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[1] The abundance of the planktic foraminifer
Globigerinoides sacculifer in Gulf of Mexico (GOM)
sediments is a proxy for the influx of Caribbean surface
waters (the Loop Current) into the GOM. Penetration of
the Loop Current into the GOM is related to the position of
the Intertropical Convergence Zone (ITCZ): northward
migration of the ITCZ results in increased incursion of
the Loop Current into the GOM; southward migration of
the ITCZ results in decreased penetration of the Loop
Current into the GOM. Abundance variations of
G. sacculifer in a sediment core from the Pigmy Basin
in the GOM show distinct century-scale cyclicity over the
last 5,000 years. The periodicity of these abundance
variations is similar to the century-scale periodicity
observed in proxy records of solar variability, which
suggests that the average position of the ITCZ and thus
Holocene century-scale variability in the Caribbean-GOM
region is linked to solar variability. INDEX TERMS: 1620
Global Change: Climate dynamics (3309); 4267 Oceanography:
General: Paleoceanography; 1650 Global Change: Solar variability.
Citation: Poore, R. Z., T. M. Quinn, and S. Verardo (2004),
Century-scale movement of the Atlantic Intertropical Convergence
Zone linked to solar variability, Geophys. Res. Lett., 31, L12214,
doi:10.1029/2004GL019940.

1. Introduction

[2] The potential for substantial climate change due to
human activities has increased research on high-frequency
climate variability of the current interglacial interval (the
Holocene). Continuous high-resolution records from marine
cores in the subpolar, subtropical, and tropical Atlantic
[Bond et al., 1997, 2001; de Menocal et al., 2000; Tedesco
and Thunell, 2003] indicate that the Holocene was punctu-
ated by a series of quasi-periodic cold events. The most
recent cold event, the Little Ice Age (LIA), was preceded by
a period of warmer climate, the Medieval Warm Period
(MWP). In addition, many Holocene records show consid-
erable decadal- to century-scale variability [e.g., Peterson et
al., 1991; Bond et al., 2001; Haug et al., 2001; Poore et al.,
2003; Tedesco and Thunell, 2003].

[3] Although proxy records demonstrate that Holocene
climate is highly variable, the details of the decadal- to
century-scale variability and regional patterns of change are
poorly known. In addition the causes of high-frequency
variability are uncertain. Some workers argue that millennial
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to sub-millennial variability is related to external (solar)
forcing [e.g., Denton and Karlén, 1973; Bond et al., 2001;
Poore et al., 2003], while others argue that high-frequency
variability is caused by internal dynamics of the global
climate system [e.g., Cane and Clement, 1999]. In this report
we present a continuous highly resolved (~30-year sampling
interval) proxy record of climate variability for the last
5,000 yrs (calibrated years before present) from a sediment
core from the Pigmy Basin in the Gulf of Mexico (GOM).

2. Gulf of Mexico

[4] The GOM is a semi-enclosed basin at the northwest-
ern edge of the tropical Atlantic Ocean. Surface-water
circulation and prevailing winds in the Caribbean — GOM
region show large annual changes linked to seasonal
migration of the Intertropical Convergence Zone (ITCZ)
(Figure 1). During boreal winter, the ITCZ lies near the
equator. Easterly winds from the Atlantic bring rains to the
Amazon Basin, and prevailing westerly surface winds from
the Pacific bring moisture into the west coast of North
America. The primary surface-ocean current in the GOM is
the Loop Current, which brings warm waters from the
Caribbean Sea through the Yucatan Strait into the GOM
before exiting into the North Atlantic Ocean through the
Florida Straits. In winter the Loop Current and thus warm
Caribbean surface water generally does not penetrate into
the western or northern GOM. Warm, tropical waters from
the Caribbean are restricted to a narrow band in the
southeastern GOM reflecting the flow of the Loop Current
from the Yucatan Strait directly to the Florida Strait.

[5] During boreal summer (Figure 1), the ITCZ moves
north of the equator in response to increased solar insolation
in the Northern Hemisphere. The northward migration of
the ITCZ results in southeasterly surface winds from the
Caribbean Sea and GOM and southerly winds from the Gulf
of California bringing summer moisture to Mexico and the
southwestern United States (the American monsoon). Sur-
face flow through the Yucatan Strait is increased and the
Loop Current penetrates deep into the GOM [Miiller-Karger
et al., 1991; Sheinbaum et al., 2002]. Sea surface temper-
atures are tropical (>28°C) throughout the GOM during the
summer months.

3. Materials and Methods

[6] Data used in this study are the relative abundance of a
planktic foraminifer (Globigerinoides sacculifer) generated
from a large box core (MDO02 2553) taken from the Pigmy
Basin on the continental slope of the northern GOM in the
summer of 2002 (Figure 1). Sediment samples at 1 cm
intervals were processed for faunal analyses using standard
procedures [Poore et al., 2003].
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Figure 1. Map showing location of cores and sites of
climate records in Caribbean and Gulf of Mexico discussed
in text. Generalized path of prevailing moisture bearing
winds and position of the Intertropical Convergence Zone
(ITCZ) for the Northern Hemisphere winter and summer are
shown by bold arrows and dashed lines. Generalized
position of Loop Current during winter season is shown
by light dashed line. Adapted from Poore et al. [2003].

[7] Chronology is provided by 8 AMS radiocarbon dating
of samples of mixed planktic foraminifers' (Figure 2). Our
results are presented in calibrated years. We used a linear fit
to the dates to develop an age model. R* for the model is
.999. Assuming constant accumulation rates the mean
sampling interval of our record is 30 years. We used the
multitaper method (MTM) of spectral analysis [e.g., Ghil et
al., 2002], which is part of the SSA-MTM Toolkit for
Spectral Analysis (http://www.atmos.ucla.edu/tcd/ssa), to
perform frequency domain analysis and to facilitate the
identification of periodic oscillations in our data.

4. Millennial-Scale Variability in the ITCZ

[8] Changes in solar insolation related to changes in
orbital forcing caused the average position of the ITCZ to
migrate during the Holocene [Hodell et al., 1991; Haug et
al., 2001]. In the early Holocene increased summer insola-
tion resulted in warming of the Northern Hemisphere and
northward movement of the average position of the ITCZ.
As the average position of the ITCZ moved northward in
the early Holocene, enhanced southeasterly winds resulted
in increased precipitation along the northern coast of Ven-
ezuela as monitored by runoff records in the Cariaco Basin
[Haug et al., 2001] and in lake-level records at Lake
Miragoane in Haiti [Hodell et al., 1991]. After about 5 ka,
decreasing summer insolation in the Northern Hemisphere
and resulting southward movement of the average position
of the ITCZ causes a decline in southeasterly winds. Thus
precipitation in Haiti and along the north coast of Venezuela
declined [Hodell et al., 1991; Haug et al., 2001]. Changes
in surface-water circulation in the GOM parallel the changes
in atmospheric circulation inferred from the Lake Mira-
goane and Cariaco proxy records. The relative abundance of
the planktic foraminifer G. sacculifer in faunal assemblages
in GOM sediments is an indicator for influence of the Loop

'Auxiliary material is available at ftp:/ftp.agu.org/apend/gl/
2004GL019940.
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Current [Brunner, 1979; Poore et al., 2003]. Increased
penetration of the Loop Current into the GOM at the
beginning of the Holocene in response to the northward
migration of the ITCZ and the resulting enhancement of
the summer circulation pattern is indicated by increased
abundance of G. sacculifer in faunal assemblages from
northern and western GOM sediments [Poore et al., 2003].
After reaching maximum values in the mid-Holocene, the
abundance of G. sacculifer in faunal assemblages from the
northern and western GOM declines towards the present as
the average position of the ITCZ migrates back towards the
equator.

5. Century-Scale Variability of the ITCZ

[o] Figure 2 shows G. sacculifer abundance variation in
core MD02- 2553 from the Pigmy Basin. There is an overall
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Figure 2. Plot showing abundance variation of Globiger-
inoides sacculifer in foraminifer assemblages from core
MDO02-2553 and subpolar North Atlantic drift ice proxy
record (stack) from Bond et al. [2001]. Drift ice proxy
record scale is inverted so that North Atlantic cold events
match declines in MD02-2553 G. sacculifer relative
abundance. North Atlantic and GOM time scales are
independent. Events numbered 0 through 3a are North
Atlantic cold events identified by Bond et al. [2001].
Events 1-3 included two cold pulses and we have
designated the older pulse in each with an a to facilitate
comparison with the MD02-2553 record. Inset in upper left
shows results of spectral analysis of the MD02-2553 record
using multitaper method (MTM). Arrows point to peaks that
are statistically significant at the 99% (black) and 90% (red)
confidence level. Numbers over arrows are in years per
cycle. Inset in upper right shows age depth plot for AMS
14C dates from MD02-2553. Dates are in "*C years with a
400 year reservoir correction. Analytical error of +40 years
is too small to show on figure. See text for discussion.
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decline in the abundance of G. sacculifer over the last 5 ka.
This pattern is consistent with other records from the area
and is explained by the equatorward movement of the
average position of the ITCZ from the mid-Holocene to
the present. Century-scale oscillations are also evident in the
G. sacculifer record over the last 5 ka.

[10] Poore et al. [2003] found century-scale cycles in
G. sacculifer abundances between 7.4 and 2.8 Ka in cores
from the western GOM (RC 12-10) and the northern GOM
slope (Gyre 97-6 PC 20), but problems with dissolution and
sampling density prevented identification of clear cycles in
the last 2.8 ka years of these records. Poore et al. [2003]
also found that minima in G. sacculifer abundances in the
GOM records corresponded generally in time to major cold
events in the subpolar North Atlantic as identified by drift
ice proxy records [Bond et al., 2001].

[11] The North Atlantic “stack” drift ice record of Bond
et al. [2001] is shown on Figure 2. Major ice-rafting events
(0-3) over the last 5 ka in the North Atlantic stack
correspond with minima in the MD02-2553 G. sacculifer
abundance record. Minor age offsets of events between
cores are within the range of uncertainties in the indepen-
dent chronologies of the North Atlantic and GOM records.

[12] We performed spectral analyses of the MD02-2553
G. sacculifer time-series using the MTM technique [e.g.,
Ghil et al., 2002]. The results (inset on Figure 2) show
significant (>99% confidence level) concentrations of var-
iance at periods at 180 and 512 years. Spectral peaks with
periods at ~320 and 220 years are also evident (90%
confidence level). Poore et al. [2003, Figure 7] found
similar century-scale concentrations of variance in G. sac-
culifer abundance variations in GOM cores RC 12-10 (550,
300, and 212) and Gyre 97-6 PC 20 (300, 230, and 170)
between 7.4 and 2.8 ka. Geologic records are imperfect
recorders of climate signals and the depositional environ-
ments, sampling density and age control of the cores vary.
The fact that the cores contain several periods of variance
that are nearly identical suggests that they are responding to
the same forcing. The new MD02-2553 record demonstrates
that mid-Holocene century-scale oscillation identified by
Poore et al. [2003] continue into the late Holocene and
further show that the GOM records are consistent with the
subpolar North Atlantic drift ice records over the last 5 ka.

[13] The century-scale concentrations of variance embed-
ded in the GOM records are similar to concentrations of
variance found in '*C production records (A'*C derived
from tree ring studies) [e.g., Stuiver et al., 1991, Figure 22;
Stuiver and Braziunas, 1993, Figures 9a and 9b]. The
century-scale variability in the "*C production record is a
proxy for solar variability [e.g., Eddy, 1977; Stuiver et al.,
1991]. Increased solar activity strengthens the Earth’s geo-
magnetic field and shields the atmosphere from incoming
cosmic rays that produce '*C. Decreased solar activity
results in a weaker geomagnetic field, which results in an
increase in cosmic ray flux that leads to higher '*C
production. Potential errors in the '*C production record
include delays in the migration of "*C from the top of the
atmosphere to the biosphere and changing oceanic mixing
rates. However historical observations show a good corre-
spondence between sunspot cycles and the tree-ring derived
14C production record [e.g., Eddy, 1977]. Variability in solar
output as monitored by '*C production records is compli-
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Figure 3. Comparison of '*C production record [Stuiver et
al,, 1998] and the MDO02-2553 G. sacculifer abundance
record for last 1200 years. Scale of the '*C production
record is inverted so that increased solar activity is up on the
plot. The MDO02-2553 record is uniformly offset 100 years
from the "*C production record. The offset is within the
error of the MD02-2553 chronology. Note that the Sporer,
Wolfe, and Oort Mimima (decreased solar activity)
correspond with minima in G. sacculifer abundance.

cated. Depending on the technique used and the time-
window analyzed, a number of century-scale periodicities
are present in the "*C production record including periods
near 500, 300, 200, and 150 years [Stuiver et al., 1991;
Stuiver and Braziunas, 1993; Poore et al., 2003] which
closely match the periodicities found in the GOM records.
[14] As another test of the link between solar variability
and our GOM records we compared the G. sacculifer
abundance time-series from MD02-2553 with the '*C
production record [Stuiver et al., 1998] over the last
1200 years (Figure 3). Inspection of Figure 3 reveals
correspondence between the decreases in solar activity
represented by the Sporer, Wolf and Oort Minima and
reductions in G. sacculifer abundance. The correlation
shown on Figure 3 is our preferred correlation but other
correlations are possible within the uncertainties of the
chronology for the MDO02-2553 record. More definitive
direct correlation with the '*C production record requires
reduction of the uncertainties in dating the marine record.
[15] Changes in solar irradiance are small (~0.1%) and it is
likely that amplification of changes in solar output are
required to force Earth’s climate (see discussion in Lean
and Rind [1999]). Recent modeling studies suggest that solar
variability may be amplified by a variety of processes
including changes in ozone photochemistry and abundance,
changes in upper stratospheric winds and changes in oceanic
thermohaline circulation [e.g., Schindell et al., 1999].

6. Conclusions

[16] Movement in the average position of the ITCZ is the
most likely process linking changes in solar output with the
century-scale variability in the Caribbean- GOM region.
Just as insolation variations related to orbital changes cause
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the average position of the ITCZ to change over the course
of the Holocene [Hodell et al., 1991; Haug et al., 2001;
Poore et al., 2003] we infer that variations in solar output on
century time-scales results in warming and cooling of the
Northern Hemisphere that shifts the average position of the
ITCZ.

[17] Historical reconstructions show strong links between
solar variation and climate. The LIA has long been associ-
ated with intervals of reduced solar output [e.g., Eddy,
1977]. The Northern Hemisphere surface temperature
record from 1610 to 1800 shows a high correlation
(r* = .86) with reconstructed solar irradiance [Lean et al.,
1995]. The similarity of cycles in Holocene climate records
from the GOM and other areas [Peterson et al., 1991; Bond
et al.,2001; Hodell et al., 2001] that are essentially identical
to century-scale cycles in proxies for solar variability
indicates that Holocene climate variability is also linked
to solar variability on century time-scales.

[18] Acknowledgments. We thank Kate Pavich, Jessica Caplan, and
Sarah Medley for technical assistance during this study. Inga Clark assisted
with calibration of radiocarbon dates. We thank Ben Flower for samples
from MD02-2553 and Gerard Bond for providing the North Atlantic drift
ice stack record. Lisa Osterman, David Hollander, and several anonymous
reviewers provided constructive comments that improved the manuscript.

References

Bond, G. C., W. Showers, M. Cheseby et al. (1997), A pervasive millennial-
scale cycle in North Atlantic Holocene and glacial climates, Science, 278,
1257-1266.

Bond, G., B. Kromer, J. Beer et al. (2001), Persistent solar influence on
North Atlantic climate during the Holocene, Science, 294, 2130—2136.

Brunner, C. A. (1979), Distribution of planktonic foraminifera in surface
sediments of the Gulf of Mexico, Micropaleontology, 25, 325-335.

Cane, M., and A. C. Clement (1999), A role for the Tropical Pacific coupled
ocean-atmosphere system on Milankovitch and millennial timescales.
Part II: Global impacts, in Mechanisms of Global Climate Change at
Millennial Time Scales, Geophys. Monogr. Ser., vol. 112, edited by
P. Clark, R. Webb, and L. D. Keigwin, pp. 373-383, AGU, Washington
D. C.

de Menocal, P., J. Ortiz, T. Guilderson, and M. Sarnthein (2000), Coherent
high- and low-latitude variability during the Holocene Warm Period,
Science, 288, 2198-2202.

Denton, G. H., and W. Karlén (1973), Holocene climatic variations—Their
pattern and possible cause, Quat. Res., 3, 155—-205.

POORE ET AL.: CENTURY-SCALE MOVEMENT

L12214

Eddy, J. A. (1977), Climate and the changing Sun, Clim. Change, 1, 173—
190.

Ghil, M., et al. (2002), Advanced spectral methods for climate time series,
Rev. Geophys., 40(1), 1003, doi:10.1029/2000RG000092.

Haug, G. H., K. A. Hughen, D. M. Sigman et al. (2001), Southward
migration of the Intertropical Convergence Zone through the Holocene,
Science, 293, 1304—1308.

Hodell, D. A., J. H. Curtis, G. A. Jones et al. (1991), Reconstruction of
Caribbean climate change over the past 10,500 years, Nature, 352, 790—
793.

Hodell, D. A., M. Brenner, J. H. Curtis, and T. Guilderson (2001), Solar
forcing of drought frequency in the Maya Lowlands, Science, 292,
1367-1370.

Lean, J., and D. Rind (1999), Evaluating Sun-climate relationships since the
Little Ice Age, J. Atmos. Sol. Terr. Phys., 61, 25—36.

Lean, J., J. Beer, and R. Bradley (1995), Reconstruction of solar irradiance
since 1610: Implications for climate change, Geophys. Res. Lett., 22,
3195-3198.

Miiller-Karger, F. E., J. J. Walsh, R. H. Evans, and M. B. Meyers (1991),
On the seasonal phytoplankton concentration and sea surface temperature
cycles of the Gulf of Mexico as determined by satellites, J. Geophys.
Res., 96, 12,645—12,665.

Peterson, L. C., J. T. Overpeck, N. G. Kipp, and J. Imbrie (1991), A high-
resolution late Quaternary upwelling record from the anoxic Cariaco
basin, Venezuela, Paleoceanography, 6, 99—119.

Poore, R. Z., H. J. Dowsett, S. Verardo, and T. M. Quinn (2003), Millen-
nial- to century-scale variability in Gulf of Mexico Holocene climate
records, Paleoceanography, 18(2), 1048, doi:10.1029/2002PA000868.

Schindell, D., D. Rind, and N. Balachandran et al. (1999), Solar cycle
variability, ozone, and climate, Science, 284, 305—308.

Sheinbaum, J., J. Candela, A. Badan, and J. Ochoa (2002), Flow structure
and transport in the Yucatan Channel, Geophys. Res. Lett., 29(3), 1040,
doi:10.1029/2001GL013990.

Stuiver, M., and T. F. Braziunas (1993), Sun, ocean, climate and atmo-
spheric 14CO2: An evaluation of causal and spectral relationships,
Holocene, 3, 189—-305.

Stuiver, M., T. F. Braziunas, B. Becker, and B. Kromer (1991), Climatic,
solar, oceanic, and geomagnetic influences on late-glacial and Holocene
atmospheric '*C/'>C change, Quat. Res., 35, 1-24.

Stuiver, M., P. J. Reimer, E. Bard et al. (1998), INTCAL 98 radiocarbon age
calibrations, 24,0000 cal BP, Radiocarbon, 40, 1041—-1083.

Tedesco, K., and R. Thunell (2003), High resolution tropical climate record
for the last 6,000 years, Geophys. Res. Lett., 30(17), 1891, doi:10.1029/
2003GL017959.

R. Z. Poore and S. Verardo, MS 926A, U.S. Geological Survey, 12201
Sunrise Valley Drive, Reston, VA 20192, USA. (rpoore@usgs.gov;
sverardo@usgs.gov)

T. M. Quinn, College of Marine Science, 140 Seventh Avenue South,
University of South Florida, St. Petersburg, FL 337021, USA. (quinn@
seas.marine.usf.edu)

4 of 4



