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solar activity during the interglacials. Varying solar
activity changes the upper atmospheric density profile,
which will likely change the peak temperature, and con-
sequently the He loss, experienced by IDPs during at-
mospheric entry heating. As a result, a 100 ka solar
cycle could potentially change the 3He flux reaching
the Earth’s surface even if the IDP accretion rate from
space remains constant. Hence, it is important to ex-
plore the consequences of varying atmospheric density
on the use of 3He as a constant flux proxy in paleo-
climatological applications. I also investigate whether
atmospheric density changes driven by the 100 ka solar
cycle may explain the discrepancy between the theoret-
ical calculations of the IDP accretion rate and that de-
rived from measurements of 3He in sediments. The the-
oretical calculations indicate that IDP accretion rate
has varied by a factor of two over the past million years,
with higher fluxes during the glacial periods. However,
He measurements indicate that the IDP flux is probably
constant, or possibly higher in the interglacial periods.
As a starting point for modeling the effect of varying
atmospheric density, I have investigated the expected
variability in the 3He flux over a solar cycle, when
the difference in atmospheric densities above 150 km
can be greater than a factor of two between periods of
low and high solar activity. At altitudes below 100 km
the variability in density is less than 20%. The atmo-
spheric density profiles for high and low solar activity
were obtained from the MSIS-E-90 model atmosphere.
The continuous distributions of the IDP size, velocity,
and entry angles were discretized into bins. A total of
12240 entry heating simulations, representing all possi-
ble permutations of the size, velocity, and entry angle
bins, were run for the two atmospheric density profiles.
Initial results indicate that the expected variability in
3He flux is likely to be 10% over a solar cycle. The
detailed results from the above simulations will be pre-
sented.

PP12A-0235 1330h POSTER

Calcium Isotope Fractionation in
Ca-Bearing Phases of Marine
Evaporites

Tabitha M Hensley1 (858-534-4156;
thensley@ucsd.edu)

J D MacDougall1 (44-131-662-8988;
jdmacdougall@ucsd.edu)

1Scripps Institution of Oceanography – UCSD, 9500
Gilman Dr 0208, La Jolla, CA 92093, United States

Calcium isotope fractionation recorded in calcium
bearing phases (gypsum, anhydrite) of marine evapor-
ites may give useful clues to the changing chemistry
of concentrating brines through evaporative cycles. In
order to understand the behavior of calcium isotopes
within a brine, seawater evaporation experiments have
been preformed to ascertain the fractionation factor
of calcium isotopes (d44Ca value) with regard to pre-
cipitated anhydrite as the brine concentrates through
the anhydrite saturated zone of evaporating seawater.
These experiments show that the first anhydrite crys-
tals precipitated from modern seawater at 40◦C have
a d44Ca value of -1.025 +/- 0.20 per mil, while subse-
quent generations of crystals have progressively heav-
ier values up to -0.27 per mil, at which point halite
begins to precipitate and Ca-sulfate precipitation de-
creases dramatically. Fractionation follows a predicted
Rayleigh Fractionation pattern if a -1.0 per mil initial
fractionation factor is used. Application of these Cal-
cium isotope fractionation experiments to ancient ma-
rine evaporites, such as the Mediterranean evaporite
deposits of the Messinian, could track oscillating brine
chemistry through calcium dominated massive gypsum
and anhydrite deposits. In this case, the isolation of the
Mediterranean basin during the Messinian from the in-
fluence of Atlantic waters presents a unique case study
for the effect of brackish and riverine waters on calcium
isotopes in a closed ocean basin. In theory, the calcium
isotopes of the evaporites should reflect the composi-
tion of the waters in which they precipitated and will
indicate the relative importance of fresh or saline wa-
ters into the basin throughout evaporitic cycles in the
Messinian.

PP21A MCC: 3004 Tuesday 0800h

ITCZ Dynamics of Past Climates I
(joint with A, H, OS, C, GC)

Presiding: A Koutavas, Massachusetts
Institute of Technology; G Haug,
GeoForschungsZentrum Potsdam

PP21A-01 0800h INVITED

On the Location of the ITCZ

George S. Philander (609-258-5683;
gphlder@splash.princeton.edu)

To arrive at a coherent and consistent picture of
climatic conditions at a certain time in the past, in-
formation concerning the location of the ITCZ at that
time needs to be complemented with additional infor-
mation concerning parameters such as the intensity
of equatorial upwelling, the depth of the thermocline
and the period of El Nino. The integration of such
diverse observations requires theoretical studies that
explore why, over the tropical Pacific Ocean today, the
location of the ITCZ and the associated surface wind
patterns depend mainly on sea surface temperature
(SST) patterns, which in turn depend on the winds.
This result implies that ocean-atmosphere interactions
amount to positive feedbacks. These feedbacks, un-
like those involved in El Nino, are antisymmetrical
about the equator and displace the ITCZ poleward.
Their intensity decreases as the depth of the thermo-
cline increases. These theoretical results imply that
if, at a certain time in the past, the ITCZ was in a
northerly position, then there should also be evidence
of a shallow thermocline, low surface temperatures and
increased upwelling near the equator, and a decrease
in the period of El Nino. The possible reasons for
inconsistencies between observations and theory (at
the time of the Last Glacial maximum for example)
will be discussed.
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A Recurrent Super ENSO-Like Climate
Pattern during the Holocene Affecting
the Interbasinal Salinity Gradients

Lowell Douglas Stott1 (213-740-5120; stott@usc.edu)

Steve Lund1 (slund@usc.edu)

Robert Thunell2 ((803) 777-4535;
thunell@geol.sc.edu)

1Department of Earth Science, University of Southern
California, Los Angeles, CA 90089, United States

2Department of Geological Sciences, University of
South Carolina 700 Sumter Street, Columbia, SC
29208, United States

We present evidence that sea surface temperatures
and salinities in the western Pacific have varied signif-
icantly over the past 15 thousand years on time scales
of decades to millennia. Combining decadally resolved
δ18O and Mg/Ca measurements on pelagic carbonates
we find SSTs between 6oN and 11oS in the western
tropical Pacific were an average of 1oC warmer and
1ppt saltier in the early Holocene and have decreased
progressively through the Holocene. Superimposed on
this long term trend were 10 millennial length oscil-
lations in temperature and salinity, the most recent
coinciding with the Medieval Warm Period and Little
Ice Age. The available evidence from sites in the Pa-
cific and Atlantic suggests that these salinity oscilla-
tions involved sustained shifts in the mean position of
the ITCZ that affected the transport of vapor between
ocean basins and altered the salinity gradients between
the basins, which maintain convective overturning in
the North Atlantic.

PP21A-03 0830h

Tracking Past Shifts in the Eastern
Pacific ITCZ With Foraminiferal
Oxygen Isotopes and Mg
Paleothermometry

Athanasios Koutavas1 (617-324-6106;
koutavas@mit.edu)

Jean Lynch-Stieglitz2 (845-365-8866;
jean@ldeo.columbia.edu)

Peter B deMenocal2 (845-365-8483;
peter@ldeo.columbia.edu)

1Massachusetts Institute of Technology, 77 Mas-
sachusetts Avenue, Cambridge, MA 02139, United
States

2Lamont-Doherty Earth Observatory , Rt. 9W, Pal-
isades, NY 10964, United States

A sensitive coupling between sea surface tempera-
ture (SST) and wind stress in the eastern tropical Pa-
cific allows robust predictions of shifts in the mean
latitude of the Intertropical Convergence Zone (ITCZ)
to be made given the prevailing pattern of SST and
its cross-equatorial gradient. We use modern oceano-
graphic data to demonstrate this principle on sea-
sonal to interannual timescales, and apply it to proxy
data spanning the last 30,000 years. Oxygen isotopic
and Mg/Ca compositions of planktonic foraminifera are
used to constrain variability in the cross-equatorial
front of the eastern Pacific and to infer relative ITCZ
movements. The data are consistent with a south-
ward displacement of the Pacific ITCZ during the last
glacial maximum relative to the Holocene, and a more
northern ITCZ position in the early/middle Holocene
relative to the late Holocene. A progressive equator-
ward approach of the mean ITCZ position over the
last 7,000 years may be related to a strengthening of
ENSO over the same interval, and is consistent with
orbital forcing. These results provide support for per-
sistent ocean-atmosphere linkages in the eastern Pa-
cific ITCZ-cold tongue-ENSO system beyond interan-
nual timescales and underscore the need to better char-
acterize and integrate the dynamics of this system in
the framework of past (and future) global climate vari-
ability.
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Variability in the Mean Latitude of the
Atlantic ITCZ as Recorded in Cariaco
Basin Sediments

Larry C. Peterson1 (305-361-4692;
lpeterson@rsmas.miami.edu)

Gerald H. Haug2 (haug@gfz-potsdam.de)

David W. Lea3 (lea@geol.ucsb.edu)

Konrad A. Hughen4 (khughen@whoi.edu)
1RSMAS - University of Miami, 4600 Rickenbacker

Cswy., Miami, FL 33149, United States

2Geoforschungzentrum Potsdam, Telegrafenberg,
Potsdam D-14473, Germany

3UC Santa Barbara, Dept. of Geological Sciences,
Santa Barbara, CA 93106, United States

4Woods Hole Oceanographic Institution, MS#25,
Woods Hole, MA 02543, United States

Climate variability in the tropical Atlantic is largely
forced by changes in the strength and position of the
Intertropical Convergence Zone (ITCZ). The Cariaco
Basin, located on the northern margin of Venezuela,
is sensitive to tropical Atlantic climate change and
its sediments provide a record of past ITCZ behav-
ior. Today, the Cariaco Basin has two distinct sea-
sons that reflect the annual migration of the ITCZ. Be-
tween January-March, when the ITCZ lies south near
the equator, northeasterly trade winds sit directly over-
head Cariaco Basin and coastal upwelling and high sur-
face productivity dominate. Beginning in June-July, as
the ITCZ moves north to near the Venezuelan coast,
local rainfall reaches a maximum and upwelling dimin-
ishes or disappears. The impact of ITCZ motion on lo-
cal sea surface temperatures (SSTs), rainfall, primary
production and Cariaco sediment properties is marked,
with varved sediments preserved during anoxic inter-
vals the result of the seasonal contrast between biogenic
input during the upwelling season and detrital input
from rivers during the wet season. Here we review data
from Cariaco Basin and other localities which suggest
a coherent climatological response in the tropical At-
lantic triggered by a pattern of ITCZ migration that
mimicks the seasonal cycle. During periods of cooler
North Atlantic SSTs, on time-scales ranging from the
Little Ice Age to the Younger Dryas to the cold sta-
dials of the last glacial, evidence suggests a southward
shift in the mean latitudinal position of the ITCZ. Dur-
ing warm interstadials and periods of Holocene and
deglacial warmth, northward shifts in ITCZ position
and its belt of convective rainfall are inferred from in-
creased detrital delivery. The apparent synchronization
of changes in Cariaco sediment properties with changes
recorded in Greenland ice imply a tight teleconnection
between the tropical and high latitudes of the North
Atlantic. Whether the rapid shifts in ITCZ position
reflect a response to forcing originating in the high lat-
itude Atlantic or to forcing potentially sourced in the
tropics is a key question yet to be answered.
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Holocene ITCZ Migration Recorded in
Stalagmites From Oman (Southern
Arabia)

Dominik Fleitmann1 (+41 31 631 8775;
fleitman@geo.unibe.ch); Stephen J. Burns2 (01 413
545 0142; sburns@geo.umass.edu); Manfred
Mudelsee3 (+49 341 97 32 866;
mudelsee@rz.uni-leipzig.de); Ulrich Neff4 (+49
6221 546308; ulrich.neff@ablay-fodi.de); Jan
Kramers1 (+41 31 631 87 89;
kramers@geo.unibe.ch); Augusto Mangini4 (+49
6221 546308;
augusto.mangini@iup.uni-heidelberg.de); Albert
Matter1 (+41 31 9116136; amatter@geo.unibe.ch)

1Institute of Geological Sciences, University of Bern,
Baltzerstrasse 1-3, Bern 3012, Switzerland

2Department of Geosciences, Morrill Science Center,
University of Massachusetts, Amherst MA 01002,
Amherst, MA 01002, United States

3Institute of Meteorology, University of Leipzig,
Stephanstrasse 3, Leipzig 04103, Germany

4Heidelberg Academy of Sciences, Im Neuenheimer
Feld 229, Heidelberg 69120, Germany

The latitudinal migration of the ITCZ during boreal
summer in response to the annual solar cycle and maxi-
mum surface heating determines the start, duration and
end of the rainy season from across Northern Africa to
India. The Dhofar area in Southern Oman sits at the
northern limit of the summer migration of the ITCZ
and the associated Indian Ocean monsoon rainfall belt.
Annual precipitation in this region is highly seasonal,
more than 80% of total annual precipitation falls dur-
ing the summer monsoon months (July to September)
when the ITCZ reaches its northernmost position. To
date, the clouds are unable to rise higher than ∼1500 m
because of a temperature inversion created by the con-
vergence between the hot dry north-westerly winds and
the low-level southwest monsoon winds. As a result,
monsoon precipitation occurs as fine drizzle, seldom ex-
ceeding more than 5 mm d−1. Variations in the mean
latitudinal summer position of the ITCZ over Southern
Arabia directly affect the height of the temperature in-
version. For instance, a northward shift of the ITCZ
into the Arabian Peninsula would lead to stronger con-
vective cloud development and higher monsoonal rain-
fall over Southern Oman. Due to the so-called amount
effect, δ18O values of precipitation become more nega-
tive (depleted). Such variations are accurately recorded
in high-resolution δ18O records obtained from three
Uranium-series dated stalagmites, which continuously
cover the period from 10.3 and 2.7 and 1.4 and 0.4 kyr
BP. The oxygen isotope profiles show three distinct fea-
tures: 1) A rapid northward migration of the ITCZ and
increase in monsoon precipitation respectively between
10.3 and 9.8 kyr BP is indicated by a sharp decrease
in δ18O from -0.8o/oo to ∼-2o/oo. 2) An interval
of generally high monsoon precipitation lasting from
9.8 to 5.5 kyr BP with δ18O values averaging -2o/oo.
3) A long-term gradual southward migration of the
ITCZ and decrease in monsoon precipitation starting
at around 8 kyr BP is indicated by a slow shift in δ18O
from -2.2o/oo at 8 kyr BP to ∼-0.9o/oo (slightly more
negative than δ18O values of modern stalagmites) at
2.7 kyr BP. Superimposed on the long-term trends are
distinct decadal to multi-decadal variations in δ18O,
which likely reflect changes in the convection activity
over Southern Oman

PP21A-06 0915h

ITCZ Position Over East Africa Since
the Late Glacial: The Lake Malawi
Record

Erik T Brown1 (218 726 8891; etbrown@d.umn.edu)

Thomas C Johnson1 (218 726 8128; tcj@d.umn.edu)
1Large Lakes Observatory, University of Minnesota,

Duluth, MN 55812, United States

Varved sediments of the north basin of Lake Malawi,
the southernmost of the East African Rift lakes, have
yielded records of past climate conditions for a range
of temporal scales. Profiles of biogenic silica and Nb:Ti
spanning nearly 25,000 years in Malawi may be com-
pared with the Cariaco Basin high-resolution records
of Haug et al. (2001). During the past 1000 years
Nb:Ti and biogenic silica track one another in Malawi
sediments, as observed for the Late Glacial (Johnson
et al., 2002). These signals are interpreted as a re-
flection of the intensity or frequency of north winds
over the basin. Such winds carry Nb-rich volcaniclas-
tic sediments into the lake and promote upwelling, fa-
vorable to diatom productivity. Johnson et al. (2002)
attributed the greater frequency of north winds over
the Malawi basin during ”cold” episodes such as the
Younger Dryas to southward shifts in the Intertropi-
cal Convergence Zone (ITCZ). Haug et al. (2001) have

suggested that southward migration of the ITCZ over
South America as such times caused decreased rainfall
and delivery of terrigenous clastics rich in Fe and Ti
to the Cariaco basin. During the Late Glacial, the
trends in the African and South American records are
remarkably similar. In addition, they both show evi-
dence for the ITCZ being positioned more to the north
during the Medieval Warm Period, more to the south
during the Little Ice Age, and subsequently returning
to the north. Both records also exhibit greater variabil-
ity during the LIA, with distinct southerly ITCZ excur-
sions. Twentieth Century climate records indicate that
episodes of enhanced north winds over Malawi were dry
over the Orinoco basin, suggesting that the mechanism
of teleconnection developed from sedimentary evidence
for 100 to 10,000 years timescales may also play a role
in the modern climate.

PP21A-07 0930h

Late Quaternary Paleoclimatic History
of Tropical South America From
Drilling Lake Titicaca and the Salar
de Uyuni

Paul A Baker1 (9196846450; pbaker@duke.edu);
Sheri C Fritz2 (sfritz2@unl.edu); Geoff O Seltzer3

(goseltze@syr.edu); Catherine A Rigsby4

(rigsbyc@mail.ecu.edu); Timothy K Lowenstein5

(lowenst@binghamton.edu); Richard Ku6

(rku@usc.edu)

1Duke University, Earth and Ocean Sciences,
Durham, NC 27708-0227, United States

2University of Nebraska, Departement of Geosciences,
Lincoln, NE 68588, United States

3Syracuse University, Department of Earth Sciences,
Syracuse, NY 13244, United States

4East Carolina University, Department of Geology,
Greenville, NC 27858, United States

5State University of New York at Binghamton, De-
partment of Geological Sciences, Binghamton, NY
13902, United States

6Department of Earth Sciences, University of South-
ern California, Los Angeles, CA 90089, United
States

Seven drill cores were recovered from Lake Titicaca
during the NSF/ICDP/DOSECC drilling expedition of
2001. Sub-lake floor drilling depths ranged from 53 to
139 m; water depths ranged from 40 to 232 m; recover-
ies ranged from 75 to 112 percent. Our most detailed
multi-proxy analyses to date have been done on Core
2B raised from the central basin of the lake from 232
m water depth, drilled to 139.26 m sub-lakefloor with
140.61 m of total sediment recovered (101 percent). A
basal age of 200 Ka is estimated by linear extrapola-
tion from radiocarbon measurements in the upper 25 m
of core; Ar-Ar dating of interbedded ashes and U/Th
dating of abiogenic aragonites are underway. The vol-
ume and lake level of Lake Titicaca have undergone
large changes several times during the late Quaternary.
Proxies for these water level changes (each of different
fidelity) include the ratio of planktonic-to-benthic di-
atoms, sedimentary carbonate content, and stable iso-
topic content of organic carbon. The most recent of
these changes, has been described previously from ear-
lier piston cores. In the early and middle Holocene
the lake fell below its outlet to 85 m below modern
level, lake salinity increased several-fold, and the Salar
de Uyuni, which receives overflow from Titicaca, dessi-
cated. In contrast, Lake Titicaca was deep, fresh, and
overflowing (southward to the Salar de Uyuni) through-
out the last glacial maximum from prior to 25,000 BP
to at least 15,000 BP. According to extrapolated ages,
the penultimate major lowstand of Lake Titicaca oc-
curred prior to 60,000 BP, when seismic evidence in-
dicates that lake level was about 200 m lower than
present. Near the end of this lowstand, the lake also
became quite saline. There are at least three, and pos-
sibly more, older lowstands, each separated temporally
by periods in which the lake freshened dramatically and
overflowed. These results will be compared with results
from previous drilling in the Salar de Uyuni.

PP21A-08 0945h

An atmospheric bridge mechanism for
sea ice influence on the position of the
marine ITCZ

John CH Chiang1 (510 642-3900;
jchiang@atmos.berkeley.edu)

Cecilia M Bitz2 (206 543 1339;
bitz@apl.washington.edu)

1Dept of Geography, University of California, 547 Mc-
Cone Hall, Berkeley, CA 94720-4740, United States

2Polar Science Center, Applied Physics Laboratory,
1013 NE 40th St, Seattle, WA 98105, United States

We identify a mechanism for high latitude sea ice in-
fluence on the meridional position of the marine ITCZ
in the Community Climate model version 3 coupled to a
simple slab ocean model. The marine ITCZ in all three
ocean basins shift meridionally away from the hemi-
sphere with imposed additional sea ice. The impact on
the ITCZ does not appear to depend on the longitudi-
nal position, nor the hemisphere, of the additional sea
ice. Examination of the zonal mean transient response
shows the apparent propagation of cooler atmospheric
temperature and humidity anomalies, and cooler sur-
face temperature anomalies, from the high latitudes of
the additional sea ice to the equator. When the anoma-
lies reach ITCZ latitudes, the resulting meridional gra-
dient in SST formed across that latitude shifts the
ITCZ away from the hemisphere with increased sea ice.
The resulting change to the Hadley circulation trans-
ports moisture away from the drier hemisphere into the
moister hemisphere, creating a positive feedback that
amplifies the hemispheric asymmetry in atmospheric
moisture. We discuss the potential relevance of this
mechanism to the ’real’ climate, in particular as a can-
didate for communicating high latitude climate changes
to the tropics in the paleoclimate, and also as an influ-
ence to present day interannual-decadal variability.

PP21B MCC: Level 2 Tuesday
0830h

Evolution of Earth’s Greenhouse
Effect I Posters (joint with A, GC)

Presiding: J Kiehl, National Center for
Atmospheric Research; L C Sloan,
University of California, Santa Cruz

PP21B-1165 0830h POSTER

The Early Paleogene Greenhouse and
PCO2: A Look at the Role and
Response of Vegetation

Lucinda J Shellito1 (shellito@es.ucsc.edu)

Lisa C Sloan1 (lcsloan@es.ucsc.edu)
1Department of Earth Science, University of Califor-

nia, Santa Cruz 1156 High Street, Santa Cruz, CA
95064, United States

This study uses the NCAR Community Climate
Model (v.3.6.6) (CCM) and dynamic vegetation global
model (DVGM) to assess potential responses of Early
Paleogene (50-60 Ma) flora to changes in pCO2, and
to examine the role that this flora may have had in
supporting the warm climate of this time period. We
compare the vegetation in model output with the in-
variable Early Eocene land cover used to drive previ-
ous global climate model experiments. The invariable
land cover was derived from Paleogene fossil flora and
may produce inconsistencies between climate and veg-
etation in a model, especially in lower pCO2 scenarios,
where high latitudes become too cool to support Eocene
fossil flora. We drive the DVGM with climate data gen-
erated from two experiments with the CCM. In one ex-
periment, pCO2 is set at 560 ppm, and the other, at
1120 ppm. We find that the higher pCO2 experiment
allows the plant functional types which favor warmer
climates to increase their latitudinal range, and thus
become more consistent with proxy interpretations of
the distribution of flora during this time period.

PP21B-1166 0830h POSTER

Maximum Entropy Production and the
Evolution of the Biotic Carbon Cycle

Axel Kleidon (301-405-3203; akleidon@umd.edu)

University of Maryland, Department of Geography
2181 Lefrak Hall, College Park, MD 20742, United
States
The MEP hypothesis states that diabatic processes

with sufficient degrees of freedom maintain states at
which the rate of entropy production is maximized. A
common example in climatology is the application of
MEP to poleward heat transport, which leads to pre-
dicted equator-pole temperature gradients that are con-
sistent with observations. Here the MEP hypothesis is
applied to biotic activity as a diabatic process which af-
fects the atmospheric concentration of carbon dioxide
(pCO2) and therefore the strength of the Earth’s green-
house effect. It is first shown with a conceptual cli-
mate model that there should be a minimum planetary
albedo for which entropy production associated with
absorption of solar radiation would be at a maximum
as a consequence of the competing effects of surface
temperature on the extent of snow cover and convec-
tive cloud cover. When pCO2 is simulated by a simple
carbon cycle model, it is then shown that the applica-
tion of MEP to biotic activity leads to an insensitivity
of simulated surface temperature to long-term changes


