C) record is characterized by an
asymmetric variability with more century-scale peaks than troughs imprinted on a history
of more restricted variations (figure 2.1). If all variations are interpreted as primarily
solar-induced, then the Q(14C) record can be considered to consist of (1) periods of
reduced variability (ie. no peaks) and solar modulation that is high relative to the Holocene
“average”, interrupted by (2) times of greater variability (ie. peaks) during which solar
modulation is relatively low. Asa consequence, Q(14C) averages should exceed Q(DM)
averages during periods of reduced variability in Q(14C) if solar modulation explains the
discrepancies in figure 2.16. Indeed the percentage difference between Q(14C) and
Q(DM) shows some correlation (r = .21) with increased variability of Q(14C) but the
weak association suggests a minimal influence. Either solar modulation manifests itself in
different ways than through the “scatter” in Q(14C) or other factors account for the 14C
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production rate discrepancies.

In summary, the correlation between the theoretical dipole-related 14C production rate
and the model-deconvolved “constant-climate” 14C production rate that is required to
generate the observed atmospheric A14C record indicates a strong geomagnetic component
behind the long-term history in the global 14C system. This conctusion is supported by
10Be evidence, while carbon reservoir modeling indicates that climate-related oceanic
change is not a feasible substitute as a forcing mechanism. Climate may play a secondary
role in explaining the discrepancies between the ideal dipole-related 14C production rate
and the deconvolved 'wnétant—dimate’ rate; however, a more likely candidate for causing
the discrepancies is the amalgamation of uncertainties in the determination of average
dipole moments and their derivation into average 14C production rates,

Q(14C) and Q(DM) splines for global model rums

The Holocene 14C production rate changes are integrated, attenuated, and lagged
when recorded as atmospheric and oceanic A14C variations in shells, sediments, tree-
rings, or other carbon repositories. These three effects significantly redefine the
appearance of the 14C time series from the hypothetical input functions, The translation of
the dipole-derived 14C production rate history into associated dipole-related atmospheric
and oceanic Al4C variations allows a direct comparison with the time series which
constitute the available evidence that is observed and measured. The large standard
deviations in Q(DM) averages in figure 2.16 (minimum indicators of the uncertainties in
these averages as discussed above) should be appropriately converted into a range of
modeled atmospheric and oceanic Al4C histories. In this way, we can identify the
specific data intervals that are incongruent with the supposition that the geomagnetic field
is the primary influence on long-term 14C variatiors; the implications of this hypothesis
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can be evaluated directly against the observations.

I chose an interpolating spline to convert Q(DM) into a smooth input function,
Q(DM)s (figure 2.16, dashed line), to force Al4C variations in the forward carbon
reservoir model with constant exchange parameters. An interpolating spline, Q(140)g
(figure 2.16, solid smooth curve), was also generated for the averaged hypothetical
“constant-climate* 14C production rate record in order to produce model reservoir aldc
variations with the same resolution and reduced variability as the dipole-related model
output. The deviations in these dipole-related reservoir changes, A14C(DM)g, are
accurately measured only against a “constant-climate* baseline, Al4Cg, that had been
produced through an identical process. The reduction of high-frequency “noise” in the
forcing function can theoretically alter the long-term trends in reservoir A14C because of
delayed ocean responses; however, the close correspondence after the early Holocene
between atmospheric A4Cs and the trend in the original A14C observations (figure 2.21,
upper solid smooth curve and bar curve, respectively) is evidence that such an effect is

The first 1000-yr average for both records is at 8350 BC. A steady-state 14C
production rate of 1.67 atoms s-1 cmp~2 was assigned to three earfier *averages” at 9550,
10,550 and 11,550 BC before calculating the interpolating splines from 11,550 BC

through all averages to AD 1710. Through these splines, each model run is forced atthe

beginning with 2000 yrs of nearly constant 14C production. This production rate level
Wwas chosen to yield a steady-state atmospheric A14C of 90 %00 for both cases,

The interpolating splines were extended to AD 1990 by extrapolation from their
slopes at AD 1710. Both splines fortuitously converge near the instantaneous value for
14C production in AD 1950 of 1.55 atoms s-1 cmg-2 (figure 2.16, triangle) calculated
from the observed dipole moment (see above) and the preferred cj. However, similar
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end-points in 14C production rate histories do not insure close levels in modeled reservoir
Al4C at this time. As noted above, atmospheric and oceanic A14C are functions of recent
and past 14C production rate history.

The dipole-forced history of Al4C variations in global carbon reservoirs must start
with the same initial conditions that were assumed when deconvolving the “constant-
dlimate” 14C production rate because: (1) the absolute magritude of the decomvalved 14C
production rate variations depends on the “steady-state” production that determines the
initial 14C content in the global system, and (2) through c; the dipole-related production
history is normalized to the absolute values of the deconvolved 14C production record. In
other words, Holocene Q(14C) fluctuations have been derived from the variations in
atmospheric A14C and the memory of past conditions which have been integrated into
the global (primarily oceanic) 14C reservoirs. For example, early Holocene Q(14C) levels
must be higher, as compensation, if the pre-Holocene “steady-state* 14C production rate
produced a much lower “steady-state” atmospheric A14C than the previously assumed 90
/oo level. An infinite number of deconvolved Q(}4C) histories is possible depending on
the assumed initial conditions; any cj-related Q(DM) record reflects the initial conditions
of the specific Q(14C) record to which it has been normalized. The reconstruction and
implications of alternative initial conditions is discussed in a following subsection.

In addition to the sensitivity tests of model results to assumed initial conditions, the
impacts of other modifications to the production forcing function were investigated. First,
the steady-state Q(DM) values at 9550 and 10,550 BC were replaced with 14C production
rates derived (through equation (2.1) and the preferred c)) from the dipole moment
averages for these times in Mexrrill and McElhinny (1983). I considered these dipole
averages too uncertain (based on 2 and 5 measurements, respectively) to routinely use but
decided to test their potential influence on the model resuits, The same initial conditions at
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and prior to 11,550 BC were assumed and an interpolating spline was generated exactly as
before.

Because the errors in the dipole moment cause large uncertainties in the production
rate forcing function, I wished to translate these ambiguities into consequent uncertainties
in the modeled reservoir Al4C records. Model runs using Q(DM) plus one-sigma in one
case and minus one-sigma in another case simulate scenarios that are too improbable to
provide a realistic one-sigma spread in the results. Instead I created 20 dipole moment
records generated randomly with a normal (gaussian) distribution about each original
dipole data average (figure 2.17). The random number generator was programmed in
orderthatmdompommhada&%pmbabﬂityoflyingwiﬂﬂnmeon&sigmamgemd a
95% probability of falling within 2-sigma. Each of the 20 sets of 14 “randomized” dipole
moments was converted to 14C production rate histories through equation (2.1) and ¢;,
and interpolating splines were determined assuming the same initial conditions as the
original Q(DM).

The ability of the 20randonﬁzedQ(DM)reoordsmacan-atelyreﬂectﬂ1elmcertainﬁs
mtheoﬁginddipdeaverageswasﬁldgedbymlmﬂaﬁngﬂwmeanmdemofﬂwmeanof
the 20 14C production rate records, Q(DMR)+1s, for each bi-decade. These statistics
were compared to the standard errors in the original data averages (figure 2.16 inset). The
match is generally excellent except near 4550 BC where, by chance, the distribution of
random points has a significantly asymmetrial distribution around the original data average
(figure 2.17). The 20 randomized forcing functions produced 20 reservoir A14C histories
from which running means and errors in the means were calculated. These “model error
ranges”, then, directly reflect the one-sigma uncertainty in the original dipole
measurements.
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The geomagnetic imprint on atmospheric and oczanic Al14C

The splines for the “constant-climate* 14C production rate and the original and 20
randomized dipole-related 14C production rates served as inputs for the forward global
carbon model, each model run possessing constant and identical ocean parameterization.
The resulting atmospheric and oceanic A14C histories closely resemble one another with
some important secondary discrepancies.

The mean and error of the mean for the 20 Q(DMR) model runs yielded the “model
error ranges” which are compared to the tree-ring Al4C record in figure 2.18 (shading and
bar curve, respectively). Prior to 4500 BC and after AD 1000 the dipole-related
production is apparently too weak to produce the observed atmospheric levels; the
ostensible “phase shift* between the atmospheric curves from 3000 BC to AD 600
originates, according to this model interpretation, from a dipole-related production that is
stronger than required. The early Holocene offset in the dipole-related atmospheric Al4C
curve is somewhat understated in figure 2.18; for reasons discussed below, the difference
between dipole-related atmospheric Al4C(DM)g and the “constant climate” baseline
AlCs of identical resolution is more pronounced than the discrepancy of Al4C(DM)g
with the original bi-decadal tree-ring record (figure 2.21 and below).

Beginning about 5000 BC, the tree-ring A4C record exhibits a broad decline of ca.
110 %/oo; the dipole-induced atmospheric A4C curve shows a nearly equivalent drop of
ca. 90 %oo after ca. 4000 BC. I contend that the similarity in amplitude shown here
strongly supports more than a coincidental relationship between the approximated global
dipole moment record and long-term fluctuations in 14C,

The most recent histories (last 1000 yrs) of the two atmospheric A14C curves do not
match (figure 2.18). The great difference between the QM) and Q(14C) records for the
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last 1500 years (figure 2.16), especially the disparity at AD 1200 (ie. AD 950 - 1450),
prevents recent compatibility in the reservoir A4C curves. An alternative c; that
reconciles the recent dipole-derived and deconvolved “constant climate” 14C production
rates will also considerably enhance the mid-Holocene discrepancies between these 14
production rates and between their corresponding atmospheric A14C trends, Modification
of the pre-11,000 BP model initial conditions has a significantly reduced effect on model
reservoir histories for recent centuries (see next subsection). Because of the potential
inaccuracies (enumerated above) in determining (1) average multi-century dipole moments,
(2) related 14C production rates, and (3) a smooth production rate trend, the disparity in
the recent trends cannot carry too much weight and I have not pursued, by model
adjustment, a perfect correspondence between records of the last 1000 years. Climatic
change during this time interval, the so-called Litle Ice Age of ca. AD 1550 to 1800 (e
Grove, 1988), may be responsible for a portion of the disparity (see section 2.5).

If the geomagnetic forcing function Q(DM)s incorporates two earlier dipole
measurements at 9550 BC and 10,550 BC and assumes conventional initial conditions
(atmospheric A14C,, = 90 9/00) prior to 11,550 BC, the subsequent model atmospheric
A14C trend for the Holocene is negligibly altered from the one discussed so far. In a later
subsection, I consider the implications for Holocene 14C production rates and atmospheric
Al4C of the even mare uncertain dipole record for the Jast 30,000 calendar years.

The model 14C ventilation age trends associated with the dipole-related and “constant
climate” 14C production rate h:stones are shown in figure 2.19 (shading and bar curve
respectively). As before, the model results are normalized to the foraminifera data (Andrée
et al. 1986b) by matching recent ventilation 14C ages. The model oceanic 14C trends are
very similar to one anoﬂlerandareconsistentWMItheobservaﬁmswiﬂﬁnﬂxerelaﬁvely
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large uncertainties.

As concluded before, with some allowance for additional fallibility in the Holocene
dipole trend beyond the statistical uncertainties, the good agreement between the dipole-
derived reservoir A14C changes for the Holocene and the 14C observations suggests that
the geomagnetic field is the primary force behind millennial-scale 14C fluctuations,
Changing ocean parameters might be secondary contributors to long-term 14C variation.
Climate especially may play a role in the early Holocene during recovery from the Late
Wisconsin subage. The extent of change needed in oceanic parameters to compensate for
the discrepancies between A14C(DM)g and A14Cg in order to create a perfect match is
discussed in section 2.5.

Finally, the higher frequency A14C variations were re-introduced into the long-term
dipole-related atmospheric trend in order to regenerate a “complete” atmospheric A14C
record. The short:term features incorporated into the model-derived Al4C(DM)g trend are
composed of the deviations of the bi-decadal tree-ring A14C record from the identically-
derived Al4Cs trend (see trend tines in figure 2.21). If the long-term 14C production rate
is solely a function of the dipole moment and is accurately derived by the calculations
above, then the resulting complete curve (figure 2.20 curve B) represents a A14C history
that has been “corrected” for long-term climatic change.

In section 2.1, a spline closely approximating a 400-yr moving average was chosen
to represent the long-term non-solar history of the atmospheric A14C record. Assuming
that the “complete” dipole-related atmospheric A14C record eliminates long-term climatic
influences, an analogous spline of this latter record (figure 2.20, curve B in lower right
panel) represents a multi-century trend purely induced by the geomagnetic field. In other
words, the finer resolution of the bi-decadal tree-ring A14C record has been utilized to
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estimate hypothetical geomagnetic variations with periodicities of ca. 400 -800 yrs which
are too short to be detected by the poorer resolution dipole moment data. This spline will
beuseﬁnforcompaﬁsonwirhthe}ﬁgherr&somﬁon lOBere:cordinthenextsecl:icm.

Sensitivity of model results to assumed initial conditions

Systematic sensitivity anzlyses involving model initial conditions were presented in
section 2.1 for alternative pre-Holocene “steady state” 14C production rates and in section
2.2 for alternative pre-Holocene “steady state” oceanic conditions. Initial scenarios
involving different climatic and 14C production rate “steady state” combinations will be
discussed in section 2.5. These analyses all attach different initial conditions to model
simulaidons associated with the tree-ring Al4C record. Here I test the repercussions of
an alternative initial steady-state on the dipole-related 14C curves. Specifically, if the
pre-Holocene steady-state 14C production rate prior to the Holocene Q(DM) record
produced an atmospheric A}4C level of 50 %/00 rather than the assumed 90 /00, how
severely would the model-derived reservoir A14C curves be affected?

Lal et al. (1990) stress the sensitivity of dipole-induced atmospheric A4C to
assumed pre-Holocene “steady-state” conditions. A +10% different steady-state 14C
production level is appended to the beginning of an independent Holocene Q(DM) history.
In each case, the Holocene Q(DM) history is identical and “normalized to today’s value”
(Lal et al., figure 8). Indeed, when using this approach, 1 find a similar effect on the
atmospheric Al4C record as does Lal et al. For example, if the initial 14¢ production rate
is reduced by 4% to yield a lower “steady-state* atmospheric AL4C of 50 %00 but the rest
of Q(DM) remains the same, the consequent dipole-related atmospheric A14C curve will
drop as well. The initial 14C conditions becomes less influential as the Holocene
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transpires; the difference between the atmospheric A14C curves with initial atmospheric
Al4C,, at 90 /00 and at 50 /oo will be less than 15 %00 by the present.

However, the normalization procedure of choosing ¢ to best fit the dipole-related
Holocene Q(DM) history to the deconvolved Q(14C) record results in 2 more complex but
generally compensatory mode] response to changes in pre-Holocene initial conditions. As
explained above, the Q(DM) record must be matched (through c;) t a “constant climate”
Q(14C) with the same initial steady-state conditions proposed for Q(DM). Thus,
calculation of a Al4C(DM) history with an alternative pre-Holocene steady-state level
Tequires a six-step procedure: (1) attach the alternative steady-state A14C, to the Holocene
tree-ring Al4C record, (2) deconvolve the 14C production rate required to generate this
atmospheric Al4C record in the global carbon model with constant oceanic
parameterization, (3) average the deconvolved bi-decadal 14C production record to mirror
the temporal resolution of the dipole moment averages, (4) choose a c] that yields the best
x2 fit of the dipole-dependent QDM) record to the new Holocene Q(14C) history, (5)
generate a new smooth input function Q(DM)sg, and (6) use Q(DM)g in the global carbon
model to force new reservoir A14C trends.

Figure 2.21 and its inset depict the alternative 14C production rate histories and
atmospheric A14C curves associated with initial “steady-state” 14C production rates of
1.67 14C atoms s°1 cmp-2 (A14C, = 90 9/00) and 1.60 14C atoms 51 cmg2 (Al4c, =
50 %/00). The smooth solid lines depict the model results linked to the tree-ring Al4C
record while the dashed and dotted line are trends tied to the dipole moment data. The
deconvolved 14C production rates have been averaged for the same time intervals as the
averaged dipole measurements and all curves in the inset are interpolating splines of these
averages (analogous to the curves in figure 2.16). Through the global carbon model,
these 14C production trends subsequently forced the smooth atmospheric A14C curves
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shown in the main figure.

Holocene 14C production rates must be higher to generate the same observed tree-
ring Al4C history if the pre-Holocene initial steady-state 14C production is lower Ge. in
the inset, the solid curve that begins at 1.60 14C atoms st cmp-2 crosses over and
remains above  the solid curve that begins at the higher initial production rate of 1.67 14C
atoms 5”1 cmp~2). The corresponding atmospheric A14C curves should be equivalent
after 7750 BC and pass through the higher resolution tree-ring A14C record (bar curve in
figure 2.21). Because the deconvolved bi-decadal 14C production records are somewhat
recast by the averaging and splining process, the Q(14C)g forcing functions produce
smooth atmospheric A4C records out of phase with the original tree-ring A}4C variations
during the early Holocene. Except in the early Holocene, however, the two atmospheric
Al4Cs curves adequately trace the trend in the original data.

As discussed above, the discrepancies in the dipole-related reservoir A14C trends
are accurately measured anly against identically derived reservair A14Cg trends rather than
the original tree-ring A14C data. Thus, for the model simulations with Al4C, at 90 Yoo,
. the actual divergence in atmospheric A14C(DM)g (dashed tine in figure 2.21), with
respect to Al4Cg (upper solid line in figure 2.21), is greater than indicated by its direct
comparison to the tree-ring A14C record. For this reason, dipole-related discrepancies are
always quantified here relative to the reservoir A/4Cg base lines.

For the alternative scenario with initial steady-state atmospheric A14C of 50 %0, the
dipole-related atmospheric A4C trend (dotted line in figure 2.21) is, during the last half of
the Holocene, above  the modeled A14C(DM)g trend which has begun with a greater
initial atmospheric A14C. This inversion stems from the higher Holocene Q(DM) levels
for the lower pre-Holocene initial céndiﬁon, these levels resulting, in turn, from the 2.5%
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higher c; (=4.50) derived for the x2 it to higher Holocene Q(14C) levels (figure 2.21
inset). Thus, when the constant of proportionality in equation (2.1) is determined by the
model 14C production rate history for the entire Holocene rather than the estimated
geomagnetic, solar, and neutron flux conditions for only recent decades (eg. Lal et al.
1990), pre-Holocene “steady-state® conditions have a decidedly weaker impact on model-
derived Holocene Al4C trends.

For simple comparison with the model results based on standard assumptions, the
insets to figures 2.18 and 2.19 show the atmospheric and oceanic A14C histories
associated with the 4% lower pre-Holocene *steady-state” 14C production rate and
resulting atmospheric A14C, of 50 %/oo. The short-term A4C fluctnations are also re-
introduced into the alternative atmospheric Al4C(DM)g curve by transferring onto this
curve the differences between the bi-decadal A14C observations and the A14Cg baseline
for the 50 /o0 scenario. The derivative curve is displayed in figure 2.20 (bar graph C).
The 400-yr spline for curve C dosely resembles the analogous splines for the observations
and the other dipole-related record associated with the standard initial conditions (lower
right panel of figure 2.20).

Although I did not explicitly model the impact of other possible initial “steady states”
on the dipole-related Holocene A14C trends, clearly the effect will be secondary as in the
*50 O/oo scenario”. Beer et al. (1988) prefer a higher pre-Holocene "steady state” 14C
production level which would create an atmospheric A14C, of 140 9/oo, Using the
matching approach applied here, any resulting change in modeled Holocene Al4C
fluctuations will be minimal (discussed in detail in section 2.4). Recent studies have
produced pre-Holocene histories (rather than “steady states”) for the geomagnetic dipole
moment (Tauxe and Valet 1989) and for oceanic surface A4C (Bard et al. 1990).
Although our model results for the Holocene are not significantly recast, minor changes
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occur which have potentially important implications (see next subsection).

Because modeled Holocene reservoir A14C trends are relatively insensitive to pre-
Holocene “steady-state” 14C production rate conditions, the good agreement between the
dipole-induced Holocene histories and the available observations is favorably robust and
independent of pre-Holocene uncertainties. On the other hand, this circumstance also
prevents clear differentiation between hypothetical “initial conditions” based on Holocene
Al4C evidence. Importantly, a proper assessment of the global 14C cycle in the Late
Pleistocene (Late Wisconsin) requires additional climatic information and a fundamental
restructuring of the reservoir modeling; any preliminary conclusions drawn here would
need to be carefully reconsidered with a more appropriate approach.

Implications of pre-Holocene geomagnetic and A14C histories

The sensitivity analyses in the subsection above investigated the impact of assumed
pre-Holocene “steady state” initial conditions on modeled reservoir AHC trends during the
Holocene. The 14C production rate, reservoir exchange parameters, and consequently
atmospheric A14C are treated as constant prior to 11,500 BP (9550 BC).

The dashed lines marked “A” in the 3 panels of figure 2.22 represent the conventional
“steady-state” assumption as applied to the dipole-related trends. The “A” production rate
curve in the middle panel simply extends the dashed curve, Q(DM)g, in figure 2.16 back
35,000 calendar years; the squares are the 14C production rate values obtained from the
dipole moment averages of Merrill and McElhinny (1983) using equation (2.1) with ¢ of
4.39. The upper panel displays the corresponding dipole moment averages (squares) and
the implicitly assumed pre-Holocene “steady-state” geomagnetic field (dashed line A).
Line A in the lower pane} is Al4C(DM)g with A14C,, of 90 ©/00 prior to 9550 BC.
Different 'ﬂatAlevds’inﬂxeﬂmeepanelswmﬂdbeasociatedwithahypoﬂleﬁmlpre-
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Figure 2.22: (upper panel) Dipole moment data and trend lines (in units of 1022 A
m2). Squares are calibrated Holocene dipole averages (+ 1-sigma) of Merrill and
McElhinny (1983); triangles are early- and pre-Holocene dipole measurements of
McElhinny and Senanayake (1982) with reported 14C (and thermoluminescence) ages
assumed (preliminarily) equivalent to calendar ages; asterisks are normalized relative
paleointensity measurements on marine sediments (Tauxe and Valet 1989); dashed curve
A is the interpolating spline through the calibrated dipole averages (squares) extended
into the pre-Holocene with a dipole value that would produce, with assumed “constant
climate” conditions, an atmospheric A14C,, of 90 %/o0; solid curve B is the smoothing
spline through the lrianglo;s and is linked to the Holocene portion of curve A; short-
short-long dashed curve C is the same as B with a different assumed pre-30,000 BP
value; short-long dashed curve D is the trend line through the asterisks and is linked to
the Holocene portion of curve A; dotted curve E is the smoothing spline through the
recalibrated triangles (see text).

(middle panel) l4C production rates associated with the dipole moment data and
trends described above. Lines and symbols are same as in the upper panel. Right axis
scales production rates relative to the deconvolved “constant climate” 14C production
rate average back to 500 cal BP.

(lower panel) Atmospheric Al4C trends derived, through the Q-forced model, from
the 14C production rate histories shown in the middle panel. In addition, the bar graph
is the tree-ring A14C record and the diamonds are the atmospheric Al4C levels (+ 1-
sigma) calculated from the 14C ages of the 238U/230Th-calibrated corals (see text) of
Bard et al. (1990).
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Holocene “steady-state” A14C,, of 50 %/00. Also,"steady-state” 14C production rate
levels related to specific A14C° values would vary with different pre-Holocene exchange
parameters and/or reservoir sizes (see section 2.5).

But pre-Holocene “conditions” are not truly at “steady-state” as demonstrated by the
dipole moment histories in the upper panel of figure 2.22. A 22,000 yr record of relative
palecintensity measurements on marine sediments from the North Atlantic (Tauxe and
Valet 1989) indicates a nearly linear rise in the dipole moment between 20,000 and 10,000
BC (asterisks). The authors calibrated the ages of samples by assigning a date of 10,000
calendar yrs BP to the 8180 digression interpreted as occurring at the Younger
Dryas/Holocene transition. The conversion of sedimentary remanent intensity into a
record of absolute global dipole moments requires several assumptions and
normalizations; Tauxe and Valet (1989) emphasize the need for multiple marine and
terrestrial records to substantiate a global dipole history. Indeed the Holocene portion of
the marine record does not quite match the terrestrial dipole moment measurements
(squares in the upper panel).

A trend line was drawn through he pre-8350 BC marine sediment results (long-short
dashed line D) and linked to the interpolating spline of the terrestrial averages. The
Holocene portion of the terrestrial record of McElhinny and Senanayake (1982) is
considered here better defined as well as more complete than the marine paleointensity
record and serves as the Holocene geomagnetic trend in all cases. A “steady-state”
condition is assumed prior to and at the level of the earfiest marine data at 20,000 BC.

The terrestrial global dipole data compiled in McElhinny and Senanayake (1982, table
4) extend well into the Late Wisconsin (triangles in figure 2.22 in addition to two data, not
utilized, at 31,400 and 50,000 “thermoluminescence” yrs BP). Except for one
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thermoluminescence date, the ages of the plotted samples are in 14C yrs. To assign
calendar dates to these pre-Holocene data points, I assumed (preliminarily) an equivalence
in calendar and 14C yrs BP. The modeling described below will allow the formulation of
acaﬁbmﬁonwwewhichwmmenbeuﬁﬁzedmbeuerappmximateﬂlecalendarags of the
samples. The two most recent “uncalibrated” triangles shown in figure 2.22 represent the
same data as the two earliest “calibrated” squares; the 500 and 900 yr discrepancies
illustrate the magnitudes of the missing calibration factors at the time of the early
Holocene.

A smoothing spline was determined on the pre-Holocene terrestrial dipole data with
the two measurements at 15,400 BC from the same site weighted singly (solid curve B).
The spline was linked to the previously determined interpolating spline for the Holocene
dipole averages. I tested the impact of different assumed “steady states” before the eartiest
data at 27,000 BC by choosing two alternative geomagnetic initial conditions prior to
30,000 BC. The dipole moment either remains at the low strength indicated by the
measured pre-Holocene levels (solid curve B) or commences at the same strength as the
pre-Holocene level implied in the standard model scenarios with atmospheric A14C, of 90
/oo (short-short-long dashed curve C). The dipole data are eventually recalibrated (as
described below) and re-splined to determine a better calendar history of pre-Holocene
dipole variations (dotted curve E).

In order to convert the geomagnetic trend lines shown in the upper panel of figure
2.22into 14C production rate histories, the six-step procedure for determining Holocene
Q(DM), as outlined in the subsection above, might be applied to the extended time interval
of the past 35,000 yrs. As part of this procedure, a 14C production rate, Q(14C), is
deconvolved from an observed atmospheric (or oceanic) Al4C history for the past 35,000
years. Then new estimates of ¢} in equation (2.1) are calculated that produce the best x2



151

fit, with respect to the Q(14C) history of the past 35,000 yrs, of each cj-dependent
Q(DM) record based on each dipole moment trend in upper figure 2.22. For several
reasons, this procedure cannot currently be applied to this longer time interval.

First, conflicting evidence for the atmospheric Al4C history of the past 35,000 yrs
prevents us from deconvolving a reliable estimate of Q( 14C). Zbinden et al. (1989)
present lake sediment evidence indicating generally lower levels in atmospheric Al4C
during the several thousand Yyears prior to the Holocene. Barbetti (1980) compiled over 20
measurements on atmospheric Al4C for the past 40,000 yrs which were dated by
thermoluminescence or 230Th/238U disequilibrium techniques. The data points scatter
widely between 50 9/oo and 700 %00 with large uncertainties and no definite trend. From
14C determinations on a stalagmite independently dated using the 230Th/238y
disequilibrium method, Vogel (1983) calculates 4 atmospheric A14C levels that include
values of ca. 500 /oo at 19,000 BP, ca. -100 ©/oo at 29,500 BP and ca. 1000 O/oo at
35,000 BP.

Bard et al. (1990) use 14C and 2301h/234y dating on coral cores to derive a well
defined sequence of surface ocean A14C levels with excellent calendar resolution back to
30,000 BP. By applying a reservoir correction of 400 14C yrs to the conventional 14C
ages, Bard et al. convert these results into atmospheric A14C Ievels (diamonds with one-
sigma errors in lower figure 2.22). The very late glacial A4C levels indicated by the
corels differ by ca. 200 %00 from the lower contemporaneous lake sediment Al4C values
determined by Zbinden et al. (1989). If the reservoir correction were zero rather than 400
yrS, the coral-derived atmospheric A14C levels would only be reduced by 50%o00. Thusa
consistent pre-Holocene atmospheric A14C story is wanting.

A second essential for the proper deconvolution of a pre-Holocene Q(14C) history is

the appropriate simulation of pre-Holocene carbon reservoir sizes and exchange
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parameters. Glacial conditions for these variables are debatable; potential changes in
oceanic parameters are considered in section 2.5. Even with suitable adjustments in F and
Kz, however, the global box-diffusion model presented here cannot adequately simulate
the pre-Holocene-to-present carbon cycle because the model lacks features (eg. high-
latitude oceanic reservoirs and processes) critical to the glacial/Holocene carbon cycle
transition. Such modifications were not pursued in the present work.

Finally, a third complication in the conversion of DM data into Q(DM) records is the
failure of the simple inverse square-root relationship of equation (2.1) for global dipole
moments less than ca. 70% of the current value (Wada and Inoue 1966). Thus, as dipole
trends fall farther below ca. 5.5 A m2, the corresponding 14C production rates will be
increasinglylmsthanpredictedbyequaﬁon (2.1), achieving a maximum level (at DM = 0)
of double the current rate.

Despite these serious limitations, it is still possible to estimate the potential influence
of alternative pre-Holocene dipole histories on model-derived atmospheric A14C curves
for the Holocene. The standard approach assumed a “steady-state” pre-Holocene 14C
production rate that generated a steady atmospheric A14C,, of 90 9/00 under standard
assumptions for exchange rates (curve A in middle and lower panel of figure 2.22). The
subsequently deconvolved Holocene Q(14C) record and the dipole-derived Q(DM) record
were found to best match if the proportionality constant c; in equation (2.1) was 4.39. As
a preliminary step, the alternative pre-Holocene Q(DM) histories described above were
converted to Q(DM) curves (B, C, and D in middle panel of figure 2.22) using equation
(2.1) with the same value for c1- After 8350 BC, all curves are identical. Figure 1 of
Wada and Inoue (1966) was utilized, after normalization to C}, to estimate Q(DM) levels
for the time intervals with lower dipole moments when equation (2.1) becomes imprecise.

The atmospheric A14C histories produced by the forward global carbon model from
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these three Q(DM) scenarios are all higher during the Holocene than the observed tree-ring
Al4C record (lower panel of figure 2.22). The curves B and C associated with the
terrestrial dipole measurements are both 3% too high, on average, during the Holocene
while curve D from the marine dipole record is 10% above the tree-ring Al4C data on
average. The minimal difference between curves B and C after 20,000 BC illustrates the
reduced impact on the global 14C cycle of alternative “steady-state” 14C production rates
beyond two 14C half Tives or about 10,000 yrs. 1do not further discuss curve C.

The 14C activities associated with A14C curves B and D were reduced by 3% and
10% respectively in order to match the averages of these atmospheric A14C trends during
the Holocene with the average tree-ring Al4C. The adjusted B and D trends are again
depicted as a solid curve and short-long dashed curve, respectively, in the upper inset of
figure 2.23. These proportional reductions in atmospheric 14C have a similar effect as
applying a lower “effective ¢} to each dipole record. For each atmospheric history, both
the average and the range  in 14C activities are diminished proportionally. Because 14C
production is less sensitive to the geomagnetic field changes at the lower dipole moments,
the proportional decreases are not strictly valid for atmospheric A14C levels that exceed
ca. 200 ©/oo; but the adjustments are satisfactory for a preliminary analysis.

The revised “effective c;* matches the average of the Holocene portion of the dipole-
related atmospheric A14C record with the tree-ring A14C observations. As shown in the
lower inset of figure 2.23, the trend in adjusted curve B (solid line) also fits the observed
tree-ring data (bar graph). Furthermore, only moderate differences exist between
Al4C(DM) derived from the Holocene dipole averages with an assumed pre-Holocene
"steady-state” A14C,, of 90 /oo (dashed curve in lower inset) and Al4C(DM) derived
from the “non-steady-state” terrestrial dipole record extended back 35,000 yrs (solid line
in inset). This agreement supparts the broad durability and independence of the Holocene
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A4C(DM) analysis presented above regardless of assumed pre-Holocene conditions.

These preliminary results have several important implications. The elevated pre-
Holocene dipole-induced 14C production rates of scenario B generate an atmospheric
Al4C history that even better fits the early Holocene observations than the standard
Al4C(DM) derived above (lower inset of figure 2.23). In this way, our earlier conclusion
that the Iong-term trend in atmospheric A14C appears to be primarily produced by changes
in the global dipole moment is reinforced by this excellent fit of the extended Al 4C(DM)
with the Holocene observations. This early Holocene match also implies that climate plays
ammcrmlemproducinganyofthelong-termchangesinmeglobal 14¢ system even near
the glacial/Holocene transition.

Secondly, the coral measurements of elevated pre-Holocene Al4C levels are
compatible with the dipole-induced long-term A14C scenarios while the lake sediment
al4c history is discordant with this evidence. This independent support for the coral
evidence dictates a re-evaluation of the assumptions behind the lake sediment A14C history
(see section 1.3). Again another implication is that climate is a secondary factor in global
14C change during the late Wisconsin.

Evidence is still ambiguous for deciding between the terrestrizl and the marine
measurements as alternative representatives of the pre-Holocene global dipole moment.
The atmospheric AI4C scenario associated with the pre-Holocene marine paleointensity
data of Tauxe and Valet (1989) better matches the coral measurements of Bard et al.
(1990) as shown in the upper inset of figure 2.23. But the Holocene portion of this
atmospheric A14C trend is much steeper than the tree-ring A14C record; the early and late
Holocene Al 4C(DM) trend is ca. 50 9/o0 too high and too low, respectively. The
extended atmospheric A14C curve based on the dipole measurements of McElhinny and
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Senanayake (1982) more closely resembles the tree-ring A14C record but deviates from
the pre-Holocene coral data.

This dilemma may be partially resolved by the proper determination of the
proportionality constant ¢} that quantifies the geomagnetic field’s influence on the global
14C production rate. Because our preliminary analysis supports the veracity of the coral
Al4c measurements, a simple atmospheric Al4C curve based on this data might be
utilized to deconvolve a pre-Holocene Q(14C) record which would subsequently permita
direct calculation of cj. Also required is a global 14C model designed to realistically
simulate both glacial and Holocene oceanifterrestrial conditions. On the ofher hand, a5
noted above, climate would appear to be a limited factor in prescribing 14C changes at
least during the past 20,000 yrs. '

The two preliminary dipole-derived atmospheric A14C curves B and D (figure 2.23,
upper inset) were converted into calendar histories of radiocarbon ages (main figure 2.23).
The reservoir-corrected 14C ages of the coral samples are also plotted. Both calibration
curves show substantial deviation from a 14C/calendar age equivalence (dashed line in
main figure). As before, the trend associated with the marine paleointensity record has a
moderately better agreement with the coral data of Bard et al. (1990) than the trend derived
from the terrestrial data of McElhinny and Senanayake (1982). The former calibration
curve has been artificially extended prior to 22,000 BP by assuming an arbitrary “steady
state” dipole moment and constant atmospheric A14C level as discussed above., Thus this
early portion of calibration curve D is a modeling choice not directly based on
observations.

The 14C ages of the dipole moment data of McElhinny and Senanayake (1982) were
calibrated to calendar ages according to the ﬁxst—generaﬁon calibration curve B derived
from this “uncalibrated” terrestrial record. This calibration shifted the calendar ages of the
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older dipole samples by ca. 2500 yrs. A new smoothing spline was calculated for the
newly calibrated pre-Holocene data and linked to the interpolating spline through the
previously calibrated Holocene dipole averages (dotted curve E in figure 2.22, upper
panel). Each step of the procedure described above was repeated to generate 2 calibrated
Q(DM) history (figure 2.22, middle panel), an atmospheric Al14C history (figure 2.22,
lower panel), an adjusted atmospheric A4C curve (figure 2.23, upper and lower insets),
and a revised calibration curve (dotted line in main figure 2.23) associated with the “re-
calibrated” dipole moment data of McElhinny and Senanayake ( 1982). Only minor
differences exist between the first- and second-generation calibration curves B and E.

As a preliminary calibration aid, the correlated radiocarbon and calendar ages, as
derived from the calibration curves in figure 2.23, are listed in Table 2.1. The first
collmnofcalendarag&sisbasedoniherevisedcalibmﬁoncmeﬁ. For radiocarbon ages
younger than 12,000 BP, we prefer the calibration derived from the adjusted high-
resolution 14C history defined by lake sediments and tree rings (section 1.3). These
recommended calendar ages are listed in Table 1.1.

2.4 Evidence from Greenland l"’Be concentrations for a production

rate origin for reservoir A14C variations

The production of 10Be and 14¢

Entering the upper atmosphere, comﬁctays(pn‘maﬁlygalacﬁcpmﬁd&ssuchaslﬁgh—
energy protons) collide with and fragment molecules like oxygen and nitrogen into 10Be
and other nuclear fragments in “spallation events”. Therefore the 10Be production rate
shou]drespondmgemnagneﬁcandsdm'modlﬂaﬁomofoosnﬁcmdiaﬁonmasinﬂar
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TABLE 2.1
CALENDAR YR - RADIOCARBON YR AGE CALIBRATION DERIVED FROM:
(1) THE MCELHINNY/SENANAYAKE PRE-HOLOCENE DIPOLE SCENARIO
(2) THE TAUXE/VALET PRE-HOLOCENE DIPOLE SCENARIO

14C AGE CAL AGE 1 CAL AGE2 AVERAGE CAL AGE
28000 30500

27000 29500
26000 28500

25000 27500

24000 26600

23000 25600

22000 24600

21000 23600

20000 22500

19000 21500 22500 22000*
18000 20400 21500 21000%
17000 19300 20400 19800+
16000 18200 19300 18700* -
15000 17100 18100 17600+
14000 16000 16900 16500
13000 14900 15800 15400%
12000 13700 14600 14200+

*Recommended calibration
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fashion as 14C production. If variations in atmospheric A14C do indeed result solely
from production rate changes without the influence of variable climate, then a close
correlation between the histories of 10Be production and 14C production s expected.

However, an important difference exists in the genesis of these cosmogenic isotopes
(Lal and Peters, 1967). The production of 10Be is directly related to the cosmic influx
through spallation events while 14C nuclei primarily originate indirecdly from the galactic
flux through the capture by atmospheric nitrogen of thermal (slow) neutrons in the nuclear
reaction 14N(n,p)l4cC, These neutrons are energetic spallation products which have
subsequently lost energy. The leakage of neutrons from the upper atmosphere before
thermalization and capture by 14N reduces the absolute 14C production rate. Because of
these distinct origins, geomagnetic and solar variations produce different relative changes
in 10Be and 14Cproducﬁonrats.

Lal (1988) has tabulated expected changes in nuclear disintegrations (proportional to
10Be production rates) and 14C production rates for variations in the global dipole
moment and in solar activity. For a variation in the dipole moment, DM, from half to
double its present level, 10Be production varies ca. + 66% from its average rate while 14C
production varies ca. + 70% from its average rate. Since Holocene variations in DM are
less than half this extreme, the long-term production trends in 10Be and 14C should be
mare than 93% (66/70) alike despite differences in formation processes.

Using Lal's (1988) proposed average level and Maunder-Minimum level of solar
activity, the expected relative increases in 10Be and 14C production are 20% and 30%,
respectively. Thus, according to this analysis, century-scale peaks in 10Be are expected to
be only 66% (20/30) as extreme as the corresponding 14C peaks. This result is very
sensitive to the debatable choice for the typical century-scale range in solar activity.
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Evidence for comparable relative amplitudes has also been cited (eg- Beer et al. 1988).
Thus the exact disparity is uncertain but must at least be considered qualitatively when
comparing relative 10Be and 14C production rates.

Cosmogenic 10Be quickly attaches to aerosols and is removed from the atmosphere
in precipitation (atmospheric residence time = 1-2 yrs). When the precipitate is snow, a
history of changes in the low concentrations of 10Be can be preserved in ice layers and
measured by accelerator mass spectrometry. A 10Be concentration record from the 1376.
meter Camp Century, Greenland ice core spans the pre-AD 1800 Holocene and a portion
of the late Pleistocene (Beer et al. 1988). The ice-flow model for dating the ice layers was
tuned to produce dates of AD 1700 for the Maunder Minimum 10Be excursion and 9050
BC for the 5180 change at the end of the Younger Dryas. The post-AD 1180 10Be
concentration measurements from the Milcent, Greenland ice core were incorporated into
the final 10Be record.

In order to treat this 10Be concentration record as a direct proxy for a 14C production
rate history, several associations must be valid: (1) the relative changes in ice-core 10Be
concentrations reflect global-scale atmospheric 10Be variations rather than regional
climatic events; (2) the atmospheric 10Be variations accurately reflect 10Be production rate
variations; and (3) 10Be production rate changes are equivalent to 14C production rate
changes. With respect to the third assumption, already noted is the possibility that typical
century-scale changes in 10Be production rate are significantly less than corresponding
14C production rate changes.

The veracity of the first assumption is also unsettled. Because post-7000 BC
fluctuations in 10Be and 5180 (a climate indicator) in the Greenland cores do not
correlate, Beer et al. (1988) contend that climate-induced changes in ice accumulation rates
are not responsible for the recorded variations in 10Be concentration. Lal (1987), in
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contrast, argues that 10Be concentration variations on all time scales may primarily
originate through climatic changes in precipitation rates, tropopause height, and the
latitudinal position of principal stratosphere-troposphere exchange. A significant
correlation between Q(14C) and [10Be] would strongly support 2 production-rate rather
than climatic origin for 10Be variations because climate influences each elemental cycle
distinctly. While precipitation controls the permanent removal of atmospheric 10Be, wind
speedsandtemperaumareimportantinsetﬁngﬂleCOzgas exchange rate that dominates
the removal (and return) of atmospheric 14C. The pre-7000 BC Greenland ice record is
not considered below because 10Be and 5180 variations do correlate and the role of
climate is potentially much greater in creating ice-layer [10Be] fluctnations.

In regard to the second assumption, do atmospheric 10Be variations translate into
production rate changes without frequency-dependent modification? As discussed in
section 2.1, atmospheric A14C variations are attenuated with respect to causal 14C
production rate changes through the reservoir exchanges that govern the atmospheric 14C
burden of ca. 100 yrs of production and its residence time of 7 yrs (eg. Houtermans
1966). In contrast, the shorter atmospheric residence time of 10Be and the permanence of
its removal process provide less chance for attenuation. For example, Beer et al. (1985)
estimate that an 11-yr cycle in 10Be production is attenvated only ca. 20%. Thus the
attenuation factor H(19Be) is 0.8 whereas H(14C) for a comparable sinusoidal 11-yr cycle
i5 .008 (see section 2.1). Longer-term periodic fluctuations in 10Be (and 14C) production
are even less atteruated in the atmospheric signal.

I applied the simple 2-box model of Houtermans (1966) to the global 10Be cycle by
stipulating: (1) an atmospheric residence time Ty of 1, 2, or 3 yrs, (2) a decay half-life of
1.5x 106 yr, and (3) no return flux of 10Be removed from the atmosphere. For T} = 1
yr, H(10Be) was calculated to be ca. 0.85 and 1.00 for periodic 10Be production rate
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variations of 10 yrs and 100 yrs, respectively. For production variations of the same
periods, H(loBe) Wwas, respectively, 0.62 and 0.99 for T} =2 yrs, and 0.47 and 0.98 for
Ty =3 yrs. Thus, for century-scale and millennial-scale variations, an insignificant
attenuation of the 10Be production rate signal occurs in the derivative atmospheric 10Be
record.

To summarize the above discussion of assumptions, the Holocene-scale trends in
14C and 10Be production rates should be theoretically equivalent within a few percent
while century-scale 10Be production variations are expected to be weaker than
contemporaneous 14C production variations by as much as 33%. Except for rapid
decade-scale variations, atmospheric 10Be fluctuations reflect production rate changes
vith little attenuation. Lastly, a strong correlation between Q(14C) and Q(10Be) would
eliinate climate as a major factor in the ice-core 10Be concentration history. Here
Qi19Be) represents the 14C production history derived from the 10Be concentration
record.

Figures 2.24 and 2.25 compare the relative variations in the model-deconvolved 14
production rate with the relative variations in observed 10Be concentrations presented in
figure 2 of Beer et al. (1988). Variations are scaled relative to the Ppost-7000 BC average
in Q(14C) of 1.48 14C atoms 5! emp2 and the post-7000 BC average in [10Be] of 1.20
x 104 atoms g-1, respectively. The pre-7000 BC [10Be] has been set at the same relative
level as the standard pre-7750 BC “steady-state” Q(14C) of 1.67 14C atoms s-1 emp2. |
have ignored, for the moment, the potential inaccuracies of the three assumptions
investigated above and equate the relative [10Be] variations with 14C production rate
changes.

The long-term 14C and 10Be trends and century-scale features show a close
carrespondence both in timing and magnitude. When the 10Be curve is subdivided into
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the same bi-decadal intervals as the 14C record, the correlation coefficient is .47 for the
entire post-7000 BC comparison and .67 for the post-1000 BC portions (figure 2.25).
Averaging both curves in 200-yr intervals leads to correlation coefficients of .70 and .86,
respectively, for the post-7000 BC and post-1000 BC time periods.

Both records have flat long-term trends between 3500 BC and AD 500. Earlier
Tesearchers contrasted the flat 19Be record with the long-term “sinusoidal” trend in tree-
1ing Al4C; the decreasing A14C trend of the last half of the Holocene appeared to require a
different origin than contemporary geomagnetic influence because of the stability of the
10Be trend. It is apparent from figure 2.24 (in which 14C production rate itself is
compared to the 10Be data) that, on the contrary, the long-term 10Be and 14C trends do
not need separate explanations because the two derived production rate curves match
closely, especially after 3500 BC. This affinity suggests a common (geomagnetic) origin
for the Holocene-scale trends in these two cosmogenic isotopes; discrepancies between
these curves and the dipole moment record more likely stem from inaccuracies in the
geomagnetic data than from a climatic cause (see below). Clearly, a direct comparison of
productics rate histories is an instructive approach.

A discrepancy between the two long-term curves occurs in the 4500-3500 BC time
period; the deconvolved 14C production rate, Q(14C), declines more gradually than the
14¢ production rate, Q(! OBe), indicated by the [10Be] data. However, the coarser
resolution of the pre-3500 BC [10Be] record may prevent detection of some of the finer
features visible in the 14C record and may artificially produce the apparent offset in rates at
4500-3500 BC. This apparent disparity in production rates creates a longer-lasting
distinction between the A14C history derived from Q(10Be) and the observed 14¢C record
(see below). Again the direct comparison of production rates is critical to evaluating the
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agreement between corresponding reservoir A14C histories.

The relative amplitudes of the century-scale 19Be variations range from 25% less to
15% greater than their 1C counterparts, with many pairs of comparable peaks (figures
2.24,2.25). If indeed century-scale 10Be production rate changes should be weaker than
associated fluctuations in 14C production rate, then apparently these [10Be] variations
have frequently been enhanced perhaps through climatic factors as described above.
However, this behavior is not consistent: the augmentation is greatest during the last 1000
years. Extrapolating a strong climatic signal to all century-scale 10Be variations from the
behavior of only the Maunder Minimum (Lal et al. 1990) appears to be premature.

The Q(14C) and Q(19Be) histories were averaged over the same calendar intervals as
‘ the global dipole moment data (Merrill and McElhinny 1983) and were then converted,
using equation (2.1), into corresponding dipole moment averages DM(14C) and
DM(10Be) (figure 2.26). As detailed above, a constant of proportionality ¢y = 4.39 yields
the best match between the fourteen Holocene Q(14C) and Q(DM) averages; this c] was
employed to calculate the dipole moment values necessary to entirely explain the 14
averages of the deconvolved 14C production rate. A value for c} of 4.35 was similarly
. derived to best fit the Q(10Be) averages to their QDM) counterparts. Because the
Q(19Be) record spans less time than Q(14C), only 11 averages could be calculated and
converted into the corresponding dipole moments required to geomagnetically explain the
[10Be] observations.

The DM(14C) averages correlate more strongly with the measured dipole moments
than do the DM(10Be) averages (r = .76 and .37, respectively). In fact, the DM(10Be)
record has a much greater affinity to the DM(14C) record (r=.71) than to the dipole data.
Both isotopic records exhibit a “phase shift” with the mid-Holocene rise in the dipole
record. As argued above, because climate should influence each isotopic cycle distinctly,
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the similarities in the isotopic Holocene-scale trends suggest a limited role for climatic
change in creating these histories. Indeed these isotopic records may be better proxies for
Holocene-scale geomagnetic variations than the uncertain dipole data (see section 2. 3); the
high resolution, continucus 14C record may be the best choice. As a second explanation,
perhaps a solar component is responsible for the apparent mutual deviations in the isotope-
derived dipole averages from the measurements.

Finally, the higher frequencies were reintroduced to the Q(DM) record to reconstruct
a “complete” 14C production rate history to be compared with the independent Q(10Be)
record (figure 2.27). Bi-decadal dipole-related 14C production rate records with initial
“steady-state” atmospheric A14C,, levels of 90 %/00 and 50 %00 were deconvolved from
the global carbon model; the atmospheric A14C records used to force the deconvolution
model are the bi-decadal reconstructions of A14C(DM) shown in figure 2.20.

Ideally, the 14C production rates derived from such dipole-related Al4C
reconstructions represent the “true” history of production unencumbered by any “false”
climatic signal included in the observed Al4C record. Assuming the veracity of the
measured dipole averages, then the dipole-related curves have been “corrected” for the
 climate factors (eg. changes in air-sea CO3 gas exchange or oceanic ventilation rate) that
are superimposed on the geomagnetic component in the tree-ring A14C observations.

However, the original Q(14C) curve (figure 2.27, upper left panel) correlates better
with the independently measured production rate proxy, [10Be] (lower right panel), than
either “ocean-corrected” production record (remaining panels). The correlation
coefficients for the fit of the post-7000 BC and post-1000 BC Q(10Be) record with
analogous temporal portions of Q(14C) are .47 and .67 respectively, and with analogous
temporal portions of Q(DM) having A14C,, = 90 %00 are .33 and .56 respectively, with
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analogous temporal portions of Q(MM) having A14Co = 50 %/o0 are .35 and .56
respectively. As discussed above, climate is likely to influence ice-core [10Be] differently
than tree-ring A14C; thus, the poor fit of the “corrected* records to Q(10Be) suggests that
the dipole moment measurements themselves may not be precise indicators of past

geomagnetic activity.

Q(I oBe)-derived atmospheric and oceanic Al4C

The Q(10Be) history produced a series of Holocene Al4C variations in the
atmospheric and oceanic reservoirs of the forward global carbon model. These model
records were compared to the tree-ring and foraminifera observations discussed above.
Beer et al. (1988) have performed the same model simulation with an input production
function normalized differently (see below). As a result, our interpretations do not
completely agree.

The atmospheric and oceanic A14C histories derived from the ice-core 10Be record
are closely similar to the measured 14C trends (figure 2.28 and inset). The atmospheric
Al4c(10Be) trend drops more rapidly, followed by a more gradual decline, in the mid-
Holocene than the tree-ring Al4C data. However, the different slopes are attributable to
the production rate discrepancies during 4500 - 3500 BC, as discussed above. The
disparity may originate artificially from the limited resolution of the jce-core {10Be] record
during this time interval. Reservoir A14C integrates the past history of 14C production
rate changes, thus prolonging the influence of short-term disparities in production rate
levels. For this reason, I am less concerned with the digression of A14C(1°Be) from
observations during the mid-Holocene; I think the direct comparison of production rate
histories better tests the agreementinisompicsignalsﬂmntheindirectcompaﬁsonofﬂle
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integrated reservoir changes associated with them.

Beer et al. (1988) demonstrate that the slope in the mid-Holocene tree-ring A14C can
be accurately reproduced by a 10Be-forced global carbon model if (1) the post-7000 BC
Q(19Be) record is normalized to produce an average A14C(10Be) from AD 1 - 1000 that is
equivalent to the average observations, and (2) the pre-Holocene Q( 1 OBe) is set at 20%
higher than the average post-7000 BC production level. This latter stipulation leads to a
pre-7000 BC “steady-state” atmospheric A14C of 140 %c0. I replicate their atmospheric
Al4C curve by setting average post-7000 BC Q(10Be) at 1.45 14C atoms s-1 cmg2 (ie.
2% lower than in my preferred simulation above) and using a 20% higher pre-7000 BC
“steady-state” production rate. Under these conditions, the model A}4C curve mimics the
mid-Holocene decline in atmospheric A14C but substantially exceeds the early Holocene
observations between 7750 and 4000 BC and the late Holocene observations after AD
1000.

As explained above, the fit of the mid-Holocene atmospheric Al4C dedline s
assigned secondary importance in my analysis. As well, in our modeling approach, the
observed mid-Holocene A14C decline cannot be simulated regardless of the selected initial
“steady-state” production rate. The reason relates, in comparison to the method of Beer et
al. (1988), to the one less degree of freedom available in the choice of an average
Holocene 14C production rate and the initial “steady-state” 14C production level. These
two quantities are interrelated because the Holocene portion of the deconvolved 14C
production rate reflects the assumed initial conditions. When the post-7000 BC [10Be}
record is normalized to the independent post-7000 BC Q(14C) record, a specific initial
“steady state” is subsumed. Changingﬂleiniﬁalcondiﬁonsreqmr&schangingthepost-
7000 BC normalization as well. The renormalization counters much of the effect of
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alternative initial conditions (see next subsection for example). Since absolute Holocene
14C production records are not available and proxy records like [10Be] must be
normalized in some fashion, the modeling approach with the fewest degrees of freedom is
likely more reliable.

Figure 2.29 compares the smoothed trends of the atmospheric A14C histories derived
from the geomagnetic data (see section 2.3), the [10Be] record, and the Al4C
observations. Splines of the latter two atmospheric curves were designed to approximate
400-yr moving averages; the dipole-related A4C record was generated, through the global
carbon model, by a 14C production rate spline with coarser resolution (shown in figure
2.21). When the two independent simulated atmospheric A14C trends are averaged, the
resultant trend line strongly correlates (r = .99 ) with the splined observations (figure 2.29
inset). Since the [10Be] record ends in AD 1800, the 10Be trend cannot be compared with
the AD 1800 - 1950 segments of the two other trends,

The different resolutions and derivations of the smoothed A14C curves have a
negligible effect on the strong correlation. For example, a “400-yr” spline of the model
forcing function, Q(10Be), will produce an atmospheric A14C(10Be) record virtally
identical to the “400-yr” spline as caicuiaied directly on the original model output, ie. the
10Be-derived atmospheric Al4C in figure 2.28. Secondly, if splines with the same
coarser resolution of the dipole-related 14C production rate are derived for the other two
forcing functions, the model-generated atmospheric Al14C trends show a comparable
correlation.

The oceanic A14C(10Be) trend can barely be distinguished from the oceanic A14C
trend associated with a “production rate origin” to the observed atmospheric (tree-ring)
A4C record (figure 2.28 inset). The wide scatter in the foraminifera ventilation indices
prevents any detailed analysis of oceanic discrepancies. The published foram ventilation
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indices (Andrée et al. 1986b) have been shifted in the figure by -310 yrs to normalize the
recent value of the foram ventilation index to the recent model ventilation index (see

chapter 1).

Sensitivity of model results to assumed initial conditions

To test the sensitivity of the Holocene Al4C(10Be) simulations to assumed pre-
Holocene initial “steady-state” conditions, the modeling procedure described above was
Tepeated with a pre-Holocene “steady-state* atmospheric A14C,, of 50 %00, As indicated
above, the model results are insensitive to any choice of lower or higher initial
atmospheric A14C levels.

A 14C production history is derived from a data set (such as the dipole measurements
or the 10Be concentrations) which contains relative variations to be normalized to the
absolute 14C production rate deconvolved from the tree-ring A14C observations. As
itemized in section 2.3, severalstepsarereqlm'edtosimulateanewchoiceininiﬁal
conditions. As a first step, the newly assumed pre-Holocene steady-state conditions are
attached to the Holocene tree-ring A14C record and a new “constant climate” 14¢
production rate history is deconvolved. Secondly, the relative variations in the
independept data set are fit (on average) to the deconvolved Q(14C) record over their
mutual time interval. Finally, the normalized production rate function derived from the
independent data set with the jointly assumed initial conditions can serve as model input
to generate reservoir A14C trends. In this way, the effect on model-derived reservoir
AI4C histories may be minimized by the renormalization of the Holocene 14C production
forcing function that partially compensates for the new initial pre-Holocene conditions.
The normalization insures that average Q(14C) and Q(10Be) match but the strength of the
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correlation between the records is essentially not a function of this fitting procedure.

As shown above, the post-7000 BC Q(10Be) record closely matches the deconvolved
Q(4C) history. If the pre-9050 BC (11,000 BP) 14C production rate is set 4% lower (to
produce an atmospheric A14C, of 50 %/00), the average post-7000 BC deconvolved l4c
production rate increases by 1.5% to 1.50 14C atoms s-1 cmg-2. With an analogous pre-
7000 BC production rate history and a post-Holocene average increased 1.5%, the
renormalized Q(10Be) record produces a post-7000 BC atmospheric Al4C trend nearly
identical to the curve in figure 2.28 derived far A14C, of 90 %o,

A similar test of alternative initial conditions was performed for the dipole-derived
l4¢ production rate record Q(DM) in section 2.3. In this case, however, the modeled
Holocene reservoir A14C trends changed moderately in the early Holocene (figure 2.21).
In contrast to Q(DM), the Q(loBe) record closely matches Q(14C), even in the early
Holocene, and alteméﬁve initial conditions have much less impact on the early Holocene
reservoir trends.

The normalization appmachemployedheremaninsensi&vityofHolocenemodel
output to pre-Holocene conditions. Beer et al. (1988), in contrast, find an acute sensitivity
 of the atmospheric A4C trend to assumed initial conditions. The reason relates to the
independence of two parameters in Beer et. al’s approach. The average post-7000 BC
Q(19Be) level is adjusted to produce an atmospheric A14C in agreement with observations
dm'inganarbiu'aryﬁmeperiod(AD 1 - 1000 ) and then independently the initial pre-
Holocene production rate is selected to accurately reproduce the observed mid-Holocene
decline in atmospheric Al4C.

Although the fit between observed and modeled atmospheric A14C trends looks
impressive in Beer et al. (1988), the corresponding Q(10Be) trend will not match the
Q(14C) history that would be deconvolved from the atmospheric A14C record under the
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same initial conditions. Our one less degree of freedom assures that the two l4¢
production rate records will match even though the consequent reservoir A14C curves may
show secondary differences. Because [10Be] and dipole data are strictly proxies for 14C
production rate changes, we emphasize the comparison of production trends rather than
reservoir trends in this analysis. As noted above, reservoir trends will integrate and
prolong some of the short-term discrepancies in production rates, obscuring the source of
disagreement.

Only when data for the absolute  14C production rates of past millennia are available
can this data truly be treated as independent of the A14C record.

2.5 Implications of a multiple origin for reservoir A14C variations

In the preceding two sections, strong evidence has implicated 14C production rate
variations in the origin of the millennium-scale Holocene trends in atmospheric A14C. At
the same time, discrepancies were noted between the observed aimospheric A14C history
and the two atmospheric A14C curves derived from the geomagnetic data and the ice-core
[10Be} history. One inexpedient disparity is the apparent mid-Holocene “phase shift” of
several hundred years between atmospheric A14C(DM) and tree-ring observations (figure
2.18), although the “phase shift” is opposite in sign between atmospheric Al4c(10Be)
and the observations (figure 2.28).

In a series of model simulations, climate was assumed to represent the residual
component necessary to explain the secondary discrepancies between the observed long-
term atmospheric A14C history and the A14C trend generated by either the dipole- or
10Be_derived 14C production rate function. The deconvolved climate component (in the
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guise of long-term variations in Kz, F, or a combination of both) is compared to the
evidence of foram ventilation indices, ice-core microparticle concentrations, and grain-size
distributions in marine sediments, ail previously described. The purpose is to determine
whether the deconvolved climate scenarios are reasonable explanations for the
discrepancies or whether uncertainties in the geomagnetic or 10Be data are more likely
responsible for the mismatches.

As in previous sections, the influence of initial conditions on model results is
considered. In addition, an analysis is presented of harmonious combinations of 14C
production rate levels and climate conditions for specific pre-Holocene levels of “steady-
state” atmospheric A14C.

Climate change as an explanation for ambiguities in prcduction rate-

forced reservoir A14C histories

Climate histories were derived, from the Kz-, F-, and F,K-deconvolution models,
that compensate for incongruities between the observed long-term atmospheric A14C trend
and a prescribed 14C production rate history. In section 2.2, these models were similarly
utilized to deconvolve climate-related parameter variations in accord with a cogstant l4¢
production rate during the Holocene. The following analysis is identical except that model
mput consists of the variable 14C production rate determined from the geomagnetic or
10Be data.

The long-term trend in atmospheric A14C is represented in all simulations by the
smoothed curve described in section 2.2 (shown as the dark solid curve in the upper right
panels of figure 2.30 and 2.31). As explained previously, the 14C production rate history
Q(I4C) that perfectly explains, without climate variation, the tree-ring A14C observations
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was averaged over identical intervals as the geomagnetic data; an interpolating spline
converted these averages into a smooth record Q(14C)g to compare with the hypothetical
dipole-derived 14C production history Q(DM) of analogous resolution; the averaging and
splining process leads to a moderate phase shift between the early Holocene portion of the
tree-ring AMC record and the smoothed atmospheric Al4C history regenerated from the
Q(14C)s curve. However, this smoothed atmospheric A14C curve is more appropriately
compared to the dipole-related atmospheric Al4C history of similar derivation than the
original tree-ring data, and this curve is also appropriately selected as the model input to
couple with 14C production functians of equivalent resofution in order o derive the proper
residual co-variations in climate.

The ice-core [10Be] data (Beer et al. 1988) were similarly averaged for the same time
mtervals as the geomagnetic data, andaninterpolaﬁngsplhewasformmatedthroughﬂm
averages (figure 2.30, dark solid line m upper left panel). As in previous simulations with
production rate histories, the initial “steady-state” atmospheric A14C of 90 %/00 is
assumed for the “standard” simulation and is associated with elevated “steadv-state”
production rates of ca. 1.67 14C atoms s'! cmp-2. The dipole-related 14C production
rate history associated with “standard” initial conditions is displayed as the solid line in
figure 2.31 (upper left panel) whereas the dot-dashed Iine portrays an alternative Q(DM)
compatible with atmospheric A14C,, of 50 %00 (see section 2.3). A full discussion of
alternative initial conditions is presented below.

The deconvolved eddy diffusivity trends compatible with the prescribed atmospheric
and production rate records deviate by extremes of ca. +25% from the “base-line” value
(lower panels in figures 2.30 and 2.31). The dipole-related model K,(DM) is weaker in
meearnerHoloeenewhenareduwdﬂuxof14cmmmedeepmnmustwmpensatefor
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a production rate Q(DM) that is insufficient to maintain the observed atmospheric Al4C
level under "base-line” climate conditions. In contrast, ocean mixing is required to be
enhanced during the later Holocene. The K,(DM) scenario resembles the K(14C) history
that would explain the long-term atmospheric A14C trends without 14C production
changes but the K (DM) digressions are only half as extreme (figure 2.33 inset). The
most recent deconvolved K(DM) of ca. 4000 m2 yr-1 is consistent with the reconstructed
19th~century “base-line” eddy diffusion estimate.

The model-derived K;(10Be) record has a different character and is more variable
than Kz(DM) although the magnitude of their digressions is similar. Unlike recent
Kz(DM), the final value (in AD 1800) for K(10Be) significantly exceeds the “base line*
for modern conditions. This discrepancy, however, can be partially attributed to an
artificial enhancement in recent ice-core [10Be] associated with a 5!80-indicated change
in snow accumulation rate during the Maunder Minimum period of AD 1645 to 1715 (Beer
et al. 1988). The post-7000 BC [10Be] record does not correlate with climate-related
5180 variations, as mentioned in section 2.4, except during this one time interval. The
“corrected” recent [10Be] record is less elevated (Beer et al. 1988, figure 6) such that the
cotrected (ie. reduced) inconsistency between recent Q(10Be) and atmospheric A14C will
require less contribution from an enhanced ocean mixing parameter.

The marine A14C histories associated with these residual dimate scenarios are shown
i figure 2.32. Whether forced by variations in 14C production, internal ocean mixing, o
a combination of these, the surface ocean A14C follows a similar trend. As discussed in
section 2.2, K influences atmospheric Al4C through the surface ocean 14C content
which is closely tracked by the atmospheric 14C reservoir under “base-line* conditions
for the air-sea CO; exchange rate. The converse is also true: the surface ocean closely
tracks the atmosphere when 14C production variations force the 14C system under “base-
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line” F conditions.

The deep ocean, however, responds antithetically to K- and Q-forcings because a Kz
perturbation enhancing atmospheric A14C requires a greater isolation (less 14C transfer)
between the surface and deep ocean while a Q perturbation with the same atmospheric
AlC effect results in greater 14C penetration into the deep ocean. The absolute value for
“steady-state” A14C in the large deep-ocean reservoir depends on the 14C production rate,
The close correspondence between the model deep sea Al4C curve associated with
constant ocean mixing (solid line in figure 2.32) and the two curves related to residual
ocean mixing (dashed line for Kz(DM) and dotted line for K,(10Be)) reflects the strong
similarities in 14C production rate histories. In the early Holocene the deep-sea
correspondence also derives from the assumption that all three of these Q histories start at
the same initial “steady-state” level (see discussion below).

The model ventilation histories for the residual climate scenarios fall within the scatter
of the foram 14C measurements after appropriate normatization of the indices (figure
2.33). The residuai K, component for the Q(DM) record generates a ventilation history
that varies + 200 14C yrs during the Holocene; the K trend associated with the Q(1%B¢)
record produces a similar but more subdued ventilation history. Thus a compensatory role
for internal ocean mixing in the discrepancies between the long-term atmospheric Al4C
curve and independent 14C production rate trends is compatible with the foram 14C
evidence. However, this evidence currently does not impase strong enough constraints on
ocean mixing scenarios to a]lowadeﬁniﬁveappmjsalofﬂleresidualroleofoceanminng.
For example, the ventilation trend associated with the dipole-related 14C production
history and compensatory K variations barely conforms to the earlier Holocene foram
dataandmiﬁcalme&memenlsamlackingforﬂlcpastmoo calendar yrs.
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hordermassessthepotenﬁalhnpaaofhrgemoermmmmtheQ(DM)history(see
figure 2.16) on the associated K2(DM) trend, I followed the procedure described
previously for translating standard errors in model input into error ranges in model output.
Thus each of the twenty 14C production rate histories derived from the *randomized”
dipole-moment records (see section 2.3) served to force a compatible K, scenario. The
running means and errors in the means in these twenty K;(DMR) curves were then
calculated to produce an estimate oftheuncemintyinﬂlemsiduale trend (figure 2.34).
The error range for the Kz(DM) doanotalterﬂleaboveinterpremﬁon; this record falls
marginally within the spread of the foram 14C data.

Analogously, sir-sea CO exchange histories F(DM) and F(10Be) were deconvalved
1o explain the discrepancies between the long-term atmospheric A14C record and either the
dipole- or 10Be-related 14C production history. Each simulation began with the standard
initial conditions of atmosphenc Al4C, = 90 %00, Q = 1.67 14C atoms -1 cmg2, and F
= 19 moles COy m2 yr-1.

The digressions in the deconvolved residual F(DM) and F(10Be) histories are less
extreme than the F excursions necessary to explain the long-term atmospheric A14C trend

' wilhom14Cprod11cﬁonmtevaﬁaﬁcns(ﬁgme2.ll). Air-sea 005 exchange varies by ca.

% 10% when it compensates for “deficiencies” in Q(DM); the sir-sea flux is rediuced in the
earlier Holocene and enhanced in the later Holocene. The Q(DM) history between 2000
and lOOOBC(ﬁgurez.3l,upperleftpanel)istooeonstanttoaeatemeobserveddecline
in atmospheric Al4C (figure 2.31, upper right panel) necessitating a compensatory
increase in air-sea exchange to deplete the atmospheric 14C reservoir (figure 2.11, dashed
curve). The recent F(DM) value of 16 moles CO5 m2 yr-1 approaches “base-line”
conditions. Theconﬁgmaﬁonof&emsidualF(DM)tendmatdmtlw&convolved
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Kz(DM) trend because compensatory oceanic uptake of atmospheric 14C requires similar
responses in both of these climate-related parameters.

The deconvolved F(10Be) history also has the same configuration as the K,(10Be)
trend. This residual air-sea exchange history is more variable but less extreme than the
F(DM) trend; the enhanced F values approaching AD 1800 are again primarily explained
by the climate artifact in the recent increase in the ice-core 10Be data.

The linear wind-dependence of the air-sea CO;, flux, as defined in Broecker et al.
(1985a), translates the F(DM) variations into extremes of -30% and +60% in global wind
speeds during the Holocene (figure 2.11, right axis). This wind speed history conflicts
with the relative stability in Holocene winds indicated by ice-core microparticle
concentrations (see section 2.2). The model error ranges associated with the residual gas
exchange scenario meealaﬂawdslafsﬁcanyfm'ﬂlemmysimmaﬁonsuﬁﬁzingﬂ:etwemy
“randomized” dipole-related 14C production histories (figure 2.35, shaded trend). Clearly
the large uncertainties in the dipole data make possible more subdued compensatory F
histories which are more consonant with the microparticle evidence. Deconvolved F is
especially sensitive to dipole uncertainties duﬁngﬂlepeﬁqdofenhanwdﬂuxa near 1500

* BC when the reduced difference between atmospheric and surface ocean 14C contents

requires greater relative fluctuations in F in order to influence atmospheric A4C (note the
scale differences between figures 2.35 and 2.11).

The global wind speeds which corresponds to residual F(10Be) are relatively greater
than “base-line” conditions at several times during the Holocene. The grain-size
distributions of aeolian-marine dust are translated into a 50,000-yr history of trade winds
by Sarnthein et al. (1987), as noted in section 2.2; compared to F(10Be), the Holocene
portion of this n'adewindhistmyhassﬁnﬂarbmmorepmnomedpeaksmmdsu'engﬂx
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(ﬁgme 2.35). However, the global wind speed axis may not apply to the trade winds
which may be more susceptible to “climate changes* than mean global winds. Glacial
trade winds are proposed to be 20 to 30 m s-1 (Sarnthein et al. 1987), a factor of 2 or 3
greater than the estimated global glacial winds of 11 m s-! (Petit et al. 1981). If the
relative variations in trade winds are reduced by a factor of 3 in figure 2.35, then the
similarity between F(10Be) and this independent data set improves.

Thus, whereas the residual ocean mixing scenarios were compatible with the available
ocean 14C data, a variable air-sea CO> exchange rate is a more qualified solution to
discrepancies between the proposed 14C production rate trends and the observed
atmospheric A14C record. The uncertainties in the dipole data must play a role if the
deconvolved F(DM) is to accord with the stable Holocene wind speed history indicated by
microparticle concentrations; the deconvolved F(10Be) differs from F(DM) but
resembles, perhaps coincidentally, a reconstructed trade wind history which may or may
not reflect changes in mean global winds. Clearly, variations in Holocene air-sea fluxes
can only account for minimal discrepancies between any proposed 14C production rate
and the perfect production history (e. Q4o required to generate, without climate
intervention, the observed long-term atmospheric A14C record.

The model ventilation trends associated with these residual F histories fall within the
scatter of the foram 14C data. As discussed in section 2.2, variations at the air-sea
interface have little impact on apparent oceanic ventilation ages; the MV1 trend associated
with combined Q- and F-forcing of the marine 14C profile only secondarily differs from
the MVT history generated by Q forcing alone (Gigure 2.5). Thus the insensitivity of the
marine 14C profile to variations in air-sea CO5 flux and the limitations of the foram 14C
data prevent a definitive assessment of the role of F in long-term atmospheric Al4C
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variation.

Eddy diffusion and air-sea exchange were also varied simultaneously in simulations
that deconvolved compensatory climate change. When K; and F together compensate for
discrepancies between Q(14C) and either Q(10Be) or Q(DM), their deconvolved hisiories
resemble but are more subdued than the deconvolved histories of Kz or F acting
individually to nullify discrepancies. Holocene co-variations of K; and F range from -
20% to +10% of “base-line” conditions. The modeled ventilation history conforms to the
foram 14C data within the uncertainties. The variations in gas exchange rate translate into
mean global wind speeds more consonant with the Holocene wind stability inferred by the
microparticle data.

Thus, ahypoﬂleﬁcalclimatesoenm-iocmnpﬁsingeqmvalentrelaﬁve changes in ocean
mixing and air-sea CO, exchange (perhapsrelawdtoﬂlemeﬁdionaltempetmn'egmdient)
conforms to the indépendent evidence cited above. Feedbacks related to the model’s
surface ocean 14C content allow F to more effectively influence atmospheric A14C during
the early Holocene (because F has a more direct impact than K on the atmosphere) and
Kz to be relatively more effective during the later Holocene (when the proximity of
atmospheric and surface ocean AL14C reduces the impact of F changes).

In summary, variable ocean mixing is a viable explanation for the differences between
the observed long-term atmospheric A14C trend and the model Al4C trend generated by
either the dipole- or 10Be-related 14C production history. However, because the
deconvolved variations in K(DM) are inconsistent with the digressions of K»(10Be), the
uncertainties and limited resolutions of the geomagnetic and/or [10Be] data must also
contribute to the perceived discrepancies. Even as a residual component, the required
variations in the air-sea CO, exchange rate are extreme and unsupported by the
microparticle evidence unless contemporaneous variations in ocean mixing Occur or, once
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again, thelmcenainﬁwinﬂlepmducﬁonrecordsacoomtformostofﬂledispaﬁty.

Steady-state solutions of model equations and implications for

pre-Holocene combinations of Q and climate

The model equations determine the steady-state 14C production that is compatible
with prescribed atmospheric A14C levels and reservoir parameters. I applied these
equations to specifically calculate the range in 14C production rates that will yield, under a
variety of climatic conditions, the atmospheric A14C levels of the four alternative pre-
Holocene “steady states” described above. If, for example, the late glacial (eg. =15,000 -
11,000 cal BP) air-sea CO; exchange rate and internal ocean mixing were assumed to be
twice as strong as Holocene “base-line” conditions, what 14C production rate is required
to maintain an atmospheric A14C level of 90 ©/00?

The steady-state solutions to the model equations are displayed graphically in figure
2.36. The average model-derived 14C production rate of the last 500 yrs was chosen as
the reference value, i.e. QR = 1.5 14C atoms s-1 cmp-2. The model's steady-state
atmospheric A14C level is more sensitive to climate conditions (F and K; changes) as
Al4C increases and more sensitive to 14C production rate changes at lower A14C values.

A range of pre-Holocene atmospheric A14C levels between the preferred initial values
of 90 %/oo and 50 /0o and a range of late glacial winds and ocean ventilation rates up to
twice “base-line” intensity are associated at steady state with the range of elevated 14C
production rates shown by the shaded areas in figure 2.36. Doubled global wind speeds
correspond, according to the linear relationship in Broecker et al. (1985a), to an F flux of
45 moles 0O m~2 y-1; a ventilation 14C age reduction by a factor of two translates into a
K; increase to 8400 m2 yr-1. With the stipulated pre-Holocene atmospheric A14C and
climate conditions, 14C production at steady state is required to function between 103%
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and 110% of the current rate. The initial (pre-11,000 BP) 14C production rate of 1.08QR
asumedforanstandardsinnﬂaﬁonspasesﬂn'oughﬂle center of this range.

The range of climate conditions selectedhereforﬂlelateglacialstageservespﬁmarﬂy
to fllustrate the relationship between the strength of the oceanic sink for atmospheric 14C
and the rate of 14C production. The reservoir parameters during this transitional period
between glacial and interglacial stages were not constant (ie. at “steady state”) since this
time interval comprises several climatically-distinct chronozones (eg. Beiling, Older
Dryas, Allered, Younger Dryas). Even the nature of ocean circulation within chronozones
is currently debated (eg. Fairbanks 1989). The basis for the chosen parameter range rests
on two preliminary observations: (1) global wind speeds were generally in transition from
glacial to Holocene conditions during this interval of several thousand calendar yrs (eg.
Petit et al. 1981), and (2) foram ventilation indices from the Pacific Ocean appear
significantly younger on average during this time period (figure 2.5; Andrée et al. 1986b;
Shackleton et al. 1988), suggesting enhanced ocean mixing.

During full - glacial conditions, however, much evidence suggests that North Atiantic
Deep Water (NADW) formation was substantially reduced (eg. references compiled in
Broecker etal. 1985b). Ocean box modeling indicates that convective interchanges at high
latitudes also greatly diminished during the last glacial stage (eg. Toggweiler and
Sarmiento 1985). The absence of NADW formation is perhaps equivalent to a K,
reduction by a factor of 2 (eg. Siegenthaler et al. 1989); the associated mode] ventilation
index increases by 85%. This greater model ventilation time accords with (but also
exceeds) the elevated foram ventilation indices observed for the pre-15,000 cal BP glacial
Afantic and Pacific Oceans (Shackleton et al. 1988, Broecker et al. 1988b).

Afungladalwimispwdsmﬁabovemeﬂobcene'base-ﬁne'andaﬁmgadaleddy
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diffusion half its assumed Holocene value are compatible with a lower 14C production rate
of .95QR, provided atmospheric A14C° is 90 Y/oo and the other components of the global
14C system remained unchanged. Thus lower 14C production rates are necessary to
maintain higher atmospheric Al4C levels with a reduced oceanic sink. Under such
climatic conditions, the pre-Holocene geomagnetic data of Merrill and McElhinny (1983)
displayed in figure 2.22 (top panel) will translate into greater atmospheric A14C levels that
are more concordant with the 14C data of Bard et al. (1990) shown in figure 2.22 (ower
panel). For example, the standard pre-Holocene 14C production of 1.08QR produces an
atmospheric Al4C,, of 230 %/00. But a more refined ocean model is clearly required to
accurately simulate the glacial and transitional 14C cyde.

Figure 2.36 demonstrates graphically why a change in the air-sea CO9 flux cannot
explain a hypothetical atmospheric A14C,, of 0 %/00 (see section 2.2). With any initial
*steady-state” 14C ;roducﬁon rate more than 3% greater than the reference level, F
approaches infinity.

Sensitivity of model results to assumed initial conditions

In past sections, I tested the sensitivity of modeled Holocene trends in 14C
production, reservoir Al4C, and climate-related exchange parameters to several alternative
initial levels for atmospheric A14C. These A14C,, scenarios were assumed to reflect 14C
production changes or climate changes but not both . As demonstrated in figure 2.36, an
infinite pairing of climatic conditions and 14Cprodudionleve]swill;n'odweanyspemd
“steady-state” atmospheric 14C content.

Below we demonstrate that the impact of alternative combinations of pre-Holocene
Q(“C), Kz(l4C), and F(14C) values on Holocene model results is generally significant
in the early Holocene and negligible during the remainder of the model-generated record.
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Pre-Holocene conditions, however, do affect the entire Holocene histories of the dipole-
and 10Be-related 14C production records, Q(DM) and Q(10Be) respectively. The reason
is that these “independent” records are nonetheless adjusted to match the Holocene-length
average of Q(14C) deconvolved from the tree-ring A14C record under the same pre-
Holocene conditions (see sections 2.3 and 2.4). As a result the residual Kz(DM),
Kz(19Be), F(DM) and F(10Be) variations during the entire Holocene are also influenced
by pre-Holocene assumptions.

In a series of model simulations discussed above, we set pre-Holocene climate
conditions to Holocene “base-line” values and allowed the 14C production rate to solely
explain four alternatives for atmospheric A14C,, (see section 2.1). The impact of changes
in the initial “steady-state* 14C production rate to model results for marine 14C was
restricted primarily to the early Holocene (figure 2.8, left side). When alternative “steady
states” in climate (through K;) determined the four atmospheric A14C,, scenarios (see
section 2.2), the modeled Holocene trends in marine 14C are unaffected because the global
14C system has a relatively short memory (on the order of 1000 yrs) for changes in the
ocean reservoir parameters (figure 2.8, right side) When pre-Holocene climate and 14C
production levels are co-varied (to produce a specified atmospheric Al4C level), the
consequences for marine 14C trends are again limited to the early Holocene.

As a simple example, figure 2.37 shows the joint effect of one alternative set of pre-
Holocene climate and 14C production conditions on Holocene model results. The Q-
deconvolution mode] was modified to include a pre-Holocene climate change but climate
after 7750 BC is assumed constant. In this simulation a “steady-state” A14C,, of 90 /o0
is prescribed prior to 7750 BC and then a 14C production history is derived from the
observed atmospheric (tree-ring) Al4C. In accordance with the speculation that stronger
internal oceanic mixing characterized the late glacial stage (= 15,000 - 11,000 cal BP), the
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eddy diffusion parameter was assigned a pre-11,000 cal BP (9050 BC) value of 8400 m2
yr-! and was linearly decreased to a steady “base line” of 4000 m2 yr-1 by the beginning
of the tree-ring Al4C record in 9700 cal BP (7750 BC). The pre-7750 BC “steady-state*
level of 90 %/oo in atmospheric A}4C is maintained by an elevated production rate of 1.76
14C atoms s-1 cmp-2 which subsequently diminishes in response to the prescribed
reduction in K.

The early Holocene Q(14C) which follows the K, change (figure 2.37, heavy line in
top half) is less than the iternative Q(14C) deconvolved without climate variation (Sgure
2.37, light line in top half) because a greater pre-Holocene 14C production rate supplies
more 14C to the pre-Holocene deeper ocean, mitigating the strength of the Holocene
oceanic 14C sink for several thousand years. However, the alternative 14C production
records and model ventilation histories (figure 2.37, lower half) rapidly converge to
equivalent trends, respectively, with no lingering effects.

In the above example, climate is assigned no residual role during the Holocene; the
14¢ production rate Q(14C) is assumed to be solely responsible for the post-7750 BC
atmospheric A14C record. Whien the dipole- ar 10Be-related 14 production histories are
reconciled with the observed atmospheric A14C trend by a deconvolution of the
appropriate residual K, and/or F variations, the mode] results for the entire  Holocene
depend more sensitively on the prescribed pre-Holocene conditions. The explanation rests
on the recalculation of ¢;.

Preliminarily, we consider the influence on the Holocene histories of K,(DM) and
F(DM) of alternative pre-Holocene production rates (and associated atmospheric Al4C
levels) without the influence of alternative pre-Holocene climates (ie. an initial “base-line*
climate is assumed as in the deconvolutions above). As a first step, we note that an
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alternative pre-Holocene “steady state” atmospheric A14C of 50 %00 produces an early
Holocene Q(14C) history which differs from the standard Q(14c) with A14¢, of 90 %00
(scenarios B and C in figure 2.7). This alternative Q(14C) was appropriately averaged
and splined in order that a proportionality factor ¢] could be calculated to convert the
global dipole data into a dipole-related production rate Q(DM) specifically associated with
a prescribed AI4C,, of 50900 (see section 2.3 and figure 2.21 inset). Because cj is
modified slightly when the new initial conditions alter the deconvolved Q(14C) for the
early Holocene, the c}-dependent Q(DM) for the entire Holocene is shifted (figure 2.31,
dot-dashed line in upper left panel). When this alternative 14C production record serves
as model input in the K -deconvolution model together with the appropriate atmospheric
A14C trend (figure 2.31, dot-dashed curve in upper right panel; see also figure 2.31 and
explanation in section 2.3), the variations in the deconvolved residual K(DM) history are
modified throughout the Holocene (figure 2.31, bottom panel).

The exhibited szodiﬁcaﬁonsu'anslateintosecondarycbangsinﬂleMVIlﬁstory
and do not compromise the conclusions presented above. The c; calculation that defines
Q(DM) compensates lower pre-Holocene production rates with higher Holocene
" production levels; in this way, the influence of pre-Holocene conditions on Holocene
model results for K, marine 14C and MVI are always minimized,

The same alternative Q(DM) requires more extreme transformations in deconvolved
residual air-sea exchange; the peak in F(DM) at 1500 BC is now more than 50 moles CO»
m2yr-l. The air-sea exchange'mteishighlysmsiﬁvetodispmiﬁesbetwemﬂzeassumed
production rate and atmospheric Al4C level when the 14C difference between the
atmosphere and surface ocean is minimal. Thus the calculated residual history of global
wind speeds is too dependent on pre-Holocene assumptions to be conclusive. However,
the patterns if not the absolute magnitudes in the Holocene residual trends of F as well as
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K3 are consistent in these sensitivity tests (eg. figure 2.31).

Finally, we can consider the effect of prescribed combinations of pre-Holocene 14C
production and climate on residual deconvalved KA(DM) and F(DM) variations during the
Holocene. Again, the proportionality factor c; that determines Q(DM) from the dipole
data must be recalculated from the Q(14C) record defined by a specified set of initial
conditions (eg. alternative Q(14C) curves in figure 2.37). This adjustment to Q(DM)
allows the Holocene production rate to compensate to an extent for the pre-Holocene
climate and production conditions, mitigating the modification to the Holocene model
outputs. However, with this Holocene-length c; adjustment, the residual K;(DM) and
F(DM) variations are influenced over the entire Holocene rather than only the earlier
portion. The consequences to Kz(DM) are generally secondary as in the examples above,
but the addition of pre-Holocene climate change will contribute to more significant early
Holocene alterations in Kz(DM). As illustrated above, the F(DM) deconvolution is more
sensitive to shifts in Q(DM) related to alternative initial conditions.

The 10Be-related production histories are also adjusted to match the average
Holocene 14C production rate deconvalved under specified climate conditions (see section
2.4). Therefore, the effects of pre-Holocene conditions on the residual F( °Be) and
Kz(10Be) deconvolutions are analogous to the dipole-associated example presented above.

In summary, pre-Holocene climate and 14C production levels moderately influence
theeaﬂyHolooeneporﬁonandnegﬁgiblyaﬁ‘ectﬂzeremainderctmemodelmulminme
Q-deconvolution model. When the dipole- and 10Be-derived 14C production rates
represent forcing factors and residual climate variations are deconvolved, the later
Holocene model results can be significantly altered as well (especially in the case of F)
because the renormalization of the absolute levels of these *independent” production
records are influenced by the prescribed pre-Holocene conditions.
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2.6 Chapter summary

The model analyses in this chapter indicate that: (1) most of the millennium-scale
reservoir A4C change is reasonably explained by variations in 14C production rate as
reconstructed from geomagnetic and 10Be data; (2) the discrepancies (including the
apparent mid-Holocene phase shift) between the atmospheric (tree-ring) Al4C
observations and the atmospheric A14C records derived through carbon cycle modeling
from these reconstructed Q histories are best explained by the uncertainties and coarse
resolution of one or both éf these production records; and (3) Holocene climate variation
may play a secondary role in producing the atmospheric A14Crecordbutmodelrmﬂts are
incondusive because the deconvolution of the residual climate component (espedially F) is
sensitive to the prescribed initial conditions.

Table 2.2 summarizes the millennium-scale 14C simulations discussed in this
chapter. The first four columns list the Pprescribed status of each of the relevant model
features in the simulations. The last column indicates whether the model results were
considered to accord with the independent evidence which is available.

The fizst three rows represent the simulations without Holocene climate variation
(both Kz and F are constant). The reservoir Al4C histories forced solely by 14C
production changes are compatible with the available foram 149C data. The geomagnetic-
and 10Be-derived 14C production histories are consistent with the Holocene 14C
production record derived from the global 14C model, indicating that climate change need
not be invoked to explain the long-term features of the atmospheric A14C record.

When 14C production was assumed constant during the Holocene (next three rows),
ﬂxedhnaﬁcchmg&s(mﬂngmseoszmdFvaﬁaﬁms)mqtﬁredwpmdmeﬂleobsawd
atmospheric A14C trend are not supported by the available foram 14C data, ice-core
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microparticle concentrations, or grain sizes of acolian-marine dust in Atlantic sediment
cores. In addition, a constancy in the Holocene 14C production rate is difficult to
reconcile with the geomagnetic and 10Be variations mentioned above. A discussion of
other potential climate perturbations during the Holocene is presented in section 2.2. The
last simulation in this set involves equivalent relative variations in K; and F.

Finally, the dipole- and 10Be-derived 14C production histories are reconciled to the
observed atmospheric A14C record by invoking a residual climatic effect. The F
vaﬁaﬁmsmqlmedmcmnpemamfwﬂwdispmiﬁmbetweenmeobservedandmedipok-
or 10Be-related mmphchl%mﬂsmwoemmetomﬁmmemiaopm
evidence. The compensatory K, variations produce marine 14C trends that are compatible
with the foram 14C data, but the large uncertainties in this evidence do not allow & critical
appraisal of the model results.

In addition, ﬂxé feasibility of several alternative pre-Holocene *steady-state”
assumptions and their influence on the Holocene model trends were investigated. The
simulations show that pre-Holocene atmospheric A14C levels of 90 /oo and 50 ©/oo are
consistent with the pre- and early Holocene marine 14C evidence while a deficient Al4C,
of 0 %/oo is not. A pre-Holocene “steady-state” atmospheric A14C of 140 9/00 accords
with the marine 14C data if an elevated 14C production rate is responsible but not when
the internal ocean mixing or air-sea CO, exchange rate is considered the cause.

The assumed pre-Holocene 14C production rate and climate conditions generally have
a secondary influence on the deconvolved Holocene 14C production and modeled
reservoir A14C trends. The global 14C system has a short memory for climate variations
in themselves and the impact of the pre-Holocene history of 14C production is primarily
limited to the eardier Holocene.

The influence of pre-Holocene climate and/or 14C production levels becomes more
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complex when the global dipole data or ice-core 10Be concentrations are converted to
represent the Holocene history of the 14C production. Because we use an adjustable
factor to match the dipole- and 10Be-derived 14C production histories, Q(DM) and
Q(10Be) respectively, to the average production rate Q(14C) deconvolved from the tree-
ting A14C data, early Holocene digressions in Q(4C) translate into Holocene-length
shifts in Q(DM) and Q(10Be). The repercussions of these shifts to the model-derived
reservoir A14C trends are generally secondary because the Holocene portion of the
deconvolved Q(14C) will compensate for the pre-Holocene portion for any specified
atmospheric A4C history. However, when climate must nullify the Holocene disparities
between the atmospheric A14C observations and dipole-induced trends, we find that the
deconvolution of especially F(DM) is sensitive to the pre-Holocene assumptions because
of a feedback involving the air-sea A14C difference.

The absolute definition of ¢; and an independent conversion of the dipole data to a
14C production rate, without normalization to the observed Holocene 14C record, requires
an understanding of the present anmmal-scale influence of solar activity on the present 149C
production rate in relation to the millennium-scale solar component in the Holocene tree-
ring 14C record (see section 2.3). At present, ¢} cannot be selected precisely enough cz a
theoretical basis and lower-frequency solar activity during the Holocene cannot be
approximated adequately enough to permit an absolute calculation of a geomagnetically-
defined millennium-scale 14C production history.
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Table 2.2
Assigned features of millennium-scale 14C simulations
14C production  atmos. Al4C F K;  assessment

model output  tree-ring record constant constant yes
geomagnetic  model output constant constant yes
ice-core 10Be  model output constant constant yes

constant  tree-ringrecord model culput  constant no

constant  tree-ring record constant  model output no
constant  tree-ring record model output model output no

geomagnetic .‘ tree-ring recard  model output constant no
geomagnetic treeringrecord constant = mode] output  yes
geomagnetic tree-ring record model output modeloutput  yes
ice-core 10Be tree-ringrecord model output constant no
icecore 10Be  tree-ring record constant  model cutput  yes



CHAPTER 3. MODEL ANALYSIS OF ORIGINS FOR
CENTURY-SCALE Al4C VARIATIONS

This chapter focuses on the century-scale variations in atmospheric Al4C, Strong
evidence indicates that these features are associated with changes in solar activity. The
implications of an atmosphere-ocean origin for these features are also investigated by
means of the F- and K-deconvolution 14C models, and the feasibility of these alternative
possibilities is considered with reference to coral 14C data.

3.1 The residual atmospheric 14C signal

The long-term trend for bi-decadal atmospheric (tree-ring) A14C is represented by a
splmeapproximaﬁnga400-yrmovingaverage (Gigure 1.1). As discussed in chapter 1 and
shown in figure 3.1, the removal of this curve yields a bi-decadal residual A14C record
that retains the essential characteristics of the century-scale 14C features without the
millennium-scale trends. As mentioned in chapter 2, periodicities in atmospheric 14C
greater than 500 yrs are often attributed to geomagnetic causes while higher-frequency
Al4C fluctuations are often discussed in terms of solar origins (eg. Damon and Linick
1986). Therefore, the arbitrary 400-yr criterion applied to distinguish long- from short-
term 14C variability nevertheless appears to be a suitable preliminary step for isolating the
solar influence on atmospheric 14C.

Also, as mentioned in chapter 1, I prefer a spline to a direct moving average because
ﬂxemlﬁngcmveissmootherandremainscenteredmomdoselyonﬂte data. In
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addition, low-pass filtering (eg. moving averages) cannot provide a trend line of
comparable smoothing for the beginning or end of the data set. For example, a full 400-yr
moving average cannot be calculated for the first or last 200 yrs of the data record. A
spline does not %ave this Emitation.

The veracity of the spline as the trend line is, unfortunately, ambiguous for the most
recent portion of the 14C record. The four strong century-scale digressions in
atmospheric A14C during the last 1000 calendar yrs elevate the spline (or moving
average). ‘l'hisriseisfollowedbyasharpdeclineinﬂxeu'endlineinsynchronywimme
drop in atmospheric A14C after the A14C peak in AD 1710 (Gigure 1.1). The relatively
level portion of the bi-decadal A14C record after AD 1830 is reconstructed from a
previous modeling interpretation (see chapters 1 and 4) but little affects the shape of the
calculated spline which, for comparison, was also derived from a 14C data record
terminating in AD 1830. The recent decline in the "400-yr” spline contrasts with the rise
in long-term atmospheric Al4C that would be compatible with the pattern of
determinations of the global dipole moment available since AD 1835 (figure 2.10a in
Merrill and McElhinny 1983). This discrepancy confers an ambiguity on the
AY4C/sunspot relationship for recent centuries (discussed in detail in chapter 4). In effect,
the “elevated” spline may remove some of the solar component of the atmospheric Al4C
record as well as the geomagnetic-related trend because of the close spacing of century-
scale “solar events” during the past millermium.

A trend of coarser resolution represented the geomagnetic component of the
aunosphmicAMCmmmchapteerlybeeauseofmehckoflﬁgherrwohxﬁmdipde
data for most of the Holocene. A limitation of this coarser curve was its phase-shift in the
early Holocene with respect to the original A14C record, a consequence of the averaging
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and splining process (see chapter 2). Therefore, I switch here to the more wiggly “400-
yr* spline that visually is more effective in detrending the A14C record.

Many of the residual variations in atmospheric Al4C (figure 3.1) closely resembie
one of the two most recent century-scale digressions. The shorter 14C digression from
AD 1600 to 1800 coincides with the disappearance of sunspots during the Maunder
Minimum interval of AD 1654 to 1714 (see discussion in Stuiver and Quay 1980); the
longer 14C digression from AD 1360 to 1640 is contemporaneous with the period of
reduced naked-eye sunspot sightings during the Spdrer Minimum interval of AD 1400 to
1600, also a period of infrequent aurorae (see discussion in Stuiver and Grootes 1980).
The 9 "Maunder-type* A4C events and the 8 “Spérer-type* A14C events are labeled “M*
and “S*, respectively, in figure 3.1 and are described and displayed in detail in Stuiver and
Braziunas (1988). These 17 events are used to calculate the average variations (figure 3.2,
upper half) associated with these two prominent century-scale patterns in the residual
Aldc,

The emphasis of my dissertation work is the application of global carbon cycle
models rather than the visual analysis of century-scale 14C patterns so that the latter topic
is not pursued in detail here. However, the averaged Maunder and Sporer digressions of
figure 3.2 are important steps in the modeling process since these “prototypes” for
century-scale atmospheric Al4C events are inputs for the global 14C models that
deconvolve compatible century-scale changes in atmosphere-ocean dynamics if 14C
production rate is assumed constant. Discussion of these curves continues in section 3.3.

In four instances, sequences of Maunder and Sparer A14C digressions together with
less prominent fluctuations in atmospheric A14C show a consistent 659-yr patiern termed
a “triplet interval” (Stuiver and Braziunas 1989). These four segments are labelled “T1*
through “T4* in figure 3.1 and will be considered again in chapter 4 when the predictive
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Figure 3.2: Average “Maunder-type” and “Spdrer-type” century-scale digressions in
residual A14C (upper panel) and residual 14C production rate (lower panel). The shaded

. bar-graphs in the upper panel are based on the means and standard deviations of the
means calculated for the residual bi-decadal A14C levels of the 9 “M” digressions (for the
average Maunder-type event) and 8 “S* digressions (for the average SpGrer-type event)
marked in figure 3.1. The shaded bar-graphs in the lower panel were calculated
analogously for the similarly denoted AQ/Qy excursions in figure 3.4. The AQ/Q; units
are explained in the caption for figure 3.4. In absolute time, the average AQ/Q;
digressions in the lower panel lead by one bi-decade their average residual Al4C
counterparts in the upper pangl. |
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capabilities of the model-derived 14C production rate curve Q(14C) are discussed. The
expanded figures of residual bi-decadal and decadal A}C fluctuations presented in Stuiver
and Braziunas (1988) permit the common features of these "triplet intervals” to be
observed.

The removal of the “400-yr” spline that was fit to the decadal atmospheric Al4C
record (figure 2.2) produces the high resolution residual A14C history shown in figure 3.3
(lower half). Again, the details of this record are exhibited in the expanded figures in
Stuiver and Braziunas (1988).

3.2 Implications of a production rate origin for century-scale

reservoir Al4C vaﬁations

As mentioned above, the correlation of recent century-scale atmospheric A14C
variations with changes in solar activity as reflected in records of sunspot observations,
auroral frequencies, andgeomagneﬁcAaindiesmnglysuppom a solar origin for these
AlC fluctuations. By analogy, the 15 other century-scale patterns in the Holocene that
resemble the recent Maunder or Sparer 14C digression would also originate through solar
modulation of 14C production. The magnetic properties of the solar wind theoretically
interact with the charged particles of the galactic radiation impinging on the Earth’s
atmosphere (eg. Stuiver and Quay 1980). In this way, increased solar activity reduces the
atmospheric penetration of cosmic rays and, subsequently, the production of radiocarbon
from high-energy neutrons generated in cosmic ray-induced spallation events. Thus 14C
pmdmﬁonr&epondsinverselywvmiaﬁmsmwlaracﬁvityformasommatsimﬂaﬂy
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explain its inverse relationship to changes in the strength of the magnetic field lines
associated with the global dipole.

The close correlation between model-derived century-scale 14C production rate
variations and icecore 10B¢ fluctuations provides additional support for the proposition of
a production rate (solar) origin for the century-scale atmospheric A14C record (figure 2.25
and discussion in section 2.4). In this comparison of the Q(14C) curve with the
normalized [10Be] measurements, the solar and geomagnetic forcings together account for
the 45% covariance (r = .67) in the post-1000 BC records. As discussed in section 2.4,
the uncertainties in the 14C and 10Be measurements as well as some climatic influences
might explain the residual variances in these two records.

Detrended century-scale 14C production rate variations

To delete the long:term (assumed geomagnetic) component from the bidecada] 14C.
production history, a “400-yr” spline (figure 2.1) was removed from the model-derived
Q(14C) record. The dipole moment will, however, continue to contribute to the absolute
magnitude of the residual variztions in the 14C production rate. For example, when the
global dipole moment is lower, the millennium-scale trend and century-scale digressions
will be enhanced (eg. Lal 1988). To fully remove the geomagnetic influence, the residual
14C production rate variations are expressed as percentage changes relative to the long-
term trend Qt represented by the “400-yr” spline. Thus the variations shown in the
residual Q record (figure 3.4) have units of AQ/Q; x 100 where AQ = Q(14C) - Qtand
Q(14C) is the original model-derived 14C production rate.

The 17 century-scale AQ/Q; fluctuations associated with the Maunder- or Spérer-type
atmospheric A4C patterns noted above are marked analogously with “M” or *S".
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Average Maunder- and Sporer-type 14C production fluctuations are estimated by
calculating the mean and error of the mean for the two categories of these 17 events (figure
3.2, lower half). The AQ/Q; “triplet intervals” are also identified in figure 3.4. The
expanded figures in Stuiver and Braziunas (1988) display the detzils of the detrended bi-
decadal Q variations as well as those of the detrended decadal Q variations shown in figure
3.3 (upper half).
~ In order to assign uncertainties to the bi-decadal and decadal century-scale AQ/Q;
patterns exhibited in the detrended carves, I tested the sensifivity of the modei-derived 14C
mmmmmmemmwmmem-decadalanddwadalaunosphmquee-rmg)
Al4C measurements. As noted in chapter 1, the typical precision of the post-5200 BC
tree-ring A14C record (both bi-decadal and decadal) is 2 /oo while the eartier record has
an average precision of 5 %0o0. A change of 5 or 2 %00 in any bi-decadal A14C value
affects the model-derived (and detrended) AQ/Q; history for a 140 year duration. Such
changes of 5 and 2 /0o in an atmospheric A14C bi-decade translate into sudden AQ/Q
changes of 6-8% and 3%, respectively, which are followed by much reduced converse
effects in ensuing bi-decades. This antithetical system behavior occurs as the 14C pulse
events stored in the surface ocean and terrestrial biota continue to feed back into the
atmospheric reservoir and temporarily displace the 14C production required by the
deconvolution process. Passing over some of these complexities, the uncertainty in the
bi-decadalAQ/Qtrecordcanbegencrallyesﬁmatedas:t 8% prior to 5200 BC and + 3%
thereafter.
The AQ/Q; history is more sensitive to the precision of the decadal tree-ring Al4C
data. A &2 ©/oo shift in any decadal Al4C value produces a contemporaneous
adjustment, after detrending, of + 5-7% in decadal AQ/Q; with a much reduced converse
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effect during the ensuing 100 yrs. The greater sensitivity of deconvolved Q to decadal
A14C changes derives from the closer spacing in the A14C data. A change in atmospheric
Al4C level during a 20 yr period requires less adjustment in 14C production than the same
change over a period of 10 years.

The detrended AQ/Q; history is the appropriate record to compare with sunspot
observations and other data that reflect solar activity levels. The frequency-related
attenuation of 14C production rates obscures the solar dependence of atmospheric A14C
observations directly, as discussed in chapter 2. If climate can be eliminated as a
significant influence on century-scale 14C variation (see section 3.3), the residual AQ/Q;
record, deconvolved through the global 14C modeling efforts described above, can reveal
patterns and periodicities in solar activity (see chapter 4). This AQ/Q¢ record has also been
utilized to determine a paleo-sunspot curve and a “sunspot prognosis” for coming
centuries (chapter 4).

As mentioned in section 2.1, the detrended AQ/Qy history is relatively insensitive to
adjustments in model exchange constants (ie. F and K; values) and reservoir sizes (ie.
oceanic ¥CO) concentration and long-term terrestrial storage). The removal of the
millennium-scale Q trends and the representation of higher-frequency Q variations on a
percentage scale yields a consistent pattern of residual 14C production variations valid for
a reasonable range of model parameterizations.

According to figure 3.2, a typical century-scale atmospheric A14C variation of 15
©/oo corresponds to a 30% digression in 14C production. An attenuation factor of .05 is
consistent with the modeling discussion in section 2.1. Alternatively, the global 14C
model can also be utilized to deconvolve “average 14C production rates” directly from the
average Maunder- and Spdrer-type atmospheric Al4C fluctuations in figure 3.2.
However, when the trend in atmospheric A14C is constrained to match either mid-line of
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the average Maunder- or Sporer-type variation in the Q-deconvolution model @e. the mid-
line of the shaded area), the resultant AQ/Q digressions are 15% less extreme than the
AQ/Q; changes detrended from the original Q(14C) history (and shown in figure 3.2,
lower half). Thus the average Maunder- and Sporer-related 14C production rate variations
are 25% of base line when superimposed on the steady-state long-term “Q;" trend but are
30% when decanvolved and detrended from the actual variable atmospheric A14C record.
In these simulations, the model exchange parameters F and K; were fixed at the
standard values of 19 moles CO5 m-2 yr-1 and 4000 m2 yr-1, respectively, and the initial
i4c production rate was assigned a “steady-state” level (analogous to Qo) necessary to
maintain a constant atmospheric A14C level at the beginning of the century-scale A14C
variation. The steady-state start of the Maunder A!4C event at -5.5 %00 and the steady-
state start of the Sporer Al4C event at -8 9/00 both require initial Q values of
approximately 1.52 14C atoms emp-21. These initial conditions were retzined in all the
simﬂaﬁompmenwdmﬂﬁschaptermdmeirﬁnﬁmﬁom&eﬁnpomntmwmidahm.
The difference of 5% in the average century-scale AQ/Qy variations stems from the
low choice for the steady-state 14C production curve. The average Maunder- and Sporer-
type Al4C digressions in reality start below thebng-tennan'vereptmennedbyQt(asthe
negative A14C levels indicate); these century-scale events begin with a decline in A14C
away from the long-term trend. An initial decline, followed by a positive century-scale
digression in Al4C, will produce a greater century-scale range in AQ/Q; for the same
reason that succeeding AQ/Q; levels responded inversely to data shifts in the uncertainty
tests described above. By raising the initial steady-state Q levels in the century-scale
simulations, the range in AQ/Q; can be adjusted. However, I elected to use the initial
steady-state Q values enumerated above in all the century-scale 14C simulations becanse
these initial Q levels assume nothing about pre-Maunder and pre-Sporer Al4C history and
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are accurate enough for the deconvolution comparisons presented below.

Oceanic A14C response to century-scale Q-forcing

Figure 3.5 illustrates the oceanic Al4C behavior associated with Maunder- and
Spdrer-type atmospheric 14C events if these events originate solely from 14C production
Tate variations. During this millennium, an especially busy time in the global 14C system,
the long-term trends in reservoir A14C are subdued while the higher-frequency variations
are numerous. Asnoted in chapter 2, a century-scale Q-forced atmospheric A14C event is
accompanied by a similar but weaker and delayed A14C fluctuation in the surface ocean.
The three oceanic A14C events that are labeled in figure 3.5 exhibit variations of 5,7.5,
and 5 O/0o, representing attenuations of ca. 33% with respect to the corresponding
atmospheric Al4C variations. These three surface ocean digressions lag their atmospheric
Al4C counterparts by 20 yrs. The exact attenuation and delay in the mixed layer reservoir
is a function of the magnitude and timing of marine and terrestrial 14C uptake and of the
rate at which excess surface ocean 14Cisdisuibutedmgreaneroceanicdepﬂzs. At the 750
m level of the one-dimensional model ocean, the century-scale variability is delayed by 50
yrs and the perturbations are nearly dissipated (figure 3.5).

The differences in magnitudes and phases in the Q-forced century-scale atmospheric
and oceanic A14C histories complicate the dating of marine materials, For example, the
“reservoir age correction” (the difference between 14C ages of contemporaneous organic
materials grown in the atmosphere and another carbon reservoir) for surface ocean
samples varies by + 100 14C yr during the Holocene as calculated from the surface ocean
AMC history derived from the one-dimensional model (figure 9A in Stuiver et al. 1986b).
Amaﬁnecaﬁbmﬁmanvebasedmsmhmoddmﬂmisavaﬂablemapracﬁmlmputer
program (Stuiver and Reimer 1986).
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Figure 3.6 (upper panel) displays the "average” Q-forced oceanic Spdrer-type Al4C
event associated with the average Sporer-type atmospheric A14C digression shown in
figure 3.2 (ie. the mid-line of the shaded boxes). As stated above, the exchange
parameters F and K, were fixed at standard values in the Q-deconvolution model and the
initial 14C production was set at 1.52 14C atoms emp-2 51 to yield a steady-state
atmospheric A14C value of -8 %00 prior to the Spérer digression. Surface ocean Al4c
increases ca. 10 %/oo before the excess 14C gradually dissipates into the deeper ocean
(with about a 3 %/oo surface ocean excess remaining after 300 yrs). This oceanic response
to a Q-related Spérer-tyfe atmospheric A14C event will be contrasted with the oceanic
behavior simulated when variations in the exchange parameters F or K, are instead
responsible for century-scale atmospheric A14C change (section 3.3).

3.3 Implications of a climate (atmosphere/ocean) origin for
century-scale reservoir A14C variations

Although convincing evidence suggests that the two common century-type
oscillations in atmospheric A14C originate from changes in 14C production rates related to
solar activity variations, digressions in reservoir exchange rates may also influence
atmospheric A14C. In this section, we consider some of the atmospheric and oceanic
evidence for variations in carbon reservoir dynamics which could produce Maunder- or
Sparer-type excursions in atmospheric A14C.

Reawmbbevidenceandmﬁﬂanalysisexistboﬂ:supporﬁngamehﬁonbetween
century-scale atmospheric Al4C variation and Holocene climate change (eg. Eddy 1977,
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Wigley 1988) and contradicting a consistent relationship (eg. Stuiver 1980b). The "Little
Ice Age” in western Europe approximately coincides with the Maunder Minimum in
sunspot activity (and maximum in 14C production) but closer inspection reveals
inconsistencies in the decadal timing of climatic and 14C variations (Stuiver 1980b). The
14¢/climate association for the recent Maunder 14C event is thus equivocal, and the
contemporaneity of 14C/climate variations for the earlier Holocene is even more difficult to
assess.

Although the correlation of century-scale 14C and Holocene climaie records is
uncertain, century-scale atmospheric A14C variations can theoretically originate from
changes in atmosphere-ocean dynamics. Greater communication between the atmospheric
and surface or deeper oceanic carbon reservoirs depletes atmospheric 14C because of the
decay-related 14C/12C deficiency in oceanic carbon. In addition, the associated increase
in atmospheric CO, (because of the greater deeper ocean pCO,) works to diminish the
atmospheric 14C level by enhancing air-sea 14C exchange fluxes (see section 2.2). On
the other hand, weakened communication between these reservoirs should raise
atmospheric Al4C.

As an added complication, some climate-related changes may be continuous while
others may involve sudden deviations at certain threshold levels. Rapid (century-scale)
alterations between bi-stable modes of climate are proposed as explanations for sudden
synchronous oscillations in ice-core 8180 and CO, variations during the last glacial stage
(eg. Oeschger and Stauffer 1986) perhaps related to the apparent switching on and off of
North Atlantic Deep Water formation (Broecker et al. 1985b). Modeling studies support a
bi-stability in Atlantic thermohaline circulation (Manabe and Stouffer 1988).

As discussed in section 2.2, Holocene atmospheric pCO apparently varied as much
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as = 7% (ie. by + 20 ppm or + 40 gigatons of carbon) on a scale of centuries if the
fluctuations in ice-core CO, measurements from Byrd station in Antarctica are confirmed
(Neftel et al. 1988). An increase in atmospheric CO3 of 20 ppm will produce a decrease
in atmospheric A14C of 3.5 9/00 (section 2.2). If, in addition, the source for the
atmospheric CO; increase is the oceanic thermocline with A14C of -100 %00, then a
simple mass balance shows that atmospheric A4C will decline an additional 6.5 %0, A
total 10 %/oo decline or rise (if such a source of QO is instead “closed off*) represents
two-thirds of the typical A14C range associated with century-scale Maunder- and Spérer-
type events. Is there physical evidence of such a mechanism influencing atmospheric
carbon contents?

Gaudry et al. (1987) estimate that 6 gigatons of CO3 (ie. 1.6 GT of carbon) were
released into the atmpsphere during the 1982-1983 El Nifio event. The authors speculate
that the continental blomass is responsible for part of this release. A sustained “reverse El
Niiio event’ of 100 yrs duration that generated an emission from the oceanic thermocline

| of 100 yr x (1.6 GT carbon / 2 yr) = 80 GT of carbon would increase atmospheric Al4C

by up to 18.5 %/00 and atmospheric PCO2 by up to 40 ppm as a result of the effects
discussed above. This “maximum® 14C estimate assumes that the full carbon release
originates in the thermocline. Furthermore, an increase in atmospheric 513C will
accompany a “closed off” carbon release from the thermocline (with its pCO5 content
enriched by 13C-deficient biological remineralization) and partially counter any rise in 14C
incorporated in the fractionation-corrected A14C term. Therefore, this mechanism for
generating century-scale atmospheric Al4C digressions requires profound changes in
atmospheric pCO» and in oceanic upwelling which do not readily match current
knowledge.

In place of mass balance calculations, the F- and Kz-deconvolution models are
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utilized below to further determine the implications of variations in atmosphere/ocean
dynamics as controls on century-scale A14C. Wind-driven air-sea CO, exchange (the F
model parameter) does not affect atmospheric pCO»; we also neglect atmospheric pCO,
changes that might be associated with variations in internal oceanic mixing (the Kz model
parameter) although variable oceanic pCO3 will secondarily change the trends in the
model-derived oceanic A14C curves. These trends will be compared to available coral
14C data in order to assess the potential for F or Kz changes to induce the observed
century-scale atmospheric A14C digressions.

Theuansientuendsinah'-seacozexchmgeandintemaloceanicnﬁzdng, F(4C) and
K(14C) respectively, were deconvolved with the century-scale atmospheric A14C history
constrained to match either the average Maunder or Spérer-type atmospheric Al4C
digression of figure 3.2. The 14C production rate was assumed constant at 1.52 l4¢
atoms cmE'2 51 dunng each atmospheric digression and the initial reservoir exchange
parameters at the start of the Maunder- or Spdrer-type event were set at their standard
values of F = 19 moles m2 yr-1 and K, = 4000 m2 yr1 (see section 3.2). The validity
of the deconvolved parameter histories was verified by successfully regenerating the
average atmospheric A14C excursions in the conventional *forward” version of the global
14C model with the previously derived F(14C) and Kz(14C) curves serving as model
inputs.

To simulate sudden transitions in climate-related reservoir exchanges, F and K, were
allowed to change instantaneously to new values for a specified time interval after which
they were instantaneously returned to their original strengths. These step-function inputs
for F and K7 were adjusted until the atmospheric A14C digressions derived from the
conventional “forward” 14C model best fit the observed average Maunder- and Sporer-
type atmospheric A14C curves. Variops combinations for the magnitudes and durations of
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these step functions might yield similar atmospheric Al4C curves, but I only wish to
investigate the feasibility in principle for such sudden climatic switches (see below). The
same initial conditions were applied in these simulations as those denoted above.

An association between century-scale 14C and Holocene climate might also result if
century-scale variations in solar activity (reflected in the AQ/Q; record) significantly
influence global dlimate. However, small century-scale changes in solar irradiance require
an unidentified amplifying mechanism to affect global climate (see chapter 4). Although
co-variations in 14C production and reservoir exchange parameters (F and K;) were
investigated on a millennial timescale (section 2.5), I did not model joint century-scale
changes in (solar-related) 14C production and (assumedly solar-related) climate change
because of the lack of an independent proxy record for either 14¢ production or century-

scale climate variation. When a higher precision ice-core 10Be record can serve as a proxy
for century-scale 14¢ production, perhaps global modeling can be applied to isolate any
residual solar-related climate signal in the atmospheric A14C record.

Variable gas exchange and century-scale 14C change

The trend in air-sea CO, exchange that is compatible with the average Maunder-type
atmospheric A14C excursion consists of a century-scale 30% decrease in F(14C) (from 19
to 13 moles CO2 m-2 yr-1); this trend is somewhat less than the 40% decline in F(l4c)
(to 11.5 moles COy m-2 yrl compatible with the longer Spérer-type A14C excursion
(figure 3.7). In both cases, a slight increase in F(14C) (to 20 moles COpm2yrlyis
required in the final bi-decades of the event in order to produce the rapid return of
atmospheric Al14C to pre-event conditions (note the sharp atmospheric A14C declines in
figure 3.2). As shown below, the late enhancement of F(14C) compensates for the inertia
in the oceanic thermodline in its recovery from the A14C perturbation.
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The decline in air-sea gas exchange permits more 14C to remain in the atmosphere
and less to be transported into the surface ocean. As a result, surface ocean Al4C
decreases about 4 9/o0 during, for example, the Sporer event but recovers rapidly to
within 2 /00 of pre-event levels at the end of the atmospheric Al4C digression (figure
3.6, lower right panel). The oceanic A14C decline is mild relative to the atmospheric
AMC increase of 15 9/00 because internal oceanic mixing distributes the 14C deficiency
throughout the thermocline. On the other hand, the swiftness in the recovery of
atmospheric A14C requires a slight “overshoot” in F(14C) and an increase in surface
ocean Al4C while the vertical 14C profile in the thermocline lags in its return to pre-event
conditions (figure 3.6).

The variation in model ventilation index MVI which accompanies this upper ocean
perturbation parallels the surface ocean Al4C history (figure 3.8, curve S/F for the F-
forced Sporer scenaﬁo). The MVI term is defined as the difference between 14C age of
the model surface ocean and of the average model deep ocean below 1 km depth (ie. below
the model thermocline). An apparent decrease in ventilation time of 50 14C yrs occurs
even though, since K does not vary in this simulation, the true ventilation index KV
remains constant at 1275 14C yrs.

The observed oceanic uptake of excess 14C produced during nuclear weapons testing
in the 1950’s and 1960’s is compatible with a greater rate of upper oceanic mixing than the
Kz value of 1.25 cm2 571 (4000 m2 yr-1) derived from the natural vertical distribution of
14C in the entire ocean. Asa sensitivity test for the F-deconvolution simulation, the K;
constant was reset to be 2.2 cm? 51 (6940 m2 yr-1), as calibrated to fit the bomb 14C
total oceanic inventory and surface content (Broecker et al. 1980). The steady-state 14C
production must be increased to 1.60 14C atoms anp-2 57! in this simulation in order to
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maintain the same pre-event atmospheric A14C level as observed. However, the decline in
F(14C) is affected less than 3% by this greater oceanic mixing because of the dominant
effect of air-sea gas exchange rate in controlling century-scale atmospheric Al4cC
variations.

As a second sensitivity test, F and Kz were forced to covary in the same relative
proportions (in the F,K,-deconvolution model described in chapters 1 and 2) as joint
agents generating either the observed Maunder and Sporer-type atmospheric Al4C
excursion. The decline in F(14C) is alleviated only 33% in these scenarios, once again
demonstrating the greater potential for variations in COy gas exchange to affect
atmospheric 14C in comparison to the more indirect role of internal oceanic mixing. As
concluded in section 2.2, relative variations in F appear to have approximately twice the
impact on atmospheric 14C as the same relative K, variations.

As before, the F(14C) curve can serve as an index of global wind speed history by
applying a simple linear relationship for the wind-speed dependence of air-sea CO,y
exchange (Broecker et al. 1985a). The century-scale decline in global wind speeds
implied by this relationship (figure 2.7, right axis) is approximately 20% lasting about 80
yrs for the Maunder-type 14C perturbation and 30% over a 120 yr interval for the Sporer-
type 14C perturbation. Such excursions represent significant digressions; for comparison,
global wind speed is estimated to have generally declined about 50% at the beginning of
the present interglacial Holocene epoch from its magnitude during the last glacial stage
(Petit et al. 1981). Microparticle evidence does not support such extreme Holocene
variations (see section 2.2) but are any other relevant atmospheric records available?

Global wind speeds also have an influence on two quantities with high resolution
records in ice cores, 5180 and d (ie. deuterium excess which equals 8D - 8 5180); these
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records may therefore contain independent information on century-scale wind variations.
Unfortunately for this study, other variables play important roles as well in determining
the time histories of these tracers. The dependence of 5180 and d on temperature-related
equilibrium fractionation of evaporation and condensation, wind-related kinetic
fractionation, and relative humidity complicates the interpretation of these climatic tracers
with the latter association generally being dominant (Merlivat and Jouzel 1979, Jouzel et
al. 1982). |

Our estimated current global wind average of 7.2 m s°1 falls in the transitional range
between a “smooth” and *rough” wind regime (figure 2 in Merlivat and Jouzel 1979).
According to the equations presented in Jouzel et al. (1982), a 3m s°1 reduction in global
winds (as accompanies an F-forced Maunder or Sporer event) changes the 5180 of the
first precipitate in a given air mass by 0 %00 in the smooth regime, by 0.18 ©/00 in the
rough regime, and by -0.9 /00 in a transition of smooth to rough wind regimes. Thus the
expected wind-driven 5180 variations are ambiguous. The expected d variations are
likewise equivocal with changes, for the three cases stipulated above, of 0, 1.3, and -6.4
/00, respectively. Unless pre-event global wind conditions clearly fall in one of the two
wind regimes and unless the influence of other variables such as relative humidity can be
isolated, the use of ice-core 5180 and d as high-resolution tracers of past wind condiions
is very limited.

The step-function variations in F that approximately produce the Maunder and Spérer
atmospheric A14C events are similar in magnitude and duration to the transient Fd4c)
histories derived above. A 35% decrease in F (down to 12.5 moles CO, m2 yr-1) for 80
years duration (between “year 50" and “year 130” of the atmospheric Maunder event)
results in an atmospheric A4C perturbation that resembles the average Maunder Al4C
fluctuation (figure 3.9). A 40% decrease in F (down to 11.5 moles COp m-2 yr-1) for
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120 years duration (between “year 50* and “year 170" of the Spérer event) likewise is
compatible with the average Sporer-type atmospheric Al4C perturbation although the
modeled recovery in atmospheric A14C is steeper than observed (figure 3.9). The oceanic
14C response to these parameter step-changes resembles the curves displayed above for
the progressive F(14C) histories. Therefore, the same analysis and criticisms apply. In
contrast, the outoomebfastepchangeinszillbeshownto differ dramatically from that
of its progressive counterpart.

Variable diffusivity and oceanic 14C change

The modeling approach and analysis of the deconvolution of K(14C) parallels the
F(14C) discussion above. However, the curves used to represent the average Maunder-
and Spdrer-type atmospheric Al4C oscillations were slightly redefined to prevent the
failure of the K,-deconvolution model. Whereas, for the F simulations, the continuous
curves that characterized the average Maunder and Sporer atmospheric constraints
consisted of linear interpolations of the bi-decadal A14C records in figure 3.2,
interpolating spiines were instead used in the Kz simulations to force a smoother
transition from each average bi-decadal A4C to the next. Otherwise, the deconvolution of
undefined K(14C) values occasionally occurred when changes in internal oceanic mixing
were required to produce the instantaneous slope breaks in the atmospheric A14C record
derived by a simple linear interpolation. Except for this minimal adjustment in the
atmospheric A14C inputs, the other century-scale model assumptions and initial conditions
remained the same.

The variations in Kz(14C) necessary to produce the two average century-scale

excursions in atmospheric A4C are more complicated than the F(14C) variations
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deconvolved above. A Maunder-type atmospheric A14C fluctuation requires a 50%
decrease in Kz(14C) (from 4000 m2 yr1 to 2000 m2 yr-1) followed by a 50% increase in
Kz(14C) (peaking at 5850 moles m"2 yr-1) before a return to steady-state conditions
(figure 3.10). The Sporer-type atmospheric Al4C fluctuation requires a 50% decrease in
K(14C) as well with a subsequent rise in K(14C) of 25% (to 5150 m2 yr-1) before
returning to base-line conditions (figure 3.10). Because the exchange parameter K,
directly affects the entire oceanic distribution of 14C, the return to pre-event atmospheric
14¢C 1evels requires a strong antithetical digression in Kz to nullify the original
perturbation (see below).

The initial decline in internal oceanic mixing restricts the transfer of 14C into deeper
oceanic layers, in this way causing the 14C rise in the surface ocean which is responsible
for producing the century-scale elevation in atmospheric Al4C. The surface ocean A14C
peak during the Sporer event is 20 O/oo above initial conditions and the average
thermocline A14C also increases by 8 %/0o (figure 3.6, lower left panel). The deep ocean
14C reservoir, on the other hand, becomes on average 5 /00 more depleted because of the
reduced transport of 14C from the surface. In contrast, the hypothetical Sporer-related
excursion in air-sea CO5 exchange rate insignificantly affects the deep ocean.

As previously noted by Druffel (1982), the A14C digression in the surface ocean
must equal or exceed the atmospheric A14C change when the oceanic reservoir drives this
change. The model results show that a 20 %00 increase in the surface ocean is required to
produce a rise of 15 %00 in atmospheric A4C. The difference of 5 9/0o partly reflects the
importance of the longer-term ( T3 = 80 yr ) terrestrial biota as a 14C sink. The surface
ocean must supply sufficient 14C to produce positive A14C digressions in both the
atmospheric and terrestrial reservoirs since the latter acts to mitigate any atmospheric 14C
perturbation by removing a portion of it.
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The ventilation index from the 14C “circulation tracer* suggests that the turn-over
time of the ocean reservoir with respect to water fluxes has an order of magnitude of 1000
yrs. The relaxation time of the oceaninmponsetoqn oceanic l“Cpertnrb:suioneventvcrill
have this same order of magnitude. Unlike the variations in F(14C), the Kz(14C) changes
significantly affect the entire vertical distribution of oceanic 14C. Thusa simple return of
Kz(14C) to its “base-line" value is not sufficient to force oceanic and atmospheric 14C
back to pre-perturbation conditions; a significant compensatory digression (figure 3.1 0)in
internal mixing for an extended period of time (ca. 100 yrs) is necessary to recover the
14C system promptly to a resemblance of initial steady-state conditions (figure 3.6).

'Ihelongrelaxaﬁonﬁmeofﬂlemodelooeanisapparentwhenstepchangesinsz
fit to the Maunder- or Spérer-type atmospheric Al4C fluctuations. A 45% step decrease
in K5 (to 2200 m2 yr-1) for 80 yrs duration results in an increase in atmospheric A14C of
ﬁnem'opermagnimd;anddopeforanaverage Maunder event while a similar step decrease
in Ky (to 2250 m2 yr-1) for 120 yrs duration is compatible with the first half of the
atmospheric Spdrer event (figure 3.11). However, after the simple step return of K; to its
pre-perturbation value, hundreds of years are required before atmospheric A14C will be
permitted by the slow recovery of the perturbed model ocean to return to its pre-event level
(figure 3.11). Thus a simple switching mechanism for decxeasiné ocean ventilation over a
specific time interval cannot produce the relatively rapid excursions and restorations of the
century-scale atmospheric A14C events.

The variations in the model ventilation index MVI which accompany the progressive
Kz changes in figure 3.10 significantly differ from the MV histories associated with the
14C production changes or air-sea CO; flux changes necessary to alternatively produce
the century-scale atmospheric A14C excursions (figure 3.8). Ocean ventilation truly varies
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only during the K(14C) simulations; the apparent ventilation changes that comprise the
other MVT histories only reflect the lag in the deeper oceanic 14C reservoir in responding
to variations in other reservoirs in the 14C system. However, a Ka-related MVI curve
also does not accurately represent the history of Kz(14C) when the ocean is not at steady
state; for example, the enhancement in ocean mixing required to restore the pre-
perturbation oceanic 14¢C profile is not recorded by this index.

The ventilation index directly defined by K,(14C) is scaled on the right axis in figure
3-10. This ventilation index, KVI, denotes the difference in 14C age between the surface
and subsurface ocean reservoirs for a steady-state oceanic 14C profile defined by the
model equations and the instantaneous value for KA14C) (see chapter 1). The Maunder-
related Kz(14C) history translates into an 85% increase in ocean ventilation time (from a
"base-line” value of 1025 14C yrs to a maximum of 1890 14C yrs) which is followed bya
30% reduction in ocean ventilation time (to 720 14C yrs) before its return 1o intial
conditions (figure 3.10). The Sporer event produces a similar increase in KVI succeeded
by an extended 20% reduction in “instantaneous ventilation time” (to 810 14¢ yrs).

The "true” ventilation scenarios contrast sharply with the MVI trends based on the
actual Al4C changes in the model ocean reservoirs (figure 3.8). Yetan MVI trend, like an
FVI trend from foram 14C measurements (section 1.4), is the mixing signal, however
imperfect, that is available in oceanic records and is an important indication of instability in
the 14C system. The KVIand MVI “base lines” (and digressions) are offset because the
definition of MVI does not include the thermocline in the calculation of the deeper ocean
14C age; multiplication by a factor of 1025/1275 to adjust MVI allows a more direct
comparison of these two indices.
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Comparison of modeled ocean histories and coral ! 4C data

. The three alternative mechanisms considered for century-scale atmospheric 14C
digressions each result in distinct upper ocean Al4C variations (figure 3.6). For
comparison, the annual resolution of coral growth bands has provided a detailed history of
surface ocean A4C change in the Florida Straits during the atmospheric Maunder 14C
event of AD 1600 to 1800 (Druffel 1982). The 14C measurements on three coral cores
collected in ocean waters of the Gulf Stream system (Druffel and Linick 1978; Druffel
1980, 1982) together represent a high resolution record of surface ocean A14C spanning
more than 3 centuries and place in perspective the Maunder-related ocean 14C signal
(figure 3.12).

A 20-yr moving average was calculated for the coral data after contemporaneous
samples were averaged and the record was interpolated to annual spacing. This trend-line
(figure 3.12, solid line) is elevated as much as 6 %00 during the Maunder interval with
respect to the persistent “base-line” level of ca. -49 ©/00. The bi-decadal A14C trend for
the model surface ocean associated with a Q-forced atmospheric 14C history exhibits a
similar multicentury trend with a 6 %/o0o rise during the Maunder event (dashed line). The
offset in curves may reflect the difference beiween the giobal-average surface ocean A4C
of the model and the influences of specific regional exchange processes on the coral A14C
records. The concept of similar but offset A14C histories for different surface ocean
regions is elaborated in Stuiver et al. (1986b). The 20th-century decline in coral A14C is
associated with recent fossil-fuel emissions of dead carbon (A14C = -1000 9/00); this
anthropogenic effect was deleted for the global 14C simulations (section 1.2).

The alternative model surface-ocean Al4C histories produced by the deconvolved
Maunder-related variations in air-sea gas exchange or eddy diffusivity do not resemble the
observed 14C trend (figure 3.13). A smoothing spline between AD 1644 and 1811 was
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fit to the coral data of the one core that spans the Maunder interval (dotted line). An
uncertainty of + 1.5 9/oo (shaded area) was estimated for the well-represented data interval
between AD 1680 to 1810 by calculating and averaging the standard errors of the means
for the 14C data within bi-decadal bins. The Q-forced surface ocean trend is part of the
complete Holocene simulation discussed in chapter 2 (eg. figures 2.3 and 3.12); this trend
has been depressed by 5 /o0 in order to match the mean of the coral spline and permit a
direct comparison. The F- and K;-forced surface ocean Al4C curves, derived from the
century-scale perturbation simulations above, were each adjusted by ca. -1 %00 in order
thatallthecurveshaveﬂlesameiniﬁalAMCvalueatﬂlebeginningofmeMmmder-related
model oceanic digression in AD 1630.

Thus the coral A14C data from the Guif Stream system are consistent only with the
hypothetical model surface-ocean Al4C history that is associated with a century-scale
change in 14C prodiicﬁon rate. The ocean trends induced by climate-related F and K,
changes clearly transgress the data uncertainties. None of the model curves, however,
accurately replicates the first portion of the available coral record (figure 3.13). A more
definitive analysis must awnait the existence of oceanic data records representing different

~ ocean regions at times contemporaneous with the century-scale digressions in atmospheric

Al4C. More refined oceanic 14C models tliat simulate specific regional mixing processes
(eg. Toggweiler et al. 1989) will also be important.
3.4 Chapter summary

The detrended atmospheric A14C record contains two common century-scale
digressions during the Holocene. The 9 identified Maunder-type Al4C events on average
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consist of +15 /oo excursions lasting 200 yrs while the 8 Sporer-type A14C events
comprise excursions of similar magnitude but lasting 280 yrs. The Q-deconvolution
simulations show that these atmospheric digressions can be generated by century-scale
14¢ production rate increases of 30% if climate variables are assumed constant. The
timing and magnitude of the deconvolved century-scale Q(14C) variations are consistent
with the hypothetical 14C production changes derived from ice-core [10Be] fluctuations,
and the correlation of the recent portions of these records with indices of solar activity
ascribes a strong solar component to their origin.

The modeled ocean history associated with century-scale 14C production variations is
consistent with the limited coral A14C data spanning the last Maunder event. In contrast,
the coral A14C trend differs significantly from the F-forced and Kz-forced surface ocean
histories required in the climatic explanations for the century-scale atmospheric Al4C
digressions. In addition, the century-scale variations in global wind speeds that
correspond to the deconvolved CO; exchange rates necessary to yield the atmospheric
AI4C excursions are not evident in the ice-core microparticle record. Thus the available
evidence supports only a production rate (solar) origin for century-scale atmospheric 14C
variations.

A switch mechanism for climatic events was considered by employing a step change
for K; and F in the century-scale simulations. The notion of sudden climate change at
threshold levels is currently receiving attention to explain the apparent turning on and off
of deep water formation during and concluding the last glacial stage; a climatic switch may
potentially account for El Nifio/Southern Oscillation cycles. Although a step change in F
is possible s a force behind century-scale atmospheric A4C change, the recovery times
for Maunder- and Sporer-type atmospheric 14C events are too rapid to be explained by
simple step changes in internal ocean mixing,



C ER 4. SPECTRAL ANALYSIS AND INTERPRETATION OF
MODEL-DERIVED 14C PRODUCTION RATES

The modeling analysis presented in chapters 2 and 3 has indicated that millennium-
and century-scale atmospheric A14C variations during the Holocene originate primarily
from fluctuations in 14C production rates rather than climatic changes. The periodic
nature of these fluctuations in 14C production rate is subsequently investigated through
several spectral techniques and the findings are discussed in terms of solar dynamics. In
addition, a visual inspection of the detrended Q(14C) histary reveals a repetitive pattern in
ca. 30% of this Holocene record. Thisinformaﬁonandt}wspecualanalysisareuﬁlizedm
tentatively extend the history of solar activity into the past and future.

4.1 Description of spectral techniques

In this section, I will briefly address the strengths and weaknesses of the several
spectral techniques used here to assess the cyclic nature of the 14C production rate
variations. Spectral methods consist of two classical approaches, the direct Fourier
analysis/periodogram method and the indirect Blackman/Tukey power spectrum analysis,
as well as two filtering approaches, the autoregressive Maximum Entropy Method (MEM)
using either the Burg or FABNE algorithm.

Four complementary methods
Classical Fourier analysis projects a time series onto orthogonal (i.e. uncorrelated)
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axes consisting of sine waves that are harmonics of a fundamental period equal to the total
length (duration), T, of the data series. Least-squares estimates of the amplitude and phase
associated with each harmonic frequency can be calculated from these projections
(transforms). The periodogram constitutes the total energy of the time series at each
harmonic frequency. This energy is proportional to the square of the estimated amplitude
of the forcing signal at that frequency. The corresponding power spectral density (PSD) at
each frequency is the energy divided by the total number of observations, N. Spectral
results are usually presented graphically as plots of PSD versus frequency. The fast
Fourier transform (FFT) is a computationally efficient algorithm that derives the
periodogram by adjusting (padding) N to be highly composite (eg. to be a power of 2).
Our FFT program is based on the algorithm in Singleton (1969).

The periodogram is unstable without some tapering (windowing). A spectral
window can be applied to the Fourier transforms or, equivalently, a data window can be
applied to the original time series. Various windows have been proposed to reduce
sidelobe distortion, i.e. the presence of spurious PSD peaks by leakage of the power from
strong harmonic and nonharmonic frequencies into other neighboring frequencies. We
~ use a split cosine bell window to taper 20% of the data (10% on each end), a perceatage
generally recommended (Bloomfield 1976).'

The average resolution in the cycles determined by Fourier analysis are usually
estimated as 1/T (e.g. Kay and Marple 1981). Resolution as great as 1/(4T) using FFT
has also been claimed (e.g. Wolff 1976) whereas others have argued that resolution may
be much less in practice (e.g. Marple 1987, Sonett and Suess 1984). Windows reduce
sidelobes but may coarsen resolution (e.g. Marple 1987). An additional caution is that the
above resolution is an average of a range of potential resolutions dependent on the relative
phases of the frequencies of the input signals. For example, by varying relative phases,
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Marple (1977) found a 10-fold range in resolution for an artificial data set consisting of two
sinusoids without noise. I have here adopted the I/T rule-of-thumb for the average
resolution in the periodogram spectral results. .

As suggested by the 1/T maxim, a limitation of the periodogram approach is the poor
spectral resolution (broad peaks) for relatively short data sets. Another limitation in this
spectral technique is the assumption that the data set can be fully represented by a
fundamental sinusoidal cycle equal to the data length and by its higher harmonics. In
effect, the periodogram is a least squares fit of an overtone series to the data set (Kay and
Marple 1981). Stochastic noise is not considered.

The periodogram can be calculated indirectly from the autocovariance function of the
time seri&sforaﬂ lags j up to N-1. The second spectral technique, the Blackman/Tukey
approach (known also as power spectrum analysis, generalized harmonic analysis, or the
correlogram methodi, estimates power spectral density by selecting a maximum lag, J,
less than N-1. This "lag windowing” serves to smooth the periodogram and emphasize
the persistent features. To reduce sidelobes, the lags in the autocovariance function or,
equivalently, the original data values are weighted. Our power spectrum approach follows
the procedure outlined in Mitchell et al. (1966) in which the data are initially smoothed
with a 3-point weighted moving average (Hamming window).

The various windows in both Fourier techniques are subjective choices. A *lag
window” of 10-30% of the total data length is often recommended (e.g. Mitchell et al.
1966, Kane 1977, Marple 1987) although successful results on artificial data have been
shown for J up to 80% of N as well (Kane 1977). Rather than limiting the choice of J to
one fixed proportion, we used a range of maximum lags (10-50% of N) to assess the
spectral characteristics of the Q(14C) record. The periodogram can be considered a special
case of Blackman/Tukey power spectrum analysis with the lag window set at 100% of the
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data length.

A horizontal PSD spectrum (all spectral estimates equal) indicates purely random
variation or “white noise”. A PSD spectrum that decays exponentially from low to high
frequencies indicates persistence, or “Markov red noise”, in the time series (Mitchell et al.
1966). Our power spectrum program calculates this red noise spectrum and determines
the relative significance of any periodicities (PSD peaks) with respect to it. The 95%
confidence level above the red noise spectrum is incorporated into our power spectrum
plots as an upper limit against which to compare the significance of PSD peaks. As
discussed in Mitchell et al (1966), a more stringent level of confidence (up to 99%) is
actually required to consider cycles significant if they are not expected from theory or not
present in other data series.

The average resolution of the power spectrum approach is comparable to the
periodogram approach at ca. 1/T, although data windowing can affect resolution by as
much as 20% (Marple 1982, fig. 2). The resolution increases with increases in maximum
lag but the statistical stability decreases (Mitchell et al. 1966). In this way, lag windowing
is a compromise: as J increases, resolution becomes finer (i.e. the spectrum is peakier) but
the statistical significance of the spectral peaks may drop with respect to the red noise
spectrum. The resolution is roughly proportional to maximum lag at least above 20% of
the data length (Marple 1982, fig. 2) so that a range in maximum lags of 10-50% generally
corresponds to a fining in resolution by a factor of 5.

In addition to the subjectivity involved in window selection, the power spectrum
approach has other limitations that require its cautious interpretation. Spurious PSD peaks
may result from leakage through window sidelobes if the true power is associated with a
non-sinusoidal cycle such as a pulse. A square-wave cycle can result in spurious PSD

peaks at harmonics of the actual period. A broad PSD peak may indicate a cycle with an
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irregular periodicity. Information on relative phases is unavailable with this technique.

~.The third spectral technique, the maximum entropy method (MEM), is not restricted
to harmonics of the data length and, as importantly, considers the stochastic element of
time series. Because of MEM's treatment of the time series outside the window, this
method has greater frequency resolution than the Fourier techniques and no sidelobe
leakage. While the Fourier analyses assume data values equal to zero beyond the specified
taper interval, MEM assumes the greatest randomness, or maximum entropy, for the
extrapolated time series. In this way, the PSD spectrum for MEM is not smoothed and
resolution is generally sharp enough to separate spectral peaks that would coalesce into a
broad peak in Fourier analysis.

As Skilling {1984) elegantly and concisely summarizes: “Maximum entropy always
selects the simplest possible resuit, containing the bare minimum of structure needed to fit
the data®. And, as 6lapido (1988) explains, by choosing the most unpredictable time
series consistent with the known data record, MEM “sets out 1o express our ignorance of
the power spectral density of the underlying stochastic process”.

The mode! equation for this approach is:

X = YamXm +e 4.1

where x is a residual data value (by deducting the mean of the time series) at some
time t as denoted by its subscript; %, is a summation fromm = 1 tom = M, the model's
autoregressive (AR) order; the ap,'s represent the autoregressive coefficients or weights;
and e is a stochastic noise term with zero mean. In short, the time series model is a linear
autoregression in which each datum xy is a weighted sum of M past data points mixed with
random noise.
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Two algorithms for efficiently implementing MEM are designated as Burg (named
after its originator) and FABNE (i.e.,"forward and/or backward normal equations”). For
a specified model AR order, the algorithms select_the autoregressive coefficients that
produce the best least-squares fit between model prediction and data, that is “minimize the
prediction error power”. The Burg algorithm (e.g. Ulrych and Bishop 1975) constrains
the chosen AR coefficients for model order M to satisfy the Levinson recursion, an
autocorrelative relationship to the calculated coefficients for the model order M-1. The
FABNE algorithm (e.g. Barrodale and Erickson 1980 a,b) recalculates the AR coefficients
for each chosen model order without imposing a recursive constraint. The PSD values are
then calculated from the autoregressive coefficients and the variance of the noise. Details
on all these procedures are provided in Kay and Marple (1981).

Despite the superiority of some MEM features over Fourier techniques, MEM has its
own deficiencies. 6ne severe handicap is that, in contrast to the Fourier methods
discussed above, MEM PSD peak heights have no relation to true amplitudes of the
cycles. Using an artificial data set with equal-amplitude input signals, Kane and Trivedi
(1985) found that MEM PSD peaks accurately located the signal periods but peak heights
varied by an order of magnitude. Another MEM imperfection, as discussed below, is the
subjectivity required in selecting the optimum model AR order (also called the LPEF,
Length of the Prediction Error Filter), a choice to which the PSD spectra is sensitive.

For signal periods longer than 20% of the data length, the Burg algorithm can result
in inaccurate frequency estimates (shifts up to ca. 25%) and peak-splitting (Kane and
Trivedi 1982). The FABNE algorithm requires more computation time than the Burg
algorithm but, as supported by tests with artificial data sets, FABNE is more accurate with
less peak-splitting (Kane and Trivedi 1985, Kay and Marple 1981). This difference in
behavior is especially critical for data series which are short in comparison to the
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frequencies of interest. However, in resolving century-scale cycles for the 9600-yr
Q(14C) record, we expect a general consensus between algorithms. For example,
Barrodale and Erickson (1980a) find that Burg and FABNE will yield nearly identical
spectral estimates for sinusoids with 15 or more cycles contained in the data length
(equivalent to periods under 640 yrs in the Qrecord). In my own comparison described
below, the Burg and FABNE algorithms demonstrate little difference in century-scale PSD
peaks for a range of model AR choices from M = 20 to 100 (4% to 20% of the Q record).

The relative phasing of the input signals, the level of random noise, and the nature of
the mechanism generating the time series also influence the veracity of the MEM spectral
results. With respect to the first matter, although PSD peak accuracy can be sensitive to
the relaiive phase of cycles, phasing is of much less importance for longer data sets such
as the 9600-yr model Q record considered here (Kay and Marple 1981, Kane and Trivedi
1982).

Addressing the second influence, Chen and Stegen (1974) and Kane (1977) found
that Burg PSD peaks retain good resolution with Gaussian whitc 1i0ise Up to 30-40% of -
the signal but often lose resolution and accuracy at higher noise levels. In the latter case, a
longer data set or increased model ARordercanreun'nﬂlespecu'mntoanacoeptableform.
Since several dominant frequencies explain 50% of the variance in the Q(14C) time series
(see below) and the century-scale fluctuations are clearly evident within the noise, we
estimate a signal-to-noise ratio (SNR) below 1.0 (ie. noise equivalent to or weaker than
the signal in the time series). Again, the accuracies of longer MEM-derived periodicities
are more inﬂﬁenced by a moderate noise level than the shorter century-scale PSD peaks of
interest here. The validity of our conclusions are supported by my own experiments with
FFT and MEM spectral analyses of artificial data sets at varying noise levels (see below).

Thirdly, the incompatibility of the autoregressive model with the mechanism
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generating the data set may also undermine the validity of the MEM analysis (Treitel et al.
1977). Unfortunately, identification of the nature of the generating process is usually
unachievable. This inadequacy is a major reason to compare different spectral approaches
as done here.

Resolution of MEM Burg and FABNE spectral peaks is argued to be 1/(2T), or twice
that of the classical Fourier analyses (Ulrych and Bishop 1975, Kane and Trivedi 1982),
but MEM resolution has also been claimed to be much less in practice, ca. 3.5/T (Sonett
and Suess 1984). In a series of publications, Marple (1977, 1982, 1987) calculates the
resolution as 1/(xT) where x is an empirically determined equation which increases
proportionately with model AR order (as a fraction of N) and with the cube-root of SNR:

x = (M/N) ( SNR (M+1))0.31 4.2)

Thus MEM resolution is relatively insensitive to changes in SNR but linearly affected
by the chosen model AR order. Using this equation with N = 480 (the number of bi-
decades in a 9600 yr Q record) and an estimated SNR of 1.0, we calculate that our MEM
spectral resolution is better than the FFT approach if AR is above 120 and worse than the
FFT technique when the model AR order is below 120. At a model AR order of 20 (one of
our choices below), the resolution is approximately 10/T. The resolutions of the various
Fourier and MEM analyses are evident graphically by the relative smoothness of the PSD
spectra (in other words, in the bandwidths of the PSD peaks).

The choice of autoregressive model order
Because of the sensitivity of MEM spectral results to model AR order, the choice of
optimum LPEF is critical. Too low a model AR order causes t0o smooth a spectrum while
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a high AR, although better able to resolve the relatively long periods, also often produces
splitting and spurious PSD peaks at higher frequencies. Olapido (1988) lists 11 popular
criteria in AR order selection. Various rules-of-thumb in choosing the LPEF fix the model
AR order at anywhere from 20% to 100% of the total number of observations while other
formulae select an optimum AR order contingent on how well each mode! order fits the
data. Kay and Marple (1981) suggest a maximum model AR order of 50% because of the
problem of spurious peaks, and they select 25% for their standard MEM examples. Kane
(1979) proposes a dual approach in which shorter periods are resolved using model AR
orders less than 50% of the total data set while longer periodicities are resolved at higher
LPEF’s. Presently, however, no consensus exists on the proper criteria to use in
choosing the optimum model AR order and a subjective decision is required (e.g. Kay and
Marple 1981, Press et al. 1986, Olapido 1988).

The ieast squares fit of model to data improves with increasing model AR order, that
is the minimized “prediction error power” continues to decrease. However, the
uncertainty in estimating AR coefficients increases with greater model AR order. The
Akaike (1969) final prediction error (FPE) is the most popular of a number of criteria
which attempt to quantify the compensation between the degree of model fit and the
paraineier uncertainty to select the optimum order for the autoregressive model. Akaike's
criterion is defined as:

FPEM = ((N+M+1)/(N-M-1) ) Rym 4.3
where M is the model autoregressive order, N is the total number of observations,

andRMismemeansquareofﬂleresidualsofﬂleleastsquaresfitofﬂlemodeltodledata.
When M is too low for a good model fit to the data, Ry will be relatively large; if the AR
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order is unnecessarily large, the term in parentheses (representing the parameter
inaccuracy) will increase faster than RM decreases. The optimum M corresponds to the
absolute minimum FPE.

Kane and Trivedi (1982) investigated the reliability of the FPE criterion. In a test
study with an artificial data set of 101 single-yr values and high SNR, they found that the
FPE choice of optimum model AR order (M/N = 18% in this case) allowed both Burg and
FABNE to accurately identify periodicities of 5, 10, and 20 yrs. These cycles are 5%,
10%, and 20% of the data length. The equivalent periods in a 101-item bj-decadal data set
are 100 (= 20 x 5), 200, and 400 yrs, respectively. If these results are pertinent for an
analogous 480-item bi-decadal record, being the total number of observations in the
Holocene Q(14C) record, cycles below 1920 yrs (20% x 9600) should be accurately
identified using the FPE criterion.

Inoﬂlersmdiwﬁﬂlrealgeophysicalmneseris, the FPE criterion has been criticized
as yielding too low a model order (e.g. Sonett 1984). A smoothed spectrum may resuit
which masks important spectral details. This objection applies especially when the
process being modeled is not purely autoregressive (e.g. Kay and Marple 1981). The
FPEcxiteﬂonmayundemsﬁmamﬂlepropermodelARmderforaﬁme series controlled by
harmonic processes with a high SNR (references in Kay and Marple 1981). Noise
appears to play a devious role because Kane (1979) showed that, when 30% noise was
introduced into an artificial sinusoidal data set, the Burg algorithm was accurate at a lower
model AR order.

Several test studies demonstrate that relatively low model AR orders can yield true
spectra. Barrodale and Erickson (1980a) and Akaike (1969) show that FABNE can be
accurate at M < 4% of N. Kane and Trivedi (1985) also demonstrate with artificial data
that MEM provides reliable spectral results at model AR orders of 8%, and that the
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FABNE algorithm is more accurate with less splitting than the Burg. A model AR order
must be high enough that the MEM analysis of the residual record (i.e. data minus model
time series) displays a white noise spectrum (e.g. Sonett 1984). Akaike (1969), in
introducing the FPE criterion, found that the FPE-selected model AR orders, at ca. 3% of
N for several time series, resulted in the required white noise residual spectra. In
analyzing an 8400-yr.decadal atmospheric 14C time series, Sonett (1984) determined that
model AR orders as low as 6% (M = 50) produced residugl white noise spectra.

Other studies are less encouraging. Kane and Trivedi (1985), although supporting the
use of the FPE criterion in theory, were not pleased with the simple MEM spectrum
generated at the FPE-selected model AR order in their FABNE analysis of the sunspot
record. The analysis identified only a single PSD peak at an 11-yr periodicity. They
instead favored the more detailed spectra produced with a model AR order of 30% to 50%
of the data lengthpriinmilybecauseitshawed more peaks in common with other spectral
studies. In another test case, Kane and Trivedi (1982) endorsed selection of a model AR
order of 30% because, only at that AR order, did MEM properly produce PSD peaks
having equal amplitudes for an artificial data set of equal-strength input signals.

For the 9600-yr Q(14C) record specifically, the FPE criterion yields a low optimum
model AR order of 20 (equivalent to 4% of the total number of observations). An MEM
model AR order of 4% falls far below the other popular rules-of-thumb favoring use of
30-50% of the data length. In view of the general lack of consensus on the proper model
AR order, the MEM results for this range of model arders are considered here as well.

Therefore, the complete MEM analytical routine, resembling Olapido’s (1988)
approach, consists of choosing the Akaike Final Prediction Error (FPE) criterion to
designate a suitable model AR order for spectral analysis but then utilizing the results of a
range (4%-50%) of model AR orders to put in context the initial PSD findings. Spectral
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peaks maintaining their integrity without shifting or splitting over a range of model AR
orders are considered reliable. The results are plotted in “split plots” (expression by M.
Stuiver) showing the significant PSD periods identified at specific model AR orders.

4.2 The periodic nature of Holocene Q( l“C) variations

To assess the periodic nature of the model-derived 14C production history, all four
spectral approaches discussed above were compared. Classical Fourier analysis is
performed with the FFT program, the Blackman/Tukey power spectrum approach is
executed at lags of 10-50% of the total number of bi-decadal observations, and the MEM
Burg and FABNE analyses are carried out systematically with AR model orders up to 50%
and 20% of the total number of observations, respectively. Special consideration is
assigned to the optimum AR model order defined by the FPE criterion. Olapido (1988)
successfully employs a similar full analytical approach on climate data.

The MEM FABNE algorithm generally has superior accuracy and resolving power
fordaﬁmmﬂsthataretelaﬁvelyslwﬂ“dﬂlmpeammeﬁequencimofmmu but, for
the century-scale periodicities considered below, a concurrence of all spectral approaches
is expected when analyzing the long 9600-yr Q(14C) record. Agreement among these 4
methods will corroborate the spectral results. The tenacity of identified cycles is tested
through comparison of spectral results from a wide range of lags in the power spectrum
approach and from a wide range of model AR orders in the MEM analysw Differences
among methods will help to define the true uncertainties in the spectral results; these
differences also provide some insights into the limitations of specific spectral techniques.

After the application of the four spectral techniques to determine the dominant cycles
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in the Q(14C) record with and without its long-term trend (ie. the "400-yr” spline in figure
2.1), the principal frequencies are adjusted and assigned amplitudes and relative phases by
least-squares fit of the detrended Q(14C) history t a set of sinuosoidal variations. In
addition, a recurrent 680-yr pattern (a characteristic triple fluctuation or “triplet”) appears at
irregular intervals in 30% of the detrended Q(14C) record as identified by visual inspection
of this record on an expanded timescale (Stuiver and Braziunas 1988, 1989). Least-
squares sinusoidal fits to the “triplet” and “intertriplet” intervals in the detrended Q(14C)
variations are determined as well.

Spectral analysis of the Q(1 4C) record

At the FPE)-selected model AR order 20, the MEM FABNE analysis of the Q(l4c)
record (without removal of the long-term trend) produces a PSD spectrum with peaks at
420, 218, 143, and 85 yrs, corresponding to 4 of the first 5 harmonics of a fundamental
period of 420 yrs (figure 4.1). A minor feature in the spectrum is apparent at the fifth
harmonic (106 yrs) as well. This spectrum corresponds to a relatively low model AR
order (equivalent to 4% of the total number of observations) and thus smooths over the
finer scale “peakiness” characterizing PSD spectra for higher model AR orders (see
below). The MEM Burg analysis produces a PSD spectrum with identical peak
periodicities at a model AR order of 20.

The resolution of the identified frequencies may be estimated conservatively as ca. +
3.5/T where T is the duration of the data set (Sonett and Suess 1984). Using this
criterion, the four principal periods identified by MEM FABNE on the 9600-yr Q(14C)
record correspond to ranges of 364-499, 202-237, 136-15 1, and 82-88 yrs. Even more
expansive are the ranges that correspond to the resolution estimate of + 10/T based on
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equation (4.2): 292-747, 178-282, 124-168, and 78-93 yrs. The application of equation
(4.2), however, requires several assumptions on signal and noise characteristics (Marple
1977, 1982, 1987) which are difficult to certify. With any criteria, the three shorter
periodicities are better defined and, as the total number of 14C observations increases, all
spectral peaks become better resolved. As discussed above, however, the relative
amplitudes ofﬂmepeziodidﬁ@scamotbeascertainedﬁommeMEMappmach.

At the recommended maximum lag of 20% (see section 4.1), the power spectrum
analysis of Q(14C) identifies virtually the same four periodicities as the MEM spectrum
(figure 4.2, lower panel). However, only the 213-yr and 148-yr PSD peaks are
statistically significant at the 95% confidence level above the red noise spectrum whereas
the PSD peak with the 405-yr periodicity is much less important. The power spectrum
also displays a significant PSD peak at 124 yrs which does not conform to a simple
harmonic interpretation.

A greater number of PSD peaks appear at higher model AR orders in the MEM
analyses and at higher maximum lags in the power spectrum. Ata maximum lag of 50%,
the power spectrum exhibits the same PSD pattern but some of the principal peaks have
* become split (figure 4.2, upper panel). For example, the 213-yr periodicity is now
identified as two significant PSD peaks at 229 and 204 yrs and the 405-yr periodicity is
replaced by three peaks at 505, 457, and 355 yrs. Millennium-scale cycles are represented
in this analysis by PSD peaks that are very low relative to the red noise spectrum. Since
ﬂxepeﬁodigramoanbewnsidemdaspedﬂeaseofpowerspectummﬂysisvdmmehg
window set at 100% (see section 4.1), the FFT method produces a highly spiky spectrum
although many of the PSD peaks are again clustered near the same major periods identified
in the smoother power spectra and MEM analyses (see below).

The MEM Burg analysis at the higher model AR order of 120 (equivalent to 25% of
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N) exhibits clusters of PSD peaks around the four periodicities (414, 216, 142, and 85
yrs) identified at the model AR order of 20 (figure 4.3). The former model AR order
corresponds to the informal N/4 criterion of Kay and Marple (1981) while the latter is
associated with the absolute minimum FPEp value. The Burg analysis presented here
was performed on the model-deri?ed Q(14C) history based on the revised tree-ring
(atmospheric) A14C record which incorporates the 74-yr shift in the "Heidelberg Main 9*
tree (see sections 1.2 and 2.1 and figure 2.6). Thus this minor adjustment to the early
portion of the Holocene Al4C record insignificantly influences the PSD spectrum (cf.
figure 4.1).

The spectral transition from the harmonic PSD periodicities to the PSD peak clusters
in the Q(14C) record is presented graphically in figure 4.4 for the 1000- to 77-yr portion
of the Burg PSD spectrum. Model AR orders advance in steps of 5 following the PSD
speclruminﬂleforeg;'oundcompﬁsingﬂlefmndisﬁnahamonic periodicities at the model
AR order of 20. Figure 4.5 identifies, at model AR orders up to 240 (ie. 50% of the total

observations), those peak periodicities (between 60 and 550 yrs) with a relative power
spectral density exceeding .007. This “cut-off” PSD level was subjectively selected
because it most clearly distinguishes the prominent PSD peaks in figure 4.4 from the
“background” spectrum. Tabie 4.1 tabulates the PSD periodicities (significant at PSD >
0.007) for selected model AR orders.

The splitting of PSD peaks with increasing model AR order complicates the simple
harmonic interpretation of Q(14C) periodicities. Importantly, the systematic presentation
of spectra over a range of model AR orders delineates those periodicities most robust to
model AR assumptions. Both the 216-yr and 143-yr harmonic are apparent throughout
the entire AR range of Burg spectral curves (figures 4.4 and 4.5 and Table 4.1). Although
the peak cluster associated with the 88-yr periodicity loses spectral power after model AR
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Figure 4.4: PSD results for selected model AR orders (every fifth order between 20
and 120) corresponding to the MEM (Burg) analysis of the (revised) 9600-yr bi-
decadal 14C production rate record without trend removal. Each relative PSD spectrum
is normalized as in figure 4.3; most spectral features plot below 0.12 relative PSD units
(vertical axis).



///
/ ://// //
‘vl l /// \
"/, iy

’z

/ l
' "// %/ i

\

' /// //

//
il
’[/7//
/////

/

,/////////

/

il W'
l/ /I /////

I

i
i
: : //7 ;/ i i

jj”, \o'l

i

'/
l/ //
. ////

///

i
i
M /
\0 // I o, o Uiy /// il

// iy
/

,, i ////’ il

I
/ / ////”I/
/////////
nffm ///////f

iy ///,'////
//////” it //// //

/////// il

J ///
il
/W/'// /

///l /
mj i

//// U////

I,
”// I l// ///
////

///// ! /
//
I//// //

/// ‘
Uity ”// I
I// i ////// I”
I iy
// // N l///// ////
/,s“"// ’/, ih

i ’I

////////// "////

I I /I/
//////// i

]mﬂ% /I

I
/////////””

I
I ////////////%/

Iy
/////l/ il
%/%////////////

Il ////////////// |

I
i

Iy

I///,/I 0
il

Iy
iy

/////

//Il

///
/ / / ////////

1y

L
)
z
Lld
L

)

L

L

120



261

Figure 4.5: A "split plot” identifying the spectral peak features exceeding a relative
PSD of .007 in the MEM (Burg) analyses of (revised) Q(14C). Model AR orders are
listed as absolute numbers and may be converted to percentages of total number of
observations (N = 480) with multiplication by 100/480. The plot spans only the range
of periodicities from 60 to 550 yrs.
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TABLE 4.1
PEAK PERIODICITIES WITH PSD > .007 AS IDENTIFIED BY
MEM (BURG) ANALYSIS OF THE BI-DECADAL Q(14C) RECORD

MODEL AR PERIODICITIES:

ORDERS:

20 . 414

60 475 356

120 12395 2104 951 720 512 444 363 289 256
180 9995 2221 975 740 512 454 391 356 294 253 232
240 9995 2161 975 512 454 384 356 294 273 238
20 216 142

60 212 148 126 106
120 229 208 180 168 155 147 130 123 106
180 222 208 198 155 149 145 130 123
240 229 219 208 198 151 147 144 123
20 85

60 88

120 88 85 82 75 63 57

180

240
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order 120 (as do all spikes in the PSD spectrum), the cluster signal nevertheless is visible

(below PSD of .007) through model AR order of 240 (N/2). The 414-yr cycle, however,
splits at a relatively low AR order and is eventually replaced at model AR orders of 120 or
greater by at least three PSD peaks with periodicities at ca. 510, 450, and 350 yrs.

The “split plot” of figure 4.5 not only identifies the PSD peaks that persist at a range
of model AR orders in the spectral analyses but also represents a “spectral fingerprint”
with which other spectral techniques and the spectral analyses of other time series can
conveniently be compared. The “split plots” of the power spectrum method and MEM
Burg analysis of Q(14C) have strong similarities when maximum lags are superposed on
model AR orders that represent equivalent percentages of the total observations (Stuiver
and Braziunas 1990). Also, “split plots” of PSD spectra for long high-resolution climate
records allow spectral similarities between 14C production rates and climate to be
investigated (M. Stui‘ver, in progress). In this way, the spectral components of separate
time series can be compared without the need to specify the “correct” interpretation of their
periodic natures.

The MEM Burg analysis was repeated on the detrended l4c production variations
(ie. AQ/Qy derived from both the revised and pre-revised Q(14C) records. The PSD
results, displayed in figure 4.6 for the revised AQ/Qy history, demonstrate that the removal
of a spline approximating a 400-yr moving average has a nominal effect on the identity of
the significant century-scale periodicities. At the same model AR orders, the PSD spectra
for Q(14C) and AQ/Q; show essentially the same structure (figure 4.3 vs. 4.6). However
the PSD spectrum for the AQ/Qy record lacks the low-frequency rise associated with the
millennium-scale features of the original Q(14C) record; without the long-term trend, the
normalized spectral power also enhances the PSD levels of the harmonic PSD peaks for
modelARorder20mlaﬁvetoﬁ1elﬁgherorderspecn'mn. The secondary nature of these
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distinctions concurs with the comprehensive study of Kane (1977) in which low pass and
high pass filterings of artificial data sets were found to insignificantly affect the PSD
results (except the amplitudes) associated with the Fourier, Blackman/Tukey, or MEM
(Burg) spectral methods.

The removal of the spline from the Q! 4C) record has, however, another
consequence for the interpretation of the MEM Burg spectral results. The absolute
minimum value for FPE) shifts to a higher AR order of 39 in the MEM analysis of the
AQ/Qq record (figure 4.6 inset). The PSD spectrum associated with this higher order
varies from its simpler harmonic structure displayed at model AR order of 20. A PSD
spike with two peaks at 519 and 386 yrs replaces the 416-yr periodicity and the remaining
PSD spectrum exhibits strong peaks at 213, 149, 125, 106, and 87 yrs. Thus an
additional harmonic of the 416-yr period becomes identified (at 106 yrs) but the other new
peaks compromise the harmonic interpretation. This PSD spectrum is not specifically
shown but closely resembles the Burg-derived curve on the Q(14C) record displayed in
figure 4.4 at model AR order of 40.

Different time intervals in the Holocene 14C production history appear to be

 characterized by distinctive periodic behavior. The MEM FABNE analyses on four equal

divisions of the AQ/Q; record reveal that, whereas the PSD peaks around 200 and 150 yrs
are defined throughout the Holocene, the 85-yr periodicity is primarily restricted to the
5360 to 2960 BC segment (figure 4.7). A PSD peak corresponding to a 400-yr cycle is
not visible in any of these arbitrary subdivisions, contradicting the harmonic interpretation
based on the MEM analysis for the entire time series. Each chosen model AR order
corresponds to a local minimum in FPE) that occurs near the informal AR selection
criterion of N/4 (Kay and Marple 1981). In this way, the PSD spectrum of each time
interval exhibits a similar degree of structure.
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A strong periodicity of 127 yrs in the most recent quarter of the AQ/Q record is
consistent with the 130-yr oscillation identified in another solar activity index, the
historical record of aurorae, between 1550 BC and AD 1700 (Attolini et al. 1988);
however, the prominent 88-yr auroral cycle does not have a counterpart in the MEM
FABNE analysis of the most recent time interval. The "missing fourth harmonic” at ca.
105 yrs also appears in half of the AQ/Q; record when subdivided in this fashion.

These frequency differences in the MEM analyses of AQ/Qt subsets can be evaluated
in the context of other evidence of nonstationarity in 14C time series. For example, Neftel
et al. (1981) recognize amplitude variations and phase shifts in the 200-yr and 150-yr
periodicities of the 8000-yr La Jolla tree-ring (atmospheric) A14C record by means of a
Fourier analysis on a 2000-yr “moving window” of the time series. Sonett (1984) re-
examines the La Jolla A14C record and finds spectral evidence for amplitude, frequency or
phase modulation of the 200-yr cycle by a millennium-scale periodic component and for
nonstationarity in the A14C time series in general. The spectral inconstancies in 14C
history are not assessed in detail here but two distinct behavior patterns in AQ/Qq have
been visually identified (Stuiver and Braziunas 1989) and incorporated into the full
analysis of patterns in the 9600-yr detrended 14C production record (see below)

As discussed in section 2.1, atmospheric A14C variations are attenuated and delayed
with respect to the 14C production rate signal. Thus spectral investigations of reservoir
Al4C histories (eg. Neftel et al. 1981; Sonett 1984) are complicated by distortions of
relative amplitudes and phases by the global 14C system. The derivation of Q signal

frequencies in the A14C record may be confused as well by climate-induced variations in

carbon reservoir sizes and exchanges (which, however, are also not taken into account in:
the Q-deconvolution process). The impact of attenuation and lag factors on PSD spectra
was examined using an artificial time series (see next subsection).
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Despite the effects of such complications, the calculated spectral properties of the
atmospheric (tree-ring) A14C record are fundamentally consistent with the PSD spectra
derived above on the 14C production histories. Figure 4.8 shows the FFT analysis of the
9600-yr atmospheric (tree-ring) A14C time series. In this example, a spline approximating
a 1000-yr moving average is subtracied from the original data as an alternative method of
trend removal prior to spectral analysis. ‘The structure of the FFT spectrum on residual
atmospheric Al4C closely resembles the power spectrum results for Q(14c) at 50%
maximum lag (figure 4.2, upper panel). PSD peaks with millennium-scale periodicities of
960 and 2400 yrs are also identified in the FFT spectrum; however, power spectrum
analyses indicate that these longer-term features are not significant components of 14C
records.

Spectral tests on artificisl 14C time serics

Several spectral tests were devised to permit a better assessment of the PSD results on
the 14C time series presented above. The four issues addressed are: (1) the relationship
of relative PSD peak height to relative signal amplitude; (2) “beat” phenomena; (3) the
expected differences between PSD spectra on time series of 14C production, atmospheric
A14C and oceanic Al4C; and (4) potential sources for spurious harmonics in PSD spectra.
Some of these test analyses essentially repeat previous investigations but focus on the
operation of the specific spectral programs applied here and the veracity of relatively low
model AR orders.

Spectral analyses on artificial time series have often been observed to behave
differently than analyses on actual geophysical data (eg. Kay and Marple 1981, p. 1395).
Therefore, although the tests below clearly illustrate some of the weaknesses and strengths
of the different speciral methods, the investigations are limited in scope and applicability
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and their conclusions must be related with caution to the interpretation of the actual 14C-
related PSD spectra.

In the first series of tests, the ability of the dlassical and MEM spectral approaches to
properly identify frequencies and amplitudes was assessed with artificial time series
comprised of 350 bi-decades, 20 uniformly spaced frequency signals with amplitudes of
unity, and an adjustable level of background noise. The frequency signals ranged from
1/2500 yr1 to 1/92 yr-1 in steps of .00055 yr-! (figure 4.9 inset). Random numbers with
a gaussian distribution characterized by one sigma of either + .001 or + 2.0 units were
added to the signal to represent high signal-to-noise (SNR) and low signal-to-noise levels,
respectively. PSD spectra of these two alternative time series were derived from FFT and
MEM (thfg) analysis, and the accuracy of these two spectral approaches and the effects of
noise level were evaluated.

The resultant PSD spectra are displayed in figures 4.9, 4.10, 4.11, and 4.12. Both
spectral approaches accurately locate the signal frequencies but vary substantially in their
responses to noise levels. The FFT spectrum most closely regenerates the equality in
signal amplitudes but exhibits a reduction in accuracy when noise level is increased
(figures 4.9 and 4.10). The effect is opposite in the MEM Burg analysis which produces
a greater range in PSD peak heights when background noise is lower (figures 4.11 and
4.12). These results confirm the inferiority of MEM Burg analysis in identifying
amplitudes and the sometimes devious role of background noise as mentioned in section
4.1.

In both Burg analyses described above, the model AR order (equivalent to
approximately 50% of N) was selected by application of the Akaike FPE) criterion. With
artificial time series, the chosen model AR orders were generally higher than for the actual
14C data sets. When a relatively low model AR of 4% is arbitrarily selected in the MEM
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(Burg) analysis of the above artificial time series with low SNR, spectral resolution is lost
and the peak PSD frequencies (corresponding to periodicities of 605, 196, 97, 67, and 53
yrs), although evenly spaced, do not reflect the original signal frequencies. Thus, in this
case, a low model AR order fails to identify the many periodicities in the time series but
also does not generate a false series of PSD harmonics with the loss in resolution.

Distinct sinusoidal periodicities in a time series can combine to produce a pattern of
“beats”. A *beat” occurs when two higher frequency cycles (f 1 and f3) of similar duration
interfere to produce an apparent longer-period amplitude modulation (of frequency f3 =
(f1-£2)/2 ) of a relatively .short cycle (of frequency fg = (f1+£2)/2 ). Spectral analysis
techniques ideally identify only genuine periodicities although, as noted above,
windowing will complicate the spectra. With an artificial single-yr data set, Kane and
Trivedi (1985) demonstrated that the MEM spectrum does not exhibit a fictitious longer
periodicity (f3 = 1/120 yr! in this case) resulting from the beating of two proximate
higher frequencies (f] = 1/10 yr1 and f5 = 1/12 yr-1),

1 also investigated the effects of signal interference on FFT and MEM spectra. Fora
480-item bi-decadal time series composed of equal-strength signal periodicities of 218
(=1/f1) and 185 (=1/f3) yrs with and without background noise, neither FFT nor MEM
(Burg) anziysis (at a model AR order of 25%) produced "beat”-related PSD peaks at 2400
(=1/f3) or 200 (=1/f4) yrs. However, for a data set comprising the decadal averages of a
similar length single-yr time series with signal periodicities of 11.9 (=1/f1) and 10.4 (1/fp)
yrs, FFT and MEM (Burg) analysis (at model AR order of 50%) identified a strong PSD
peak cluster at 65 yrs (pethaps coincidentally near 2/f 3). Clearly the ability to identify
higher signal frequencies is compromised when time series are averaged; whether signal
interference truly contributes to the PSD spectra of lower frequencies in these averaged
time series was not pursued further here.



276

To investigate the authenticity of the four MEM-derived harmonics, spectral analyses
were performed on several 480-item bi-decadal time series with one or more of these
harmonic periodicities. The first artificial data set comprised equal-strength sinusoidal
signal periodicities of 414, 216, 142, and 85 yrs and, in a series of tests, the standard
deviation of the gaussian random noise ranged from .001 to 1.0 units of the signal
amplitudes. Both MEM Burg and FABNE analyses accurately identified the four signal
frequencies in all cases with generally no extraneous PSD peaks. However, MEM-
identified PSD peak heights for the signal frequencies differed by up to 3 orders of
magnitude, with both algorithms producing less divergent PSD peak heights when noise
level was greater. MEM analyses at model AR orders of 20 appeared equally reliable as
those analyses at FPE)q-selected model AR orders of 10-20% of the total number of
observations.

To evaluate the mﬂuenoe of attenuation factors on the spectral analysis of atmospheric
mdmAI%mummpmwmespecmmmofﬂuoﬁngfordng
function, the artificial bi-decadal time series above was converted to a "AQ/Qy record” with
which to generate associated reservoir A14C variations in the conventional 14C model.
The "base-line” Q was set at 1.55 14C atoms sec-! <:m13'2 to match the average Q(14C)
back to 500 cal BP and each of the four sinusoidal signals was assigned an amplitude of
£30% relative to this “base line” in order to simulate century-scale AQ/Q; variations. The
gaussian probability distribution of the added random noise had a standard deviation
equivalent to the signal amplitudes.

The four signal periodicities were accurately identified by the FFT and the MEM
(Burg) analysis (at the FPE)s-selected model AR order of 18%) in the model-derived
atmospheric A14C record. Since the atmosphere acts as a low-pass filter for Q variations,
the lower-frequency signals are expected to be attenuated less (see section 2.1); the 414-yr
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cycle should appear relatively stronger in the spectral analysis of the atmospheric Al4C
record than in the original Q time series. Indeed, in this spectral test, the FFT analysis
assigns the most spectral power to the PSD peak for th:s cycle, but the MEM analysis does
not. As demonstrated above, both methods fail to accurately reproduce relative signal
amplitudes; any theoretical distinctions between the PSD spectra of the Q and atmospheric
Al4C records are overwhelmed by this intrinsic deficiency in the methods.

The ocean reservoirs analogously respond as low-pass filters with respect to their
atmospheric-forced A14C variations; and indeed, in the spectral analyses of the artificial
oceanic time series, the frequency-dependent amplitude attenuations of the signals are
more definitive. For example, the FFT analysis accurately identifies the four signal
frequencies in all ocean reservoirs but assigns relative spectral power to the respective
PSD peaks in the ratio of 6/2.5/1/1 in the model-derived surface ocean time series, in the
ratio of 24/6/2/1 for ghe thermocline time series and in the ratio of 1770/80/3.5/1 for the
deep sea time series. The MEM Burg analysis also shows the greater relative strength of
the slower periodicity in the ocean reservoirs.

Neither FFT nor MEM (Burg) analysis produced fictitious harmonics in the PSD
spectrum for a 480-item bi-decadal time series consisting of only a 440-yr (T}) sinusoidal
cycle and “equivalent” random noise. Also, when the time series consisted of a 440- and
220-yr sinusoidal cycle (with relative phases offset either 0° or 45°) and random noise,
higher harmonics were not present in the PSD spectra produced by these two methods.
The preceding analyses were repeated, with equivalent results, on a time series with
sinusoidal signal periodicities at T}/2 and T}/3.

However, when the signal shape is not sinusoidal, both spectral methods did produce
significant PSD peaks at harmonics of the signal periodicity. For example, the FFT
analysis of a time series with a 440-yr .(=T1) rectangular cycle generates additional PSD
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peaks at 145 (T1/3), 88 (T 1/5), 63 (T1/7), and 49 (T'1/9) yrs. The spectral power of each
of these false harmonics was less than 10% of the primary PSD peak at 440 yrs. The
MEM (Burg) analysis produced PSD peaks at 219 (T1/2), 155 (T1/3), and 63 (ca. Ty/7)
yrs with more than 10% of the spectral power of the strongest PSD peak at 475 (Tq) yrs.
For a time series with equal-amplitude rectangular cycles of 440 (T1) and 220 (T1/2) yrs,
FFT analysis generated PSD periodicities at 444, 222, 145 (T1/3), 110 (T1/4), 88 (T1/5),
73 (T1/6), 63 (T/7), 55 (T1/8), 49 (T}/9) and 44 (T1/10) yrs. The 222-yr PSD peak had
80% of the spectral power of the 444-yr PSD peak while the PSD heights of the fictitious
harmonics were generally below 5% relative to this peak. Atmodel AR order of 100 (no
absolute minimum FPE) is attained), MEM (Burg) identified these same harmonic
periodicities with the stronger PSD peaks at periods of 63 and 444 yrs.

Therefore, spurious PSD peaks at harmonic frequencies can be generated by a
rectangular input sigﬁal resulting perhaps from step changes between two modes of solar
behavior. The tests performed above, however, indicate that the PSD peaks for these
fictitious harmonics generally have low spectral power compared to the primary
frequencies, especially in the FFT analysis. The substantial strengths of the harmonic
PSD peaks derived from all four spectral techniques are inconsistent with such an indirect
origin. Thus, in the curve fitting procedure below, the primary harmonic frequencies
identified by spectral analyses are treated tentatively as reflections of true sinusoidal
signals in solar activity. In section 4.3, theories for patterns in solar activity are reviewed
and the notions of harmonic or bi-modal solar behavior are considered in this perspective.

Sinusoidal curves fit to the Q(14C) record
As demonstrated above, the MEM FABNE algorithm may accurately identify signal
periodicities but MEM yields no information on phases and amplitudes of these cycles. In
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order to determine these quantities and to “fine-tune” the most prominent freqﬁencies
indicated by spectral analyses, a suite of sinusoids was fit to the Q(14C) record by
standard least squares regression. The equation fit to the time series was:

f(t) = Ao + X rx cos (/T + @)
= Ao + I 1 cos (2n/Ty (t + Ly) “4.4)

where £(t) is the sinusoidal model equation at year t in calendar time (with negative
numbers for BC dates), A, is the average value of the time series, 1y and @ represent the
fitted amplitudes and phases of each of the k cycles, and each T is a period determined by
the MEM analysis and fine-tuned in the least-squares regression. The lag term Ly is
equivalent to (@ Ty/2n). A similar fitting procedure was utilized by Kane and Trivedi
(1985) and Cohen and Lintz (1974) to refine their spectral analyses.

This approach produces the following equation for the strongest sinusoidal
representation of the entire AQ/Qy record that incorporates the four harmonic periodicities
identified in the spectral analyses above:

AQ/Q; (%) = -0.1+ 4.3 cos (2/207 (¢ + 7638))
+2.7 cos (2/446 (t + 7738))
+2.6 cos (2n/152 (t + 7752))
+ 1.7 cos (2n/88 (t + 7746)) @.5)

This cosine approximation explains 15% of the variance in the original AQ/Q; record
since the correlation coefficient between these time series is .39. The fitted curve (heavy
line in figure 4.13, panel A) appears to represent the amplitudes of the higher frequency
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variations in the AQ/Q record (light bar graph in figure 4.13, panel A) better than the
stronger deviations associated with the major century-scale patterns. The ca. 400-yr
rectangular signal that best correlates with the AQ/Qt_record was analogously “fine-tuned”
to a periodicity of 445 yrs and an amplitude of 2.2%. This fitted curve, however, only
explains 4% of the variance in AQ/Q (r = .20).

The Fourier analysis and, as noted above, the power spectrum approach (at a
maximum lag of 50% of the total number of observations) replace the apparent 400-yr
PSD peak with several proximate periodicities. The periodicities, amplitudes and phase
lags derived directly from the Fourier analysis provide this alternative suite of sinusoidal
cycles:

AQ/Q; (%) = -0.1 + 4.1 cos (2n/208 (t + 7663))
" + 3.4 cos (2n/355 (¢ + 7850))
+2.9 cos (21299 (t + 7596))
+2.6 cos (2n/152 (t + 7760))
+ 2.4 cos (21/504 (t + 7948))

+1.7 cos (2n/88 (¢t + 7746)) (4.6)

In this case, the correlation between cosine approximation and AQ/Q; record improves
(r = .48) with 23% of the variance in the original time series now explained. This
sinusoidal curve more accurately reproduces both higher and lower frequency AQ/Q¢
variations (figure 4.13, panel D). These results are not surprising since additional
periodicities in the cosine approximation are generally expected to enhance these statistics.
The latter equation, however, does not conform to a harmonic interpretation for the
spectral components in the residual AQ/Q; record. At present, the geophysical theories and
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available spectral evidence of solar activity do not permit a definitive selection between
these two (or other) mathematical approximations for solar behavior (see section 4.3).

A consistent 680-yr pattern comprised of 3 century-scale oscillations (a “triplet”)
appears four times in the AQ/Q, time series (figure 3.4) representing 28% of the total
record length (Stuiver and Braziunas 1989). The common features of the triplet intervals
are apparent when the timescale is amplified (Stuiver and Braziunas 1988, figure 4, and
Stuiver and Braziunas 1989, figure 3a). Although the triplet pattern occurs at irregular
intervals in the AQ/Q; record (6480 - 5800 BC, 3420 - 2740 BC, 880 - 200 BC, and AD
920 - 1600), three sinusoidal cycles, maintaining the same relative phases, can explain
more than 50% of the variance associated with these triplet AQ/Q intervals. Thus this
hypothetical mode of solar behavior, concealed or replaced during long intervals of solar |
history, nonetheless seems regulated by a hidden clock.

The fitted curve fbr the triplet intervals is:

AQ/Q (%) = 0.4 + 11.2 cos (2/207 (¢t + 7633))
+ 8.8 cos (2r/435 (t + 7732))
+ 5.6 cos (2n/148 (t + 7734))
+ 2.9cos 2n/87 (t+7718)) @.n

These four periodicities were initially identified by MEM (FABNE) spectral analysis
(at the FPEpf-selected model AR order of 26) on the AQ/Q; triplets sequentially spaced at
the proper intervals (light bar graph of triplet intervals joined by a hoﬁéontallineinﬁgure
4.13, panel B). Nearly the same harmonic periodicities are associated with the triplet
behavior as with the entire AQ/Q; recard. The signal amplitudes are greater (heavy line in
figure 4.13, panel B) and the refined cosine approximation explains 55% of the variance
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of the triplet mode (r = .74). The 207-yr sinusoid alone accounts for 31% of the variance;
the three longest cycles produce virtually all of the correlation. The correlation coefficients
of the fitted curve with individual triplet intervals an_d other portions of the AQ/Qy record
are displayed in Stuiver and Braziunas (1989, figure 3b).

The MEM (FABNE) spectral analysis of the remaining AQ/Qy variations, ie. the
*intertriplet” intervals, generates PSD peaks at 444 (=T), 250 (ca. T}/2), 148 (T1/3), 115
(T1/4) and 88 yrs (T/5) for the FPEp-selected model AR order of 19. Thus a set of
harmonic frequencies is also identified in the intertriplet intervals. The following equation
is the refined cosine approximation, as fit to the sequence of AQ/Qy intertriplets at properly
spaced intervals (light bar graph ofmueru-ipletmwrvalsjoimdbyahoﬁzontallineinﬁgme
4.13, panei C):

AQ/Qy (%) = -0.3+ 4.3 cos (271256 (t + 7787))
+ 3.4 cos (2n/143 (t + 7757))
+ 2.8 cos (2n/456 (t + 7514))
+2.2 008 @n/118 (¢ + 7737))
+ 1.9 cos (2n/88 (¢ + 7749)) (4.8)

These periodicities explain 28% of the variance in the intertriplet portions of the
AQ/Qq record (r = .53). The 118-yr and 88-yr cycle are secondary components of the fit
since the first three cycles individually explain 12%, 7%, and 5% of the signal variance,
respectively. Amplitudes in this equation are weaker than in the triplet cosine
approximation because the intertriplet portions of the AQ/Q; record are characterized by
more subdued fluctuations (light bar graph in figure 4.13, panel C). The 143-yr
periodicity, however, gains in relative strength when comparing the intertriplet to the
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triplet suite of sinusoids. The fitted intertriplet curve (excluding the 118-yr cycle) is
shown in panel C of figure 4.13 (heavy line).

Thus harmonic periodicities can reproduce a significant portion of the model-derived
Holocene record of 14C production rate changes when this record is first classified into
two behavioral modes defined by observed longer-term AQ/Q; patterns. In this way, a
visual inspection of the detrended Q(}4C) record is a valuable complement to standard
spectral analyses. However, the veracity of this interpretation of 14C production history
requires supporting evidence from other spectral studies and from geophysical models of
solar behavior. The concepts of century-scale solar harmonics and “trinlet” solar behavior
are, at present, only testable working hypotheses that modestly offer relatively simple
explanations for a collection of observations with a complex appearance (see next section).
The systematic survey of Q(14C) spectral properties conducted above at least provides an
initial reference pomt for future investigations.

4.3 Bvidence and theories for solar periodicities

The spectral analyses above indicate that the Holocene Q(14C) record contains
persistent century-scale variations. The periods identified by MEM (FABNE) analysis at
the FPE)f-selected model AR order of 20 are 420, 218, 143, and 85 yrs, which
correspond to four of the first 5 harmonics of a fundamental period of 420 yrs. Spectral
tests (section 4.1) suggest that a model AR order of 20 (4% of the total number of
observations) will accurately identify periodicities that are 4% or less (ie. under 400 yrs) in
a bi-decadal 9600-yr record. Such harmonic cycles (after *fine-tuning” and differentiation
into “triplet” and "intertriplet” categories) can explain a significant portion of the variance
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in the 14C production record.

If, as argued above, century-scale 14C production variations originate through solar
modulation, harmonic 14C periodicities (if real) may reflect harmonic solar processes or
may result from the shape and/or interference of solar cycles at a variety of timescales.
Since the criteria for selecting model AR orders or lags in spectral analyses continue to be
qQuestioned, the validity of these hypothetical solar-related harmonics and their potential
source(s) can only be assessed by reviewing the current understanding of periodicities and
processes in solar activity.

Century-scale cycles and models for solar activity

"Solar activity” refers to the transient phenomena of the solar atmosphere such as
sunspots, faculae, flares, and coronal holes. In theory, these features are surface
expressions of the suﬁ's unsettled “heliomagnetic” activity. The solar (ie. helio-)magnetic
dynamo is widely thought to be induced by electric currents in the sun’s molten core (eg.
Sofia et al. 1985), a process similarly responsible in theory for the earth’s geomagnetic
dynamo. In the sun’s convective zone (the outer third of its radius), heliomagnetic field
lines become twisted along with the ionized solar gases through mixing by convective
motions and differential solar rotation (being faster at the solar equator). These field lines
canbewmewncentatedmplawsandbmkmmughﬂxesolarmnfaoeassunspots. HFares
may erupt from areas of strong magnetic activity, and solar flare activity is correlated with
relative number of sunspots on the solar surface.

Flares and coronal holes directly affect the solar wind, the flux of particles (primarily
protons and electrons) that streams off from the solar corona (eg. Friedman 1986). The
magnetic fields associated with the charged particles of the solar wind interfere with the
penetration of galactic cosmic rays into the earth’s atmosphere and, therefore, modulate
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neutron-derived 14C production rates (see sections 1.1 and 3.2). “Gusts” in the solar
wind also interact with the Earth’s magnetic field to produce geomagnetic storms and to
increase auroral luminosities. These associations explain the high correlation of the 1 1-yr
cycle in the appearance and disappearance of sunspots with variations in other measures of
solar activity such as auroral luminosities, geomagnetic Aa indices, neutron fluxes and
14C production rates (eg. Stuiver and Quay 1980).

In addition to a strong and nearly stable 11.2-yr cycle in annual relative sunspot
numbers, evident in nearly 3 centuries of telescopic observations, several other
periodicities in solar activity phenomena have been widely established. The 22-yr Hale
magnetic cycle derives from the reversal in polarity of the heliomagnetic dynamo after each
11-yr sunspot cycle. On a short time scale, geomagnetic storms occasionally exhibit a
periodicity of 27 days. The 80- to 90-yr "Gleissberg cycle” observed in maximum
number of sunspots per 11-yr cycle (e.g. Gleissberg 1939) matches the periodicity of 8.4
yrs determined by MEM (Burg) spectral analysis on 1000 yrs of auroral sightings
(Feynman and Fougere 1984); a periodicity of 88 yrs has been reported in a more recent
analysis of sunspots (Cole 1973) and this cycle may correlate with variations in solar
diameter as well (Sofia et al. 1985). As discussed above, our own spectral analysis also
identifies an 85-yr periodicity in Q(14C).

In addition, less indisputable periodicities in solar activity phenomena have been
reported. MEM (Burg) analysis of annual sunspot numbers from AD 1844 to 1971
identified a 179-yr periodicity (Cohen and Lintz 1974) while comparison of expected
times of 11.06-yr solar cycle maxima with available s.unspot evidence between AD 300
and 1968 suggests that the phase of this sunspot cycle has a 190-yr nonsinusoidal
periodicity (éole 1973). In their MEM Burg and FABNE approaches, Kane and Trivedi
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(1985) combined lower and higher model AR orders to determine longer and shorter
periodicities, respectively, in the annual sunspot record from AD 1749 to 1971. In
addition to significant PSD peaks around 11 ¥yrs, century-scale periodicities identified at
various model AR orders included cycles at ca. 84, 90, 108, 133 and 143 yrs.

Power spectrum analysis of the record between AD | and 1731 of historical aurorae,
another proxy for solar activity, revealed prominent periodicities of 132, 88 and 44 yrs
(Atollini et al. 1988). The power spectrum approach was also applied to the
thermoluminescence (TL) intensity profile of an Ionian Sea sediment core (Castagnoli et
al. 1989). The TL time series represents AD 170 to 1977 according to the calculated
sedimentation rate in the core and contains two periodicities of 10.8 and 12.06 yrs whose
interference produces a 206-yr amplitude modulation of a 11.4-yr carrier wave. Although
the geophysical explanation linking the TL intensity with solar activity is very speculative,
the similar penodxcmes associated with these two phenomena suggests a connection
(Castagnoli et al. 1989). My own FFT and MEM (Burg) analyses of another potential
solar proxy, the Greenland [10Be} record reported in Beer et al. (1988), identify a
multitude of century-scale cycles (including 436, 229, 200, 171, 137) but the uneven
temporal spacing of the measurements is an added complication.

Previous spectral investigations of atmospheric A14C data sets (of shorter duration
than the 14C time series considered here) have revealed, in addition to other cycles, the
periodicities of 400 yrs (FFT analysis in Sonett 1984), 200 yrs (FFT analysis in Neftel et
al. 1981 and Sonett 1984; power spectrum analysis in Stuiver 1983), 130-155 yrs (FFT
analysis in Nefte] et al. 1981 and Sonett 1984; cyclogram approach in Attolini et al. 1988),
and 86 yrs (cyclogram approach in Attolini et al. 1988). Longer-scale Al4C patterns with
similarities to the above identified *triplet” variations have been described as partof a
2200-2600 yr quasi-periodic amplitude modulation of the 200-yr cycle (Hood and
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Jirikowic 1990, Sonett 1984). Such a 2000-yr amplitude modulation has also been
considered as an explanation for the "suggestion” of century-scale harmonics including the
400-yr (2000/5) and 200-yr (2000/1 0) periodicities in an FFT analysis of the 8400-yr
LaJolla tree-ring A14C record (Sonett 1984).

Geophysical explanations have been proposed for the established 11-yr sunspbt cycle
and/or other appatrent (e.g. century-scale) periodicities in solar activity phenomena. Since
the 27-day geomagnetic storm periodicity coincides with the sun’s rotational period, this
short-term cycle is thought to be associated with solar wind streams emanating from
coronal holes that point toward the earth once each solar rotation. Although the timing
mechanisms controlling the durations of the 1 1-yr sunspot cycle and 22-yr Hale cycle have
not been precisely defined, many researchers suggest that these cycles originate entirely
within the sun’s convective zone from the regular twisting and untwisting of magnetic
field lines (e.g. Sdﬁa et al. 1985). However, this conventional theory (the
magnetohydrodynamic model) has occasionally been challenged with implications for
century-scale solar cycles (see below).

Century-scale sunspot periodicities, as well as the 11-yr cycle, have been linked to
the solar tidal effects caused by planetary gravitational attractions. Sunspots result when
the sun transfers angular momentum outward in response to these planetary influences.
Jose (1965) found a strong correlation between the 179-yr variation in the sun’s motion
relative to the center of mass of the solar system and varistions in sunspot numbers
between AD 1610 and 1957. However, these tidal forces are calculated to be weak and
unable to explain, for example, the Maunder Minimum behavior of the sun (Smythe and
Eddy 1977). '

Century-scale sunspot periodicities have also been interpreted as “beat” phenomena
originating from the interference of decade-scale solar cycles. Applying the MEM (Burg)
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technique, Cohen and Lintz (1974) reported periodicities of 9.9 and 11.2 yrs in a 12-
month running average of the sunspot record (AD 1750-1971) and suggest that
interference by these two cycles produces a lower-fr_equency sunspot period of 179 yrs as
a beat phenomenon. The exact lengths of these periodicities have been fine-tuned using
the same least-squares approach described above. In another analysis, Hill (1977)
employed a modified Fourier method (with an inferred resolution of 1/20T) to discover
three closely-spaced periodicities near 22 yrs in the monthly sunspot record from AD 1749
to 1975. Hill calculated that a millennium-scale beat periodicity of 1045 + 200 yrs in
sunspots will be associated with these decade-scale cycles.

'IheBladnnan/mkeypowerspecu'umapproadl, employed by Cole (1973) on the AD
1700-1969 annual sunspot record, yielded clusters of PSD peaks centered around
periodicities of 88, 11 and 5.75 yrs. Cole proposed a complex scenario in which the two
genuine solar cycles are 10.45 yrs and 11.8 yrs; an additional amplitude modulation of
11.9 yrs on the ca. 11-yr sunspot periodicity explains the peak groups at 88 and 5.75 yr as
artificial “sidebands” (at frequencies of 1/11 + 1/11.9 yr'l). In this case, the amplitude
modulation is interpreted as a primary solar process but spectral analysis identified those
frequencies (ca. 88 and 5.75 yrs) which could have produced such an amplitude
modulation.

Wolff (1976) listed 25 sunspot cycles ranging from 3 to 180 yrs -- identified in earlier
spectral analyses by Currie (1973) and Cole (1973) -- and explained 15 of these
periodicities, including the 11-yr cycle, as beats associated with month-scale “harmonic”
solar processes operating throughout the entire mass of the sun. Unlike the conventional
magnetohydrodynamic model linking solar activity to the influence of differential rotation
on magnetic field lines in the sun’s convective zone (the outer 2% of its mass), ordinary
gas dynamics throughout the sun were considered responsible for sunspot cycles. Wolff
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proposed that "the Sun is vibrating like a bell", ie. oscillating in a system of rigid rotational
modes each with a month-scale periodicity related (via an "harmonic index”) to a
fundamental 25.8-day cycle. Slower solar activity periodicities of 178, 89, 59, and 11.9
yr were explained as beat phenomena resulting from various interferences of combinations
of the higher-frequency "harmonic” cycles.

Sakurai (1984) also questioned the traditional theory that processes governing solar
activity variations are restricted to the sun’s convective layer. A quasi-bienniel
component to the 11-yr sunspot cycle matches the 2.2-yr variation in solar neutrino flux.
Currie (1973) earlier noted a 25.7 month periodicity in sunspots but interpreted it only as
an harmonic of the 11-yr cycle. Sakurai theorized that its correlation with the solar
neutrino flux (emanating from the solar core) indicates a significant connection between
physical processes occurring in the inner and outer portions of the sun (perhaps through
radial movements of the convective zone's lower boundary). These ideas do not
specifically address century-scale solar activity variations but suggest that the traditional
magnetohydrodynamic model may need reconsideration.

Century-scale harmonic periodicities in solar activity phenomena would be important
clues for understanding solar processes. But, although the solar globe “rings” with small-
amplitude vibretions on time scales of hours or less (eg. Friedman 1986), the existence of
month-scale (Wolff 1976) not to mention century-scale solar harmonics has not been
widely established. A few theories for century-scale harmonics observed in specific
periodic analyses have been presented. For example, as noted above, the “suggestion” of
harmonics in the FFT analysis of tree-ring A14C has been hypothetically associated with a
millennium-scale amplitude modulation of a fundamental century-scale cycle (Sonett
1984).

As discussed above, harmonics in the PSD spectrum may indicate a nonsinusoidal
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cycle like an impulse or square wave rather than a ‘ringing” sun. Solar activity has been
characterized as episodic and intermediate between sinusoidal and pulsating in nature (eg.
De Meyer 1981). Cole (1973), for example, found 190-yr and 94.5-yr periodicities in the
phase of the 11-yr sunspot cycle and concluded that the latter periodicity is an harmonic
cycle indicating the non-sinusoidal nature of the former periodicity. Using MEM (Burg)
analysis (with model AR orders ranging from 26 to 52%) on mean monthly sunspot
numbers from AD 1749 to 1957, Currie (1973) identified the first four harmonics of the
ll-yrcycleandassociatednopﬁmarysigniﬁcancetothan.

Century-scale harmonic periodicities, then, may result from the nonsinusoidal
character of a primary solar signal or from the millennium-scale amplitude modulation of
such a signal. In addition, the interference of higher-frequency cycles can theoretically
produce century-scale “beat” periodicities. These phenomena may be responsible at least
in part for the appa;ent century-scale harmonics identified in the spectral analyses in
section 4.2. At present, evidence is lacking that these harmonics result directly from
primary solar forcing processes.

Information on higher-frequency Q(14C) variations near 11 yrs would be valuable for
defining the extent of signal interference in creating longer-term 14C periodicities.
Unfortunately, such information is lost in the bi-decadal (or decadal) averaging of the tree-
ring Al4C and the associated model-derived Q(14C) records utilized here. The attenuation
factor of .008 for decade-scale atmospheric A14C variations forced by changes in 14C
production rate (section 2.1) leads to a weak tree-ring signalbutspeclmlahalysesonlﬁgh-
resolution dngle-year 14C measurements are still likely to provide additional insights into
solar processes on several timescales.

Alternative models for variations in solar activity may be tested by comparing model
predictions with observations. Some of the mathematical and/or theoretical solar models
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published prior to solar cycle 21 (AD 1976 - 1986) were applied to predict the maximum
sunspot number and timing of this 11-yr sunspot cycle. Almost none of these models
successfully approximates the sunspot maximum of ca, 155 which occurred in AD 1979
(McKinnon 1987/1988, Goswami et al. 1988).

For example, interpreting some solar variations as beat phenomena, Cole (1973) and
Cohen and Lintz (1974) forecast a maximum sunspot number of 50-60 in AD 1981; the
solar model with planetary influences (Jose 1965) predicts a low maximum around 30 in
ca. AD 1981. The mathematical (curve-fitting) models fare somewhat better with forecasts
of <100 (several models in Kane and Trivedi 1985) and 130-200 in AD 1981 or 1982 (Hill
1977). Based on alternative mathematical models, De Meyer (1981) concludes that
sunspot behavior is unpredictable. The forecasts of additional investigations are discussed
by Gleissberg (1971) and Kane and Trivedi (1985). Predictions based on *triplet” and
“intertriplet” solar behavior are presented in section 4.4,

The role of millenniom-scale cycles in Q(14C) and solar models

As mentioned in section 1.2, the sinusoidal appearance of both the post-6500 BC
tree-ring Al4C record and geomagnetic data suggested to earlier researchers that the global
dipole moment was inherently sinusoidal and that the Holocene A!4C record contained a
cyclic “grand trend”. Estimates for this long-term periodicity generally fell between
10,000 and 13,000 cal yrs (eg. references in Carmi et al. 1984). Using the MEM
(FABNE) approach on 67 century averages of post-5400 BC tree-ring Al4C
measurements, Carmi et al. (1984) found a PSD peak at 13,200 yrs, identical to the
periodicity derived by a least-squares fit of a sine curve to the 9700-yr A14C record (see
section 1.2).

However, the early and pre-Holocene geomagnetic and Al4C data (see section 2.3)
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as well as current geomagnetic theory (eg. Merrill and McElhinny 1983) do not support
the existence of a sinusoidal cycle on this timescale. The spectral analyses presented in
section 4.2 do not identify any Holocene-scale periodicities in Q(14C). If the MEM
(FABNE) approach on century averages is performed on an abbreviated post-5400 BC
Q(14C) record, a "grand trend” of ca. 11,000 yrs is indeed generated in the PSD spectrum
at the FPE)-selected model AR order of 26; however, when the century averages of the
Q(14C) record span the full 9700 yrs of tree-ring data now available, the FABNE analysis
reveals PSD peak periodicities at only 500 and 200 yrs (at the FPEpq-chosen model AR
order of 8). For these reasons, the identification and implications of a Holocene-scale
sinusoidal cycle need not be further considered here.

A pattern suggesting a ca. 2500-yr cycle is visible in tree-ring A14C data and has
been interpreted as indicating a link between solar and climate change (Denton and Karlén
1973, Eddy 1977). ‘ Fourier analysis also identifies a periodicity with a ca. 2000-yr
magnitude in A14C time series (Houtermans 1971; Sonett 1984; low-frequency PSD peak
in figure 4.8). Damon and Linick (1986) advocate a geomagnetic origin for a 2400-yr
14¢ cycle (and its harmonics) in association with the westward drift of the nondipole
field. In contrast, Hood and Jirikowic (1990) find evidence of a ca. 2400-yr amplitude
modulatien for century-scale variations in solar activity time series (ie. sunspot numbers
and auroral occurrences) as well as the A14C record and thus propose a solar origin for
this millennium-scale periodicity. A specific physical model for this solar phenomenon is
not proposed.

Yet the MEM analyses presented in section 4.2 did not identify a millennium-scale
periodicity in the Q(14C) record (at the FPE)y-selected model AR orders) and the power
spectrum analysis displayed only an insignificant PSD peak at this periodicity (figure 4.2).
Furthermore, the MEM (Burg) analysis of the spline Qy, representing the geomagnetic
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component of the Q(14C) record in the detrending procedures above, does not define any
PSD peaks in this long-term trend. The ca. 2400-yr A14C cycle described by Hood and
Jirikowic (1990) has very small amplitude (ca. 4 9/00) and its presence also seems
difficult to ascertain in the relatively short solar activity records, ie. the 1000-yr auroral
and 300-yr sunspot time series. Therefore, a solar or geomagnetic cycle at this timescale
has not been pursued in any detail here.

The proper identification of millennium-scale 14C trends and an understanding of
their solar and/or geomagnetic origins is important, however, in order to accurately
quantify the solar component in the model-derived Q(14C) history and apply the
Q(}C)/solar relstionship to reconstructing or predicting variations in solar behavior. At
present, the information on century-scale patterns and periodicities in Q(14C) at least
allows a good first-order quantification of this solar component (section 4.4).

4.4 Applications of the model-derived Q(l4¢c) history

A linear relationship between relative sunspot numbers and model-derived 14C
production rates can be calculated from the present modeling efforts and compared with
earlier computations. An important, and unresolved, perplexity in the accurate
quantification of a Q/solar association involves the proper removal of the geomagnetic
component of the Q(14C) record. This issue is addressed below.

With an approximate relationship between variations in solar activity and 14C
production rate, the 9700-yr Q(14C) history can be converted into a time series of past
solar change valuable for comparison with past climate records. In addition, the
hypothetical “triplet* and "intertriplet” periodicities that explain significant portions of the
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variance in the model-derived 14C production history can be projected into approaching
centuries in order to estimate the solar change contemporaneous with the anticipated
human-forced “greenhouse effect”.

Removal of the geomagnetic component in Q(1 40

A distinction between the earlier modeling efforts of Stuiver and Quay (1980, 1981)
and the current approach involves the treatment of the geomagnetic trend in 14C
production rate over recent centuries. Since this trend is independent of the solar
modulation of 14C production rates, its influence on Q(14C) must be removed before the
linear regression with relative sunspot numbers is calculated. In previous studies,
atmospheric (tree-ring) A14C was corrected, prior to the Q deconvolution in the global
14¢ reservoir model, using a Holocene-scale sinusoidal approximation for the
geomagnetic compoiient in A14C (Houtermans 1971, Stuiver and Quay 1980). Sucha
sinusoidal representation generates a rising long-term trend in atmospheric A14C over
recent centuries and ascribes a relatively strong residual A14C enhancement to the solar-
induced Maunder and Sporer events of the past millennium (figures 2 and 3 in
Houtermans 1971; dotted line in figure 1.1)

In contrast, the loag-term trend in 14C production rate is calculated here directly from
Q(14C), after its deconvolution, and arbitrarily designated (section 3.1) as a spline
approximating a 400-yr moving average (Qt in figures 2.1 and 4.14). Contrary to the
sinusoidal representation, this spline is elevated by the persistently high 14C production
Tates after AD 1200 and precipitously declines with general Q(14C) levels after AD 1500
(short-long dashed line in figure 4.14). As a result, the AD 1700 - 1840 residual Q(!4C)
(ie. AQ/Q) levels are significantly higher than previously estimated. Since this specific
interval in AQ/Q, is regressed against sunspot numbers to derive a /solar relationship, the
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new treatment of the long-term trend has important implications for the computation of a
new paleosunspot record.

The observed steady decline in the global dipole moment measured since AD 1835
(figure 10a in Merrill and McElhinny 1983) translates into a Q trend with positive slope
(heavy solid line in figure 4.14) as derived from equation 2.1 with c| of 4.39. This short
segment, ((DM)QRs, agrees with the final portion of the Holocene-length geomagnetic-
related Q history, Q(DM)s, calculated from the 500-yr and 1000-yr dipole moment
averages on archaeological samples (dashed line in figure 2.16 and dotted line in figure
4.14).

The long-term Q curve, Q(14C)s, determined for analogous 500-yr and 1000-yr
averages of Q(14C) is at least similar to these dipole-related trends after AD 1835 (smooth
solid line in figure 2.16 and equi-dashed line in figure 4.14) whereas the “preferred
geomagnetic trend” used here, Qy, is contrary in behavior. In the crucial AD 1700 to 1840
interval (spanning the time of well-recorded sunspot information and pre-anthropogenic
Al4C with associated Q(14C) values), three noticably different choices for the long-term
trend are possible and the discrepancies among these choices become even greater
extending back over the past millennium (figure 4.14).

The post-AD 1840 interval is labeled as the “fossil fuel period” in which natural Al4C
levels (and thus deconvolved Q(14C) values) have been reconstructed using the earlier
modeling results of Stuiver and Quay (1981). Actually, AD 1840-1900 atmospheric A14C
levels were only secondarily affected by fossil fuel release and were “corrected” only
minimally. As noted in section 3.1, this “artificial” portion of Q(14C) (post-AD 1840 bar
graph in figure 4.14) was found to have negligible influence on the determination of the o))
spline. This most recent Q(14C) history represents only a first approximation for removal
of the fossil fuel effect and does not affect the calculations below.
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With Q¢ chosen as the geomagnetic trend in Q(14C), the calculated Q/sunspot
regression derived from the AD 1700 to 1840 interval has an identical slope as previous
computations (Stuiver and Quay 1980, 1981) but a substantially shifted intercept (see
below). Although this shift has implications for absolute paleosunspot numbers, the
relative variations in solar history reconstructed here are not as sensitive to the choice for
the long-term Q trend and are valuable for comparison with Holocene climate records. A
more rigorous treatment of the geomagnetic component in recent Q variations must wait
until higher-resolution information on the pre-AD 1835 global dipole moment becomes
available.

As noted in section 3.2, the relative century- and decade-scale variations in 14C
production are influenced by the geomagnetic field even if the millennium-scale trend is
removed from the Q(14C) record. Therefore, the residual Q record is expressed here in
terms of percentage changes relative to the long-term trend, ie. AQ/Q; x 100 where AQ=
Q(14C)-Q;. In this way, the geomagnetic effect is fully deleted from Q variations on all
timescales.

Relationship between 14C production and sunspot numbers

Assuming that residual 14C production rates for the 18th and 19th centuries are solely
tied to solar activity as reflected in sunspot numbers, a linear relationship between these
two quantities can be derived in order to determine a hypothetical paleosunspot record for
the Holocene and, in addition, to project solar activity into the next centuries. Such curves
have limited value because (1) the sensitivity of 14C production rates to sunspot variations

. (averaged over 11-yr solar cycles) is different in each of the last 3 centuries (Q being

determined from measured neutron fluxes for the 20th century and model-derived for prior
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centuries); (2) sunspot variations underestimate the range of solar activity associated with
century-scale changes in 14C production rates because solar activity continues to fluctuate
below the threshold of zero sunspots; and (3) future sunspot numbers and, subsequently,
solar activity have so far not been convincingly predicted at time scales greater than several
years by any model or empirical relationship. Details on considerations 1 and 2 can be
found in Stuiver and Quay (1980). Argument 3 was discussed in section 4.3.

Despite these and other limitations discussed more below, it is still worthwhile to
complement previous attempts to quantify the solar modulation of 14C production (Stuiver
and Quay 1980, 1981) with a cautious analysis of the Holocene-length bi-decadal model
results. Iﬁndﬂlatﬂlepresentdetermmwonsagmewellwiﬂlﬂw earlier calculations based
on decadal and annual 14C data and allow a preliminary extension of model-derived solar
activity into past millennia and future centuries.

Sunspot numbefs since AD 1700 have convincingly oscillated on average with an
11.1 yr cyclicity (eg. McKinnon 1987/1988). Sunspot numbers are currently increasing
as part of the 27th cycle recorded since AD 1700 (formally denoted as cycle no. 22 since
AD 1755). Sunspots numbers remained near or at zero between AD 1645 and 1715 (the

' Maunder Minimum) but were observed in greater numbers at several intervals between AD

1611 and 1645 (Eddy 1976). The 1l-yr qde is not readily apparent in the pre-AD 1700
sunspot record because of the record’s discontinuity and/or the low level of sunspot
activity.

For the interval AD 1720 to 1860, Stuiver and Quay (1980) found a relationship
between decadal model-derived Q(14C) (based on decadal tree-ring A14C) and decadal
sunspot numbers S4 (i.e. sunspot numbers averaged for each solar cycle and then
interpolated to cover the same decadal intervals as the tree-ring 14C measurements) such
that: AQ/Qg (%) =10.5- .53 Sd. The term on the left represents the percentage variation
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in Q(14C) relative to the average Q ( Q3=1.57 atoms s-1 cm].;'2 ) for the entire 14C
measurement interval AD 1000 to 1860. Multiplication by Qg and differentiation yields
dQ/dSg = -.0083 for AD 1720 to 1860 but this slope differs substantially for each
century individually. A second analysis with annual tree-ring A14C data gives d Q/d Sc =
-.0062 for AD 1723 to 1855 where S¢ represents sunspot numbers averaged over each
ca. 11-yr solar cycle (Stuiver and Quay 1981). In this case, the model-derived annual 14C
production rates were also averaged over the duration of each specific sunspot cycle before
determining the best linear correlation. Thus an exact and constant value (if any) for the
relationship of 14C production to sunspot numbers has not been confirmed.

A Q/sunspot relationship is here calculated from the bi-decadal AQ/Q; variations
derived from the present modeling efforts. The linear correlation has limitations because
(1) the coarser reso]uﬁon obscures the 11-yr cyclicity (annual sunspot numbers being
averaged over the sar;ze 20-yr intervals as the AQ/Q results) and (2) the uncertainty of the
regression increases (with only 7 bi-decades comprising the interval AD 1700 to 1840).
Nevertheless, the regression results support the analyses summarized above. The new
calculation incorporates the recently revised sunspot numbers of McKinnon (1987/1988).
The best linear correlation between sunspot numbers and model-derived 14C production
rates yields the relationship AQ/Qt (%) = 21.0 - .59Sp, ( 1=-.65 ; probability of no
correlation = .12 ) where S, is the 20-yr average of annual sunspot numbers for the same
bi-decadal intervals as the production rate determinations. For AD 1700 - 1840, average
Qs 1.50 atoms s-1 emp-2 and therefore d Q/d S, = -.0083, equivalent to the decadal
resulis above.

In a preliminary analysis using annual tree-ring A14C data and a more complex
interhemispheric reservoir model that deconvolves global Q(14C) from the strictly

northern hemispheric 14C measurements (Stuiver and Braziunas, in preparation), the
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calculated relationship is AQ/Q; (%) = 20 - .558¢. This more refined modeling approach
again yields a nearly identical dependence for 14C production on solar activity.

As seen in the upper half of figure 4.15, bi-decadal sunspot numbers calculated from
the above regression compare favorably with observed cycle-averaged sunspot numbers
(dark and light lines respectively). The apparent lag in the model-related curve is required
by the linear correlation to compensate for the missing mid-18th century dip in model-
related sunspot numbers. A corresponding, but narrow, peak in the decadal tree-ring
Al4C record was obliterated by the coarser 20-yr averaging (see Stuiver and Braziunas,
1988, figures 1a and 2a for comparison of the bi-decadal and decadal tree-ring A14C
records).

The model-related sunspot curve is also extended to AD 1950 (dotted line in upper
half of figure 4.15) by applying the same Q/sunspot relationship to the 14C production
rates derived fmmthé model for the post-AD 1840 time period. The post-AD 1840 AQ/)
record, as explained above, is deconvolved from reconstructed natural A14C variations
(that is, without the industrial decline in atmospheric A14C) which in turn are based on
observed sunspot numbers and the d Q/d S relationship of Stuiver and Quay (1981).
Thus the discrepancies between the dotted line and the observations partially arise from the
different slopes of the bi-decadal relationship calculated here and the linear regression in
Stuiver and Quay (1981) used to initially approximate post-AD 1840 “natural” atmospheric
AC values (and associated Q(14C) values). The coarse bi-decadal averaging of A14C
also smoothes the Q(14C) and regression-derived sunspot curves. The “natural” post-AD
1840 A}C record can be recalculated using the Q/sunspot relationship derived here.

The choice between d Q/d Sy, of -.0083 and d Q/d S¢ of -.0062 as a better estimate
of solar influence on 14C is difficult. Stuiver and Quay (1981) show that the better
defined d Q/d S dependency produces a post-AD 1840 atmospheric A14C curve in
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excellent agreement with the observed atmospheric A14C record when estimates of fossil-
fuel CO; release are incorporated into the modeling. However, the first regression
matches other decadal and bi-decadal analyses. Apparently, with a limited data base
(spanning AD 1700-1840 in sunspots and model-derived Q), the calculated dependencies
are sensitive to data resolution and manipulation. Future modeling efforts with annual pre-
and post-AD 1840 A14C measurements as well as closer consideration of the options for

the long-term geomagnetic trend should help resolve these discrepancies.

Paleosunspots and fature solar activity

Sunspot numbers back to 7730 BC (figure 4.16) were calculated from the model-
derived AQ/Q; record and the bi-decadal 14C production rate/sunspot relationship defined
above. The average bi-decadal sunspot number for the entire pre-anthropogenic 9600-yr
record is 36. The ob;erved annual sunspot numbers average to 39 for AD 1611 - 1988
and 49 for the AD 1700 - 1988 interval since the Maunder Minimum. Thus recent solar
activity, even including the Maunder Minimum, is greater than the model-derived average
activity for the Holocene.

Unlike the earlier decadal results of Stuiver and Quay (1980, figure 13), the sunspot
curve presented here shows only one instance of total disappearance of sunspots over the
last millennium. Although this disparity is partly a consequence of the coarser data
resolution, the new sunspot curve is also “elevated” as a result of the different treatment of
the geomagnetic trend. In the new linear relationship, a relative 14C production rate
increase of 21‘% over “base line” corresponds to the disappearance of sunspots in contrast
to the 10.5% intercept for zero sunspots in the origihal regression. This shift results
because Qy is lower between AD 1700 and 1840 than the “base line” originally assumed
for the geomagnetic component in 14C production rates.
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In addition, the Q spline is drawn up by the more extreme century-scale excursions
in 14C production (smooth trend in figure 2. 1), moderating the strength of the residual
AQ/Q; fluctuations which are defined here as solar-related. Specific to the last millennium,
the peak in Q; at AD 1450 (figures 2.1 and 4. 14) significantly reduces the residual Sporer
variation in 14C production and consequently elevates model-related sunspot numbers in
comparison to the analysis of Stuiver and Quay (1980 figure 13). The new Q/sunspot
relationship implies that sunspot numbers were even greater than pre-telescopic
observations (Clark and Stephenson, 1978, graphically presented in Stuiver and Quay,
1980 figure 8) than previously determined.

Stuiver and Quay (1980) also calculated a relationship between the recent history of
l4¢ production rates (derived from neutron flux measurements between AD 1937 and
1970) and the time series of geomagnetic Aa indices, another solar activity proxy.
Because the AD 1867 - 1968 observations of geomagnetic Aa indices are restricted to the
anthropogenic period, a relationship between the variations in this proxy and model-
derived AQ/Q; cannot be directly calculated. Stuiver and Quay determine a linear
relationship between the observed Aa indices and percentage Q change (AQ/"Q¢" where the
long-term trend is here equated to the Q corresponding to average AD 1868 - 1967 Aa
index) with an intercept of AQ/Q¢ = 22.9% for Aa indices of zero. By quantifying the
correlation between variations, averaged over solar cycles, in sunspot numbers and Aa
indices, Stuiver and Quay refine the relationship between Q and sunspots for the AD 1868
to 1967 time.period. According to this regression, when no sunspots are present, the
percentage increase in Q over the “base line” is 11%.

The 11% intercept for the AD 1868 - 1967 Q/sunspot regression based on the
associations of observed sunspots, Aa indices, and Q variations (calculated from neutron
flux measurements) is inconsistent with the 21% intercept determined here from the AD
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1700 - 1840 sunspot numbers and model-derived AQ/Q¢ history. The difference between
AQ/Q at the zero thresholds in sunspots and Aa indices is calculated now as only 22.9 -
21 = 2% rather than 22.9 - 11 = 12%. However, this discrepancy partly reflects the offset
of Qt from the Q corresponding to the average in Aa indices for the AD 1868 - 1967 time
interval. The "artificial” extension of Q; between AD 1860 and 1960 is about 2.5% below
the average Q(14C) levels during this interval (figure 4.14); if the Q/Aa equation of Stuiver
and Quay is renormalized on this lower "base line®, the intercept in the Q/Aa equation
increases to 25.5% and the difference in zero thresholds in sunspots and Aa indices
increases to 4.5%. Unfortunately, since the post-AD 1840 Q(14C) levels are deconvolved
from reconstructed A14C values incorporating the earlier mo&eﬁng assumptions, this
normalization procedure is not very satisfying.

The lack of common extended time intervals in the records being correlated with
relative sunspot numl;ers (ie. AD 1937 - 1970 for Q from neutron flux measurements, AD
1868 - 1967 for Aa indices, AD 1700 - 1860 for natural model-derived Q(14C) variations)
limits direct correlations between these quantities. Differences in “base line” assumptions
appear to explain a portion of the intercept discrepancy described above. Another
consideration is that the Q/mnspotrelaﬁonshipofmeclmentcenun'ymayinherenﬂydiﬁ‘er
significantly from the relationship in the recent past. An additional complication is the
proper discrimination of the geomagnetic from the solar component of the declining trend
in Q variations between AD 1937 and 1970 (figure 1 in Stuiver and Quay 1980). Any
geomagnetic component should be removed before the relationships between Q, Aa
indices, and sunspot numbers are derived.

After the considerations outlined above, I conclude that the bi-decadal Q/sunspot
relationship derived here is an excellent qualitative index of Holocene paleosunspots but,
because we have an incomplete understanding of the nature of the long-term geomagnetic
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trend, the specific sunspot numbers of figure 4.16 must be applied with caution.
Refinement and further discussion of earlier studies will be best undertaken when long-
term (multi-century) annual A14C and Q(14C) histories are utilized in place of the coarse
bi-decadal analysis presented here.

Although a simple decomposition of the entire residual Q(14C) record into its 3
predominant cycles only explains 15% of its variance, separate representation of the
*triplet” and “intertriplet” portions of the record by individual equations composed of only
a few sinusoidal periods can account for 50% and 25%, respectively, of the variance of
the AQ/Q, record during each of these 2 modes of behavior (see section 4.2). A prediction
of future solar activity can be made on the basis of each of these equations (after
conversion to sunspot numbers using the bi-decadal regression), i.e. by assuming either
mode of solar behavior for the next century.

In figure 4.15 (lower half), the triplet and intertriplet cyclicities are compared to the
telescopic sunspot observations and are projected into the next two centuries (dashed and
dotted line, respectively). Although neither curve has a strong affinity to AD 1630 - 1970
bi-decadal sunspot numbers (r = -.20 and +. 34, respectively), at least coming solar
activity can be predicted if the Sun behaves in one of these two modes. Both curves
indicate average to above-average solar activity for the next two centuries but with a slow
decline in sunspot numbers after AD 2050. Triplet behavior produces sunspot numbers
averaging 50 for AD 2000 - 2100 and 41 for AD 2000 - 2200. These sunspot numbers
exceed the Holocene average of 35 for triplet behavior and are comparable to the observed
sunspot activity of the last few centuries (see above). Intertriplet behavior results in
average sunspot numbers of 39 for AD 2000 - 2100 and 35 for AD 2000 - 2200. These
levels are comparable to recent observations and to the average intertriplet sunspot number
of 36 for the 9600-yr record.
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In summary, observed solar activity since AD 1700 is ca. 33% greater than the
average model-related solar activity for the Holocene. The simple calculations above
suggest that sunspot numbers for the coming century will be comparable to or exceed
recent observations. If this forecast is true, impending solar activity will enhance rather
than mitigate the anticipated global warming due to fossil fuel emissions and deforestation
fluxes of CO, and release of other "greenhouse” gases into the atmosphere. However,
this prediction has many limitations as discussed above. In addition, the degree of solar
influence on global climate change and the mechanisms involved are uncertain (eg. Pittock
1978, 1980; Stuiver 1980b; Wigley 1988; van Loon and Labitzke 1988; Stothers 1989).

4.5 Chapter summary
Spectral analyses of the deconvolved 9600-yr history of 14C production rate

variations (with and without trend removal) generate spectral power at the harmonics of a
420-yr cycle. At a relatively low model autoregressive order (ie. 4% of the total number

* of observations N), the MEM approach identifies century-scale periodicities at 420, 218,

143, and 85 yrs; at a higher model AR order (eg. 25% of N), the PSD spectrum exhibits
clusters of peaks near these four periods as well as spectral power at ca. 123 and 106 yrs.
The model AR order for the first analysis was selected using the Akaike FPE criterion
whereas the alternative model AR order conforms to a frequently cited N/4 “rule-of-
thumb”. In both cases, the PSD spectra show strong peaks grouped near the harmonics of
a fundamental 420-yr cycle.

Power spectrum and FFT analyses on the same time series confirm the general nature
of these resulis. At a range of maximum lags from N/5 to N/2, the power spectrum



309

approach identifies statistically significant periodicities (at or near the 95% confidence level
above the red noise spectrum) of ca. 213, 148, 124, and 87 yrs. Also present, but below
the 95% confidence level, is a 405-yr PSD peak which splits into 3 periodicities of 355,
457, and 505 yrs as the maximum lag increases. The FFT analysis produces similar PSD
peaks as the power spectrum analysis at maximum lag of N/2.

The MEM analysis of each quarter of the Q(14C) time series produces distinct PSD
spectra, indicating nonstationarity in the record. Visual inspection of the detrended AQ/Q
time series reveals four 680-yr intervals with a common pattern of triple oscillations.
More than 50% of the variance associated with this hypothetical “triplet behavior” is
explained by 4 sinusoidal cycles (at 435, 207, 148 and 87 yrs), identified by MEM
spectral analysis and fit by least squares regression to the triplet portions of the AQ/Qy time
series. Another smte of *harmonic” sinusoids (at 456, 256, 143, 118 and 88 yrs) explain
nearly 30% of the variance in the remaining segments (or “intertriplet” intervals) of the
AQ/Qq record. The least-squares approach allows phases and amplitudes to be assigned to
the “fine-tuned" periodicities initially identified by MEM spectral analysis.

Century-scale periodicities in 14C production rate history may reflect primary
harmonic processes in a “ringing” sun, but this conjecture so far lacks strong theoretical or
empirical support. Spectral tests on artificial time series show that such harmonics may
also result from a nonsinusoidal forcing function like a square wave. Amplitude
modulation of a 200-yr 14C cycle has also been proposed as a source for century-scale
harmonics present in a PSD spectrum. Century-scale periodicities at approximately the
first five harmonics of a 400-yr cycle have been noted, at least individually, in other
records of solar activity phenomena such as relative sunspot numbers, geomagnetic Aa
indices, and auroral frequencies. Such cycles in sunspdts have sometimes been

interpreted as "beats” derived from the interference of decade- or month-scale solar
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periodicities.

The linear regression ( AQ/Qy (%) = 21.0 - .59S}, ) between residual 14C production
AQ/Q¢ and bi-decadal sunspot numbers Sp for the 7 bi-decades from AD 1700 to 1840
allows the full AQ/Q, time series to be converted into a preliminary history of relative
sunspot numbers back to 7730 BC. The average bi-decadal sunspot number for the entire
pre-anthropogenic 9600-yr record is 36, lower than the average of 49 for the annual
sunspot numbers observed since the Maunder Minimum (ie. between AD 1700 and 1988).

When the fitted sinusoidal curves representing solar “triplet” and “intertriplet”
behavior in AQ/Q; are extrapolated into the coming century and converted to relative
sunspot numbers through the bi-decadal Q/sunspot regression, higher than average solar
activity is predicted in both cases. Triplet behavior produces sunspot numbers averaging
50 for AD 2000 - 2100 whereas intertriplet behavior results in average sunspot numbers of
39 for this time period.

The accurate quantification of the relationship between 14C production and solar
activity depends on the proper identification of the geomagnetic component in the model-
derived Q(14C) time series and in the Q history calculated since AD 1937 from neutron
flux measurements. The geomagnetic trend is treated here as a spline Q; approximating a
400-yr moving average of the Q( 14C) time series. This interpretation may underestimate
the solar-induced variations in 14C production because the 400-yr spline closely tracks
and thus “neutralizes” a portion of the multi-century trends in Q(140). As a result,
intervals lacking sunspots (on a bi-decadal resolution) are rare in the Holocene including
during the reconstructed Maunder and Sporer Minima. In addition, the relative depression
in Q between AD 1700 and 1840 produces a Zero-sunspot intercept for the Q/sunspot
regression that requires a relatively substantial 21% positive fluctuation in AQ/Q; to denote
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a disappearance of sunspots.

As a consequence of this definition of the geomagnetic component in Q(14C), the
most recent portion of the Q; spline contrasts with the Q trend expected from changes in
the global dipole moment recorded since AD 1835. This inconsistency and the previous
concerns qualify the acceptance of the Q/sunspot regression derived here. A more precise
quantification of the solar influence on 14C production requires an extended geomagnetic
database and a higher resolution (annual) A14C record. However, the paleosunspot curve
and solar activity prognosis presented above are useful, at the least, as qualitative indices
of bi-decadal to century-scale variations in solar behaviar.



CHAPTER 5. CONCLUSIONS AND FINAL REMARKS

The model analyses of chapters 2 and 3 indicate that millennium- and century-scale
atmospheric A14C variations during the Holocene are more likely explained by
fluctuations in 14C production rate (Q) rather than changes in air-sea CO, exchange rate
(F) or internal ocean mixing (parameterized as an “eddy diffusivity” K;). This conclusion
remains fundamentally intact over a reasonable range of modeling choices that involve
alternative pre-Holocene (initial) conditions, exchange parameterizations, and reservoir
modifications.

On both the millennial and centennial timescale, the relative variations in Greenland
(Camp Century) ice-core 10Be concentrations over the past 9000 yrs correlate strongly
with the relative Q fluctuations required to produce the atmospheric (tree-ring) Al4C
record if F and K are constant. This [10Be] record primarily reflects changes in 10Be
production, a process which theoretically responds to geomagnetic and solar modulations
of cosmic radiation in a similar fashion as 14C production. Since the refative variations in
Q during the Holocene are only secondarily affected by the postulated pre-Holocene model
14¢ conditions, the correlation between the relative [! OBe] record and model-
deconvolved Q is comparatively insensitive to these conditions; the preferred choice of a
steady-state atmospheric A14C level of 90 /oo prior to 11,000 cal BP produces a good
post-7000 BC match between Q and [10Be],

A discrepancy between the Q and [10Be] curves during the 4500-3500 BC
millennium may derive from the limited 19Be measurements presently available for this
time interval. This short-term discrepancy in production rates can create a more extended
offset in atmospheric A14C histories (when [10Be] is utilized in the 14C reservoir model
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as a proxy for 14C production variations) because of the long-term memory in the global
14C system as it integrates past Q variations. This prolonged influence of a short-term
mid-Holocene disparity does not require a reconsideration of initial conditions (as
proposed by Beer et al. 1988).

The Q record derived theoretically from the 1 1,000-yr time series of average global
dipole moments also correlates strongly with the Q history required by the tree-ring Al4C
record if Holocene climatic conditions (ie. F and K3 have remained constant. The scaling
factor (c}) relating Q to the dipole moment is chosen to produce the best x2 fit between the
14 dipole-related Q valué and the model-derived Q averages for identical time intervals.
Whereas the value of ¢ has previously been based on estimates for the “current” dipole
moment and 14C production rate (eg. Sternberg and Damon 1983), the alternative
approach utilized here better minimizes the effects of multi-century solar modulation in the
model-derived Q and of regional geomagnetic bias in individual dipole averages.

Assumed initial A14C conditions affect the model-derived Q history and thus c; as
well, but the correlation between relative variations in the dipole- and model-derived Q
histories is only secondarily affected by any c| renormalization. For example, if pre-
Holocene atmospheric A14C is fixed at 50 9/00 rather than 90 /oo, Holocene 14C
production rates must be a few percent higher, on average, to generate the same observed
tree-ring Al4C history; the ¢} factor is 2.5% higher for this alternative model scenario and
thus both dipole- and model-derived Q histories are elevated. The correlation between the
two records is only secondarily affected.

Another consequence of this Holocene-length normalization procedure is a generally
antithetical response of dipole-related reservoir Al4C variations to pre-Holocene 14C
conditions. Increased pre-Holocene Q levels result in lower Holocene cq-derived Q values
on average, serving to partially compensate for the alternative initial conditions. This
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dependency contrasts with modeling approaches that absolutely define cq according to
“current” conditions and find a much greater sensitivity of Holocene atmospheric Al4C
levels to postulated pre-Holocene geomagnetic agd Al4C Jevels (eg. Lal et al. 1990).
Dipole-related Q values are treated here as relative variations to be normalized to a model-
derived absolute Q record determined in tum by the observed Holocene tree-ring 14C data
and a specifically assumed pre-Holocene 14C scenario.

In addition to investigating the sensitivity of model results to a range of alternative
*steady-state” conditions prior to 11,000 cal BP, several hypothetical pre-Holocene Q
histories were calculated theoretically from the dipole moment data available for the past
20,000 to 30,000 yrs (Merrill and McElhinny 1983, Tauxe and Valet 1989). In these
preliminary analyses, the climate-related exchange parameters F and K; were held constant
since, compared to pre-Holocene 14C production variations, pre-Holocene climate
variations should noi strongly affect the Holocene portions of the model reservoir Aldc
curves. The essential validity of the notions of a generally reduced pre-Holocene dipole
moment, of the prominence of the geomagnetic influence on 14C production, and of the
secondary role of climate in the atmospheric A14C record are all underscored by: (1) the
general agreement between the pre-Holocene 234U/230Th-calibrated A14C observations
from Barbados corals (Bard et al. 1990) and the elevated modeled atmospheric Al4C
histories derived from the dipole-related Q scenarios; and (2) the closer agreement between
the early Holocene tree-ring and dipole-derived A14C records (lower inset of figure 2.23)
when the pre-Holocene dipole moment depression is incorporated into the simulations.

The correlation of recent century-scale atmospheric Al4C variations with changes in
solar activity as reflected in records of sunspot observations, auroral frequencies and
geomagnetic Aa indices strongly supports a solar origin for these A14C fluctuations. By
analogy, 15 other century-scale patterns in the Holocene that resemble the 14C digressions
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during the recent Maunder and Spérer sunspot minima also originate through solar
modulation of 14C production. As mentioned above, the close correlation between
model-derived century-scale 14C production rate variations and ice-core {10Be] variations
is additional support for such a production rate origin.

If, as an alternative, the Holocene 14C production rate is considered constant in the
global 14c simulations, a climate (ie. F or Ky) origin for millennium- and century-scale
atmospheric A14C variations has implications difficult to reconcile with some of the
available independent paleoclimatic evidence. The Holocene history of mean global wind
speeds that is required to explain (through variations in F) the millennium-scale trends in
atmospheric A14C is not supported by the time series of microparticle concentrations in ice
cores (Petit et al. 1981) or the dust grain sizes in subtropical Atlantic sediment cores
(Sarnthein et al. 1987). The changes in ocean ventilation rate (in the guise of K,
variations) that are requlred to explain these same atmospheric A14C trends produce an
oceanic Al4C history that is not compatible with the available foram 14C data (Andreé et
al. 1986b). Coral 14C data from the Gulf Stream system during the recent Maunder
sunspot minimum (eg. Druffel 1982) are consistent with the model surface-ocean Al4C
history generated by a century-scale change in 14C production rate but conflict with
marine A}4C histories forced by F or K changes.

The simulations presented here of transient variations in Q. F, and K, provide
important information supplementary to model analyses of alternative steady-state
scenarios (eg. Siegenthaler et al. 1980). Past rates of 14C production have a lasting effect
on atmospheric and oceanic 14C contents while climatic (F or K3) variations have more
temporary impacts on reservoir A14C levels. These fundamentally different behaviors
result because the deep ocean, with a ventilation rate of ca. 1000 yI's, can recover more

quickly from a climate-induced redistribution in reservoir Al4C than it can purge
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previously produced 14C with a mean life of ca. 8000 yrs. Thus pre-Holocene climatic
events make a minimal impression on the Holocene 14C system. For example, although
at least one steady-state reconstruction of glacial conditions suggests that an atmospheric
Al4C increase of 100 /0o may be caused by adjustments in reservoir exchange rates -
alone (Toggweiler and Sarmiento 1985), the atmospheric A14C decline of 100 %00
during the Holocene is too slow to represent only a recovery from such pre-Holocene
climatic digressions. Holocene climate events or changing 14C production rates are
implicated as well in this long-lasting 100 %00 drop.

The global 14C model was also programmed to deconvolve identical and
simultaneous relative variations in F and K consistent with the tree-ring A14C record and
u consiami 14C production rate. Interrelated shifts in atmospheric and oceanic circulation
may occur with changes in the meridional tropospheric temperature gradient. However,
carbon cycle modelmg shows that this specific joint F/K,, scenario implies Holocene wind
speeds and ventilation indices that are not compatible (on a millennial timescale at least)
with the paleoclimatic data mentioned above. In general, the rate of ocean mixing
influences atmospheric Al4C strongly enough that variations in air-sea COy exchange are
more greatly attenuated in comparison to its “solo” scenario when equivalent relative
variations in F and K are both responsible for atmospheric Al4C change. Transient
simulations are necessary to recognize the changing impact of “feedback” effects for joint
parameter variations; “feedback” effects are sensitive, at any point in time, to the
contemporaneous oceanic vertical 14C gradient and the atmosphere/surface ocean 14¢C

In a series of model simulations, climate (in the guise of variations in Kz F,ora
combination of both) was asswued to represent the residual component necessary to
explain the secondary discrepancies between the observed long-term atmospheric Al4C
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history and the A14C trend generated by either the dipole- or 10Be-derived 14C
production rate function.

A compensatory role for internal ocean mixing is compatible with the foram 14C
ventilation history, but deconvolved long-term variations in residual K; differ significantly
for the two production functions. This inconsistency tied to alternative 14C production
proxies that should ideally match (provided that a variable millennium-scale solar
component in the [10Be] record does not exist) indicates that the uncertainties and Limited
resolutions of the geomagnetic and/or [10Be] data must also contribute to the secondary
discrepancies. The deconvolved residual global wind speed history conflicts with the
relative stability in Holocene winds indicated by ice-core microparticle concentrations
unless conﬁmporaneous variations in ocean mixing occur or, once again, the uncertainties
in the production records account for most of the disparities with the long-term tree-ring
A4C record. Tranﬁent simulations are required to properly apportion such multiple
influences on the Holocene history of atmospheric Al4C,

In summary, the modeling analysis indicates that millennium- and century-scale
atmospheric A14C variations during the Holocene originate primarily from fluctuations in
l4¢ production rates (as modulated primarily by geomagnetic dipole variations on a
millennial-scale and by solar wind variations on a century-scale) rather than climatic
changes.

The 9600-yr history of 14C production rates, deconvolved from atmospheric Al4C
variations assuming constant climate, was subsequently analyzed for periodic behavior
using four spectral techniques (Fourier analysis, power spectrum analysis, and the
autoregressive Maximum Entropy Method (MEM) applying either the Burg or FABNE
algorithm). Generally these analyses on the full Q record, with and without the removal of
the long-term Q trend (represented by a spline approximating a 400-yr moving average),
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generate spectral power at the harmonics of a 420-yr cycle, eg. the MEM-identified
periodicities at 420, 218, 143, and 85 yrs. However, MEM analyses of different quarters
of the Q time series produce distinct PSD spectra, and a visual inspection of the detrended
time series suggests that 30% of the Q record exhibits a common pattern of triple
oscillations ("triplet behavior”) distinguishable from the remaining intervals ("intertriplet
behavior*).

Although the identified century-scale periodicities in Q may reflect primary harmonic
processes in a “ringing” sun, this conjecture presently lacks strong theoretical or empirical
support. Such century-scale periodicities in the PSD spectra of 14C and other solar-
associated time series may also originate from nonsinusoidal signal behavior, amplitude
modulauon of a primary century-scale cycle, or “beat” interference among higher-
frequency primary cycles,

The linear regrésion (AQ/Q¢ (%) = 21.0 - 0.59Sp,) between residual 14C production
AQ/Q: and bi-decadal sunspot numbers Sp for the 7 bi-decades from AD 1700 to 1840
allows the full AQ/Q; times series to be converted into a preliminary history of relative
sunspot numbers back to 7730 BC. “Triplet” and “intertriplet” sunspot behavior can also
be projected into future centuries when a least squares approach is employed to assign
phases and amplitudes to the “fine-tuned” AQ/Q; periodicities initially identified by MEM
spectral analysis. Average relative sunspot numbers of 50 and 39 are forecast for 21st-
century triplet and intertriplet solar behavior, respectively, whereas the average
reconstructed sunspot number for the Holocene is 36 and the average observed sunspot
number between AD 1700 and 1988 is 49. These model-related sunspot curves are,
however, best treated as qualitative indices of solar activity; more precise quantitative
sunspot estimates require extended high-resolution geomagnetic information in order to
define (and remove) its long-term effect on 14C production and extended high-resolution
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Al4C data in order to refine the relationship of Q to sunspots associated with ca. 11-yr
solar cycles.

The modeli;lg analyses preserited here reach simiiar conclusions as previous model
investigations that simulate alternative steady-state conditions in the giobal 14C system; the
performed spectral analyses produce similar results as previous studies on 14C time
series. This dissertation supplements these studies (and specifically expands on the earlier
efforts of Stuiver and Quay 1980, 1981) by: (1) utilizing for the first time a 9600-yr bi-
decadal 14C time series; (2) deconvolving, not only a hypothetical Q history for the
Holocene, but also transient F and K, scenarios for comparison to paleoclimatic time
series; (3) converting the long-term dipole moment and ice-core 10Be data into Q histories
through a normalization procedure that avoids the limitations of using short-term “current”
measurements; (4) deconvolving transient climatic histories as potential “residual”
explanations for the dlscrepanmes between the tree-ring A14C record and either the dipole-
or 10Be-derived Q proxy; (5) determining the duration and magnitude of the impact of
alternative pre-Holocene conditions on Holocene simulations; (6) systematically assessing
the periodic nature of 14C variations through comparison of four spectral techniques with
arange ol functional configurations (eg. maximum lags or model orders); and (7) deriving
a sunspot/Q relationship after application of a new empirical approach to remove the long-
term geomagnetic effects on Q.

Some 14C production rate and climatic scenarios have not been considered. For
example, estimates of production rate variations in cnsmogenic 3He during the Holocene
(Kurzetal. 1990) potentially represent another independent Q proxy but these preliminary
measurements have large uncertainties and a coarse resolution (although the long-term 3He
production trend is very simiiar in appearance o the 14C-, 1CBe- and dipole-derived Q
trends). The rate of 14C production can also be influenced by supernovae explosions
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which contribute to the galactic cosmic-ray flux in addition to producing gamma-ray
bursts. The isotopic geochemistry of meteorites and lunar samples indicate a relatively
stable cosmic-ray flux on timescales of 100 yrs (references in Damon et al., 1978);
however, deviations on shorter timescales could theoretically explain a portion of the long-
term variations in atmospheric 14C (Lingenfelter and Ramaty 1970). Because of the
limited evidence and the ability of other factors (ie. geomagnetic variations) to explain the
millennium-scale changes in atmospheric A14C, I have not further considered this
potential influence on the 14C system.

Changes in climate-related variables other than F and Kz might force atmospheric
Al4C variations during the Holocene. Although transient histories for additional climate
scenarios are not specifically simulated, the influences of several potential climate factors
are at least considered in steady-state terms in section 2.2. Variations in reservoir 1200,
contents are capable lbf affecting atmospheric A14C during the Holocene as well as during
glacial/interglacial transitions; new high-resolution atmospheric €0, databases for the
Holocene, as derived from ice cores, will permit such CO;, variations to be considered
(together with an explicit treatment of high-latitude ocean processes) in order to refine the
modeling analyses presented here. Also, the geomagnetic and solar influences on 14C
production and atmospheric A14C are treated here strictly as alternatives to climatic
change; if, as proposed by some researchers, geomagnetic and/or solar variations also
cause measurable changes in climate, coincident reservoir and production rate variations
may act in unison to produce atmospheric A14C variations. However, the evidence for
such correlations between climate and 14C variations is limited (eg. references at end of
section 4.5), and the modeling analysis here has neglected any secondary climatic
feedback effects that might interfere with the direct deconvolution of Q from the
atmospheric A14C record.
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Despite their preliminary nature, the results of this global carbon cycle modeling

hopefully represent another incremental step in understanding the complexities and
information contained in 14C time series.
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