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1. Introduction

ABSTRACT

The Paleocene/Eocene Thermal Maximum (PETM) ~55 Ma ago, corresponds to a time characterized by
extreme global warming caused by a massive carbon input into the ocean and atmosphere. Climate proxies
from sedimentary records suggest that fresh water flow from an ice-free Arctic into the remainder of the
global ocean increased due to tectonic changes, enhanced runoff, and thermal expansion. In this study we use
the Community Climate System Model version 3 (CCSM-3), including a carbon cycle model, to examine the
sensitivity of the ocean circulation to freshwater outflow from the Arctic Ocean during the PETM, and whether
these changes may have contributed to an additional warming during the PETM. Two experiments, the first
with freshwater exchange between the Arctic and Pacific Oceans and the second between the Arctic and
Atlantic Oceans, are compared with a reference experiment with exchange between the Arctic and Indian
Oceans and with independent stratigraphic and geochemical records from the Ocean Drilling Program (ODP).
As freshwater is transported from the Arctic into the North Pacific Ocean, stratification is enhanced in the
North Pacific due to a significant reduction in surface salinity. As a consequence, intermediate to deep-water
sources shift from both hemispheres in the Pacific Ocean to a dominant source in the South Pacific Ocean and
an additional source in the northern Tethys Ocean. This simulated shift of deep-water sources during the
PETM is in agreement with recent Nd isotope measurements. The circulation patterns in the Pacific are similar
to those inferred from stable isotope reconstructions, but contradicting a strong North Atlantic deep-water
source during the PETM. Freshwater input into the Pacific Ocean results in a warming of intermediate water
masses of >2 °C in the North Pacific. When freshwater flow is routed from the Arctic into the Atlantic Ocean,
surface density changes are too small to change vertical stratification substantially, contrary to a previous
study. In summary, based upon circulation patterns and temperature increases due to freshwater flux through
the Bering Strait, Arctic freshwater input into the North Pacific may have contributed to methane hydrate
destabilization, an event suggested to have accelerated warming during the PETM.

© 2011 Elsevier B.V. All rights reserved.

indicate deep-sea temperatures 4-5°C warmer than background
(Kennett and Stott, 1991; Thomas and Shackleton, 1996; Tripati and

The Paleocene Eocene Thermal Maximum (PETM), ~55 Ma ago,
was a transient global warming event of a relatively brief duration,
characterized by a massive carbon release, and provides an ideal case
to study interactions between climate and carbon cycle (e.g., Zachos
et al., 2008). Significant changes in the global ocean involved sea
surface temperature (SST), deep-sea temperature, calcite compensa-
tion depth (CCD), and patterns of global ocean circulation. Sea surface
temperatures during this time rose by varying amounts around the
globe; the mid-latitude regions were up to 8 °C warmer than back-
ground temperatures while the high latitudes were as much as 6 °C
warmer (Kelly et al., 2005; Sluijs et al., 2006,2007a; Weijers et al.,
2007; Zachos et al., 2003; Zachos et al., 2005). Records from ODP sites
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Elderfield, 2005; Zachos et al., 2001) and a CCD, though varying on
local levels, that shoaled by up to ~2 km during this time (Kelly et al.,
2005; Zachos et al., 2005).

Significant ecological changes occurred during the PETM due to
warming and shoreline transgressions (Bowen et al., 2006; Bijl et al.,
2009; Sluijs et al., 2007b; Weijers et al., 2007), forcing animals and
plants to adapt, migrate and evolve (Woodburne et al., 2009). Exam-
ples range from size reduction and dispersion of terrestrial mammals
in the northern hemisphere, to range extensions of mid-latitude flora,
the increased occurrence of the dinoflagellate cyst Apectodinium
(Sluijs et al., 2007a), rapid planktonic foraminifera diversification
(Clyde and Gingerich, 1998; Gibbs et al., 2010; Kelly et al., 1998; Wing
et al, 2005) and large-scale extinction of benthic foraminifera
(Thomas and Shackleton, 1996; Thomas, 1998).

The likely cause of climate change was more than 2000 gigatons of
carbon (GtC) entering the atmosphere and ocean over a period of no
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more than 10,000 years (e.g. Bowen et al., 2004; Zachos et al., 2008).
In response to the carbon emissions during the PETM, atmospheric
CO, levels increased and were in the range of 2000-4000 ppm
(Breecker et al., 2010; Zachos et al., 2008) as compared to present
levels of ~385 ppm. This carbon release and increase in atmospheric
CO, concentration is comparable to the amount of carbon to be
emitted over the next few centuries due to human activities. Multiple
hypotheses have been put forward as the initial trigger of the carbon
release. For example, intensive volcanism liberating greenhouse gases
could have initiated the warming (Dickens, 2004; Sluijs et al., 2007a;
Storey et al., 2007; Svensen et al., 2004 ). This warming could then lead
to a reorganization of the deep sea circulation with bottom water
warming, as inferred from isotope ratios (e.g. Dickens et al., 1995;
Zachos et al., 2008) and modeling (Bice and Marotzke, 2002; Lunt
et al,, 2010; Winguth et al.,, 2010), and could have triggered the
injection of carbon through the dissociation of methane hydrates into
the climate system.

Topography and bathymetry during the PETM differed significant-
ly from today, with respect to the distribution of landmasses, changes
in size of ocean basins and more or less restricted seaways (Fig. 1;
Scotese, 2008). Sea levels are affected by tectonic activity (e.g. Larson
et al., 2004; Long and Shennan, 1994; Schmitz and Pujalte, 2003;
Watts and Thorne, 1984) as well as climatic variability (e.g. Miller
et al.,, 1998; Gale et al., 2002; Antonov et al., 2005; Miller et al., 2005)
and are thus difficult to precisely resolve, however, ostracode and
dinoflagellate records suggest that sea levels during the PETM rose by
approximately 20-30 m from previous levels (Sluijs et al., 2008;

Speijer and Morsi, 2002). A connection between the Arctic Ocean and
the Tethyan water masses via the Turgay Strait during this time of
increased sea level has been inferred from dinoflagellate cysts (e.g.
lakovleva et al., 2001). Limited throughflow via the Fram and Bering
Straits due to high sea levels and continued seafloor spreading, is also
suggested for the PETM and is supported by Nd-Sr isotopes in fish
fossils (Gleason et al., 2009; Roberts et al., 2009) as well as by previous
model results and reconstructions (Heinemann et al., 2009; Scotese,
2008). However, the formation of a volcanic bridge between Europe
and Greenland (Maclennan and Jones, 2006) would have favored a
closed or very narrow and shallow Fram Strait.

Conditions in the Arctic during the PETM are represented by sig-
nificant increases in sea surface temperature and sea level, and sa-
linity decreases (Sluijs et al., 2006) due to increased runoff from ice
melt (Pagani et al., 2006a; Sluijs et al., 2006,2008; Waddell and Moore,
2008) or from enhanced precipitation in high latitudes (Winguth
et al., 2010). Fresh water pulses from the Arctic may have affected
deep-water formation and the strength of the deep-sea circulation,
such as north to south flow in the Atlantic basin. These changes would
have influenced global temperature gradients and thus the climate.

The novel approach in this study is to use a fully comprehensive
climate model including the marine carbon cycle to explore how
changes in the throughflow in ocean passages could have affected the
ocean circulation, deep sea temperatures, geochemical tracers and
contributed to the global warming during the PETM. For this purpose,
sensitivity experiments are carried out comparing a freshwater
exchange between the Arctic and the Pacific (Bering Strait) and Atlantic
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Fig. 1. Geographical reconstruction for the PETM with possible freshwater exchange locations between the Arctic and the remainder of the global ocean; from the PALEOMAP Project
(www.scotese.com). The light blue color represents very shallow water (200-500 m), and dark blue are water depths >500 m. Boxes indicate reconstructed surface temperatures
across the Paleocene-Eocene boundary for the Control, EOCPAC, and EOCATL experiments (Bralower et al., 2006; Hollis et al., 2009; Ivany et al., 2008; Pearson et al., 2007; Shackleton
and Kennett, 1975; Sluijs et al., 2006, 2007b; Sluijs et al., 2008; Thomas et al., 1999; Tripati and Elderfield, 2005; Wing et al., 2005; Zachos et al., 2004; Zachos et al., 2006). Filled
circles denote average temperature differences between data and the Control experiment. Fossil locations taken from Markwick (1997). Figure after Winguth et al. (2010).
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(Fram Strait) Oceans, respectively. The simulations will be compared
with findings Winguth et al. (2010), prescribing the freshwater flux
through the Turgay Strait (Arctic-Tethys Seaway), other modeling
studies, and climate proxies from the sedimentary record. For example,
analysis of Nd isotope data indicates a bimodal ventilation of the deep
PETM Pacific with a source of deep water from the North Pacific and
even more intense ventilation from the Southern Ocean (Thomas et al.,
2003,2008). The analysis of stable carbon isotopes (Nunes and Norris,
2006) from ODP sites indicates an abrupt shift in the deep sea circulation
during the PETM with a preference of a northern source, in particular
one in the North Atlantic, in agreement with model simulations by Lunt
et al. (2010) and Heinemann et al. (2009), but contrary to [CO3™]
gradients (Zeebe and Zachos, 2007) and model simulations by Winguth
et al. (2010).

This paper investigates how Arctic freshwater input into the Pacific
Ocean via the Bering Strait or into the Atlantic Ocean via the Fram Strait
(for example by sea level rise, by thermal expansion, decrease in basin
ocean volume, decrease in mountain glaciers, or local tectonic changes;
Harding et al., 2011; Sluijs et al., 2008) would have affected the ocean
circulation and distribution of temperature and nutrients during the
PETM. The simulations could contribute to a better understanding of the
processes leading to methane hydrate destabilization along the slope
and rise of continental margins (900-2000 m depth).

2. Model description
2.1. Community Climate System Model 3 (CCSM-3)

The Community Climate System Model 3 (CCSM-3) is a coupled
climate model containing four main components: atmosphere, ocean,
land, and sea ice, described in detail by Collins et al. (2006). The hori-
zontal resolution is T31x3 in this study.

The coarse resolution of the CCSM-3 T31x3 does not resolve narrow
seaways, therefore freshwater flux exchange between the Arctic and the
adjacent ocean is parameterized by the marginal sea parameterization
(Smith and Gent, 2004). Excess or deficit of freshwater is represented by
the transport for each marginal sea ms as follows:

Tpo= % ({max(O,QFLUX,-.j)Cq + (E,-.j + P, +R;+ M,,}-) + F,-S_jcs} dx,,jdy,-_j).
(M)
Here, T,,,s is the transport term from the marginal sea (ms) inkgs™ !,
and is dependent on the frazil ice formation (QFLUX; in W m™2),
evaporation (E), precipitation (P), river runoff (R), and ice melt (M) in
Kg m~2s~ ', F is the salt flux due to ice melt, and dx and dy are the
zonal and meridional grid spacings in m for grid box with lateral
indices i and j. Conversion factors ¢, and ¢, are used in order to change
units of flux into transport:

15,5 _ 10
Lf 0

C, = — —
SOpSW

7CS:

)

where Lris the latent heat of fusion, S, is the ocean salinity, S; is the sea
ice salinity, and py, and ps,, are the densities of freshwater and salt-
water respectively (Smith and Gent, 2004). In this approach, direct
heat transport from the marginal sea into the adjacent ocean basin can
be neglected because feedbacks between temperature and heat fluxes
are considered in the marginal sea and because molecular diffusion of
heat is ~100x larger than molecular diffusion of salt.

2.2. Ocean carbon cycle model
The marine carbon component of the coupled climate-carbon

cycle model is based upon the Ocean Carbon Model Intercomparison
Project (OCMIP) (Doney et al., 2006; Najjar and Orr, 1999, http://

www.ipsl.jussieu.fr/OCMIP/). The model estimates air-sea fluxes of
CO, with the wind-dependent gas exchange coefficient (Wanninkhof,
1992) across the air-sea interface, the temperature-dependent
solubility of CO,, and the difference between the prescribed pCO, of
the atmosphere and the pCO, of the uppermost layer of the ocean
(Doney et al., 2006). The parameterization of biological uptake of
nutrients is similar to that used in the Hamburg Model of the Ocean
Carbon Cycle (HAMOCC; Maier-Reimer, 1993) and assumes a constant
Redfield ratio for particulate organic matter (POM). The uptake of
PO, is given by the turnover of biomass, modulated by surface solar
irradiance, temperature, and macro- and micronutrients. The carbon
cycle model uses a single Martin power-law curve to describe the
vertical particulate organic phosphorus flux profile over the full water
column. In the deep sea, 5'3C is in first order inversely correlated with
the concentration of phosphate [PO4] and can be approximated, under
the assumption of the present-day isotopic signature of POM and a
constant air-sea gas exchange effect, after Broecker and Maier-Reimer
(1992) by the following expression:

5°C = 2.9-1.1[PO,]. 3)

2.3. Topography and land-sea distribution

The land vegetation used in these experiments is modified from that
of Sewall et al. (2000), Shellito and Sloan (2006) and Shellito et al.
(2003), and is described in Winguth et al. (2010). The twelve vegetation
categories or types are those of Dorman and Sellers (1989). The Arctic
Ocean is closed because seaways are not resolved by the coarse model
resolution and the marginal sea parameteriztion is applied (Section 2.1).

2.4. Radiative forcing

The solar constant for the Paleocene/Eocene boundary is 1362 W
m~ 2, 0.44% lower than the modern value. This value is based upon the
curve fit to model results of Boothroyd (Caldeira and Kasting, 1992;
Winguth et al., 2002):

S(t) = (1—0.38t/ty) 'S,. (4)

S(t) is the luminosity of the Sun at time t, years before present, tois
4,55 Gyr, and Syis the present-day value of luminosity (1368 W m™2).
Eccentricity and a moving vernal equinox are set equal to zero, so that
the Earth's orbit around the sun is circular and the position of the Earth
in its orbit does not change with each year. The use of this circular orbit
ensures equal receipt of solar insolation for both hemispheres (Gibbs
et al., 2002; Winguth et al., 2002). Earth's obliquity (axis tilt) is set to
23.5°, the same as the modern value.

Atmospheric partial pressure of CO, (pCO,) is set to 2240 ppm for
the PETM, about 8x pre-industrial level (Winguth et al., 2010). This
level agrees with Breecker et al., (2010), and Zachos et al. (2008), but
is low according to estimates from Hsieh and Yapp (1999), Pearson
and Palmer (2000), and Zachos et al. (2001). Pagani et al. (2006b)
suggest that levels of CO, could have been much higher if viewed as
the only forcing mechanism for climate change. N,O levels were set at
0.275 ppb and CHy4 levels at 0.700 ppb, both representative of pre-
industrial values. The CH,4 level is not changed from its pre-industrial
value because the residence time for CHy in the atmosphere is less
than ten years, and it oxidizes to CO, (Wallace and Hobbs, 2006).

3. Experimental design and climate simulations
3.1. Initialization conditions of PETM climate simulations

In order to explore the impact of fresh water pulses from the Arctic
on the climate and ocean circulation, and the carbon cycle's response
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Table 1

Paleolocation and number of model years integrated for each experiment. The marginal
sea parameterization is used to model freshwater exchange between the Arctic and
global oceans.

Experiment Freshwater Paleolatitude Paleolongitude Years

name exchange integrated
Control Arctic — Indian/Tethys 40°N 55° 2000
EOCPAC Arctic — Pacific 60°N 180° 2000
EOCATL Arctic — Atlantic 50°N 355° 2000

to these changes, two simulations are performed and compared with
the 8xCO, PETM experiment by Winguth et al., 2010 (referred to
hereafter as Control experiment). Exchange between the Arctic and
Indian Oceans via the Turgay Street (as in the Control experiment) is
based upon the paleogeographic reconstruction with the PALEOMAP
Project (Scotese, 2008) as well as data, specifically microfossil data
from the Turgay Strait region, from lakovleva and Heilmann-Clausen
(2007), lakovleva et al. (2001), and Meulenkamp et al. (2000).

The two sensitivity experiments described here are termed EOCPAC
and EOCATL. In the EOCPAC experiment freshwater is exchanged
between the Arctic and the Pacific whereas in the EOCATL experiment it
is exchanged between the Arctic and the Atlantic. The locations of
possible Arctic shallow seaways are summarized in Table 1 and shown
in Fig. 1. As discussed in Section 1, a flow through the Fram Strait or
Bering Strait may have occurred during the PETM either by local tectonic
changes, volcanism near Iceland, or sea level rise or a combination of
these. All model simulations are integrated over 2000 years with initial
conditions as described in Winguth et al. (2010).

3.2. Sensitivity to arctic freshwater pulses in the Pacific
(EOCPAC experiment)

3.2.1. Surface stratification and sea level pressure

With the change of fresh water exchange from the Turgay Strait to
the Bering Strait, surface salinity levels decrease by ~3 psu to in the
North Pacific and increase by ~9 psu in the northern Tethys Ocean
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Fig. 2. Northern hemisphere polar projection from 15°N to 90°N, EOCPAC — Control, annual average for years 1950-2000; A) Sea surface temperature (°C), B) surface level pressure

(hPa), C) surface salinity (psu), D) surface density.
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(Fig. 2). Surface water masses in the North Pacific become more strat-
ified with a decrease in surface salinity and thus surface density.

Changes in sea surface temperature reflect changes in stratification
and ocean circulation. Annually averaged sea surface temperatures in
the North Pacific poleward of 45°N are around 10-11 °C, a decrease of
~1-2 °C relative to the Control experiment (Fig. 2). Surface temper-
atures throughout the northern Indian Ocean increase by ~2 °C and by
around 1-1.5 °C off the east coast of North America, compared to the
Control experiment. The east-west temperature gradient across the
Pacific is about ~1.5-2 °C stronger than in the Control experiment.

Sea level pressure differences between the sensitivity experiments
are most pronounced over the northern hemisphere (Fig. 2). Off the
North American west coast, differences in sea level pressure of + 1 hPa
between the EOCPAC and Control experiments correlate negatively to
sea surface temperatures of ~—1 °C (Fig. 2). Pressure increases in the
EOCPAC experiment by ~1-1.5 hPa over the North Pacific compared to
the Control experiment. It decreases over the northern Indian Ocean
and southwestern Asia by ~1.6 hPa.

3.2.2. Mixed layer depth and sources of deep water formation

Relative to the Control experiment, mixed layer depth in the EOCPAC
experiment is increased in the northern Tethys and South Pacific, and
reduced in the North Pacific and Gulf of Mexico (Fig. 3). In the northern
North Pacific, lower salinities and reduced density and mixed layer
depth reduces the North Pacific source, whereas in northern Tethys high
surface salinity and density increase the mixed layer depth signif-

EOCPAC - CONTROL EXPERIMENT
Pacific Seaway

A. Mixed Layer Depth [m]

icantly. For both of these locations it appears that the change in location
of freshwater input plays a predominant role in deep-water formation.
In the South Pacific, temperature is lower, salinity higher, and density
higher for the Control experiment. Despite this, the maximum mixed
layer depth is deeper and the age of the water mass younger in the
EOCPAC experiment, suggesting that the weakening of deep-water
formation in the North Pacific results in the strengthening of the deep-
water source in the South Pacific. The decline of the northern Pacific
source allows warm subtropical water masses to spread further
northward leading to a warming of >2 °C in intermediate water depth
(Fig. 4).

Compared to the Control experiment, subtropical salinity in the
eastern North Atlantic Ocean is reduced by 2 psu (Fig.2) in the EOCPAC
experiment, leading to a reduced mixed-layer depth in the Gulf of
Mexico. The resulting buoyancy forcing yields a decrease in maximum
mixed layer depth and density and thus a decrease in formation of
warm salty intermediate water masses as well as a decrease in
temperature in intermediate depth by ~0.6 °C (Figs. 3 and 4).

3.2.3. Meridional Overturning Circulation (MOC)

The global MOC is dominated by the ocean circulation in the Pacific
Ocean because the deep sea circulation in the Atlantic is relatively
stagnant. The global MOC in Fig. 5 shows a dominant southern source
of deep water for the EOCPAC experiment whereas for the Control
experiment, deep water sources in both hemispheres are simulated.
When comparing the MOC for the Pacific basin only, the EOCPAC
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Fig. 3. Projection centered on 180°, annual average years 1950-2000; A) EOCPAC — Control experiment, Maximum Mixed Layer Depth (m), B) EOCATL — Control experiment,
Maximum Mixed Layer Depth (m), C) EOCPAC — Control experiment, idealized age (years) in ~1200 m, D) EOCATL — Control experiment, idealized age (years) in ~1200 m. Note that
a negative difference in the age means that the ocean circulation is increased in the EOCATL or EOCPAC experiment relative to the control experiment, whereas positive means a

reduced circulation.
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Fig. 4. Vertical sections of potential temperature (50-year mean for the period 1950-2000); Pacific Ocean: A) 8xCO, PETM Control experiment, B) differences between the EOCPAC
and Control experiments, C) differences between the EOCATL and Control experiments; Atlantic Ocean: D) Control experiment E) differences between the EOCPAC and Control
experiments, F) differences between the EOCATL and Control experiments; Indian Ocean: G) Control experiment, H) differences between the EOCPAC and Control experiments,

1) differences between the EOCATL and Control experiments.

experiment simulates stronger southward overturning circulation
throughout intermediate waters and weaker northward circulation in
shallow waters. For the Atlantic basin the EOCPAC experiment dem-
onstrates stronger northward circulation in depths less than 500 m
and weaker southward circulation (2 Sv) at intermediate depths
north of 40°S.

The increase in southward ocean circulation in the Pacific basin
correlates well with the increase in Arctic freshwater flux entering the
North Pacific and a reduction in deep-water formation there. In the
Atlantic basin, decreased southward flow in the EOCPAC experiment
in intermediate waters is correlated with a ~100 year younger water
mass and increased northward circulation in shallow depths com-
pared to the Control experiment. In the Indian Ocean basin, increased
southward circulation coincides with a younger water mass, deep-
water formation in the northern Tethys, and decreased Arctic fresh-
water flux.

3.2.4. Water masses at intermediate depth

Remarkable differences between the EOPAC and the Control ex-
periment occur throughout intermediate waters (500-1500 m). At
~1200 m, the temperatures in the EOCPAC experiment range from
~9 °Cin the South Pacific Ocean, ~11 °C in the northern Tethys Ocean,
to ~13 °C in the North Pacific Ocean. Temperatures in the EOCPAC
experiment increase in the northwestern Pacific (~2 °C), South Pacific
(~0.1 °C), and North Tethys Oceans (~1.5 °C) relative to the Control

experiment. Source water mass winter temperatures are 1143 °Cin
the northeastern Tethys, 10 4- 2 °Cin the Southern Ocean near the east
coast of Australia and 13 4+ 3 °C in the eastern North Pacific. Compared
to the Control experiment, temperatures in the North Atlantic are
around 1 °C cooler (Fig. 4).

Ideal age tracers (Fig. 3), a measure of the age of water masses, and
the MOC (Fig. 5), highlight a change of sources of intermediate to deep-
water masses. In the EOPAC experiment, warm saline water masses are
formed in the northeastern Tethys and flowing as an intermediate
western boundary current between the African continent and Mada-
gascar into the Southern Ocean where they are mixed with the South
Pacific source water, with the youngest water masses (~140 years) near
the eastern coast of Australia. The addition of freshwater into the North
Pacific changes the strength and origin of intermediate water mass
formation throughout the global oceans. Warm saline waters flow into
the North Pacific from the western equatorial Pacific due to a reduction
in deep water formation there (Figs. 3-5).

At 1200 m, salinity increases in the EOCPAC experiment in the
North Pacific near 30°N by ~0.5 psu. At the same depth, a weak
increase in salinity is modeled in the northern Tethys Ocean. These
changes in salinity are due to a reduction in deep-water formation,
advection of warm saline waters from the western Pacific Ocean into
the North Pacific, and an increase in deep-water formation and
circulation in the northern Indian Ocean, mixing down higher salinity
concentrations from the surface.
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experiments. Flow along positive stream lines is clockwise whereas flow along negative
streamlines (dotted area) is anticlockwise.

3.3. Sensitivity to Arctic freshwater pulses in the Atlantic (EOCATL)

3.3.1. Surface stratification and sea level pressure

The EOCATL experiment considers an alternative freshwater
exchange between the Arctic and the Atlantic Oceans through the
Fram Strait (Table 1 and Fig. 1) instead of the Arctic-Tethys Ocean
exchange via the Turgay Strait. Differences in sea surface temperature
between the EOCATL and the Control experiments in the North
Atlantic and Tethys Oceans correlate well with variations in the
location of freshwater flux between the two experiments.

The most pronounced positive differences in sea level pressure
occur over the eastern North Pacific Ocean (~1.3 hPa) and over the
eastern part of the Atlantic Ocean (~1 hPa; Fig. 6), whereas over the
western Pacific Ocean near 60°N and in the northern Tethys Ocean sea
level pressure in the EOCATL experiment is reduced by ~0.5 hPa.

In the eastern Atlantic Ocean and North Tethys Oceans sea level
pressure correlates negatively to surface atmosphere and ocean
temperatures. A significant anomaly (an increase >1.2 hPa) in sea
level pressure over the eastern Pacific Ocean is not directly correlated
to the sea surface temperature (Fig. 6) and can be linked to changes in
the moisture content of the air masses.

Relative to the Control experiment, surface salinity is decreased by
~3-4 psu in the North Atlantic and increased by ~7 psu in the North
Indian Ocean (Fig. 6).

3.3.2. Mixed layer depth and sources of deep water formation
Differences between the EOCATL and Control experiments are nom-

inal in most cases, and specific locations tend to show varying trends

when comparing temperature, salinity, density, and the maximum

mixed layer depth (Fig. 3). Warmer, less dense waters, and a shallower
maximum mixed layer depth are simulated for the North Pacific and
North Atlantic Oceans. Reduced deep-water formation in the North
Pacific and resulting reduced overturning circulation allow for an
increase in deep-water formation in the South Pacific and increased
northward circulation.

In the South Pacific and northern Tethys, a deeper mixed layer
depth in the EOCATL experiment results in cooling compared to the
Control experiment. Both locations depict decreased salinity despite
deeper mixed layer depths. Density is greater in the EOCATL ex-
periment in the northern Tethys due to saline deep-water formation,
but lower than the density of the underlying water masses from the
central Pacific.

3.3.3. Meridional Overturning Circulation (MOC)

The overturning circulation in the EOCATL experiment is similar to
the Control experiment, showing only small changes of <2 Sv in both
the shallow and deep ocean with a weakened North Pacific source.

3.3.4. Water masses of intermediate depth

As discussed in Section 3.3.2, the mixed layer depth is stronger in
the northern Tethys, North Atlantic, and South Pacific Oceans, and
weaker in the North Pacific Ocean for the EOCATL experiment
compared to the Control experiment. For the North Pacific Ocean
temperatures in the EOCATL experiment increase by up to 1 °C and
the idealized age is ~140-150 years older compared to the Control
experiment (Figs. 3 and 4) in response to a weaker polar source.

4. Discussion

Ocean deep-water formation is sensitive to changes in surface
buoyancy and momentum fluxes. In the EOCPAC experiment, salinity
increase by increased freshwater input via the Bering Strait enhances
the stratification in the North Pacific Ocean relative to the Control
experiment and weakens the North Pacific source of intermediate
water. The intermediate water masses in this region are predomi-
nantly controlled by a subtropical source resulting in an increase in
ideal age of these water masses. In the northern Tethys, the mixed
layer depth in the EOCPAC experiment is significantly deepened due
to an increase in salinity, producing warm and saline intermediate
water that flows as a western boundary current into the Southern
Ocean.

In the EOCATL experiment, a freshwater exchange from the Arctic
to the Atlantic Ocean via the Fram Strait does not influence the
properties of intermediate water masses in the Atlantic or Indian
Ocean substantially, but the North Pacific intermediate water masses
increase in temperature and ideal age in response to a weaker
Northern Pacific source.

Potential temperatures of intermediate waters are higher through-
out most of the global ocean and specifically in the Pacific basin in the
EOCPAC experiment compared to the Control experiment. Increased
temperatures in intermediate waters in the EOCPAC experiment
suggest that an increase in freshwater input into the North Pacific
through the Bering Strait during the late Paleocene might have led to
increased warming across the globe which in turn could have
triggered the release of methane hydrates (e.g. Sluijs et al., 2007a;
Thomas et al., 2002). This methane release might therefore have
contributed to a temperature increase during the PETM.

In the EOCPAC experiment, increased temperatures in the western
Pacific and North Atlantic Oceans near 45°N coincide with increased
freshwater input into the North Pacific Ocean (Figs. 1 and 2), whereas
with increased freshwater input into the North Atlantic Ocean in the
EOCATL experiment, surface temperatures decrease in the subtropical
North Pacific. The changes in freshwater input into the North Pacific
and the associated warming of intermediate water masses also affect
other oceans, for example the intermediate water formation in the



J.T. Cope, A. Winguth / Palaeogeography, Palaeoclimatology, Palaeoecology 306 (2011) 82-94 89

EOCATL - CONTROL EXPERIMENT (Atlantic Seaway)

A.ssT[C]

150W

120W

90w

-15 -1 -05 0 05 1 15 2

C. sss [psu]

150W

120W 120E

90w

b 90E

60E

-4 2 0 2 4 6 8 10

B. SLP [hPa]

150W

90W | - 90E

'60E

-16 -1.2 -08 -04 O

H -3
D. Density [kg m=] 180

120W

90w A FS

-03-0.15 0

0.15 0.3 045 0.6 0.75
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Atlantic via an atmospheric teleconnection and associated changes in
the buoyancy forcing.

4.1. Comparison of model simulations with climate proxies

Proxy temperature reconstructions for the Arctic (Brinkhuis et al.,
2006; Eberle, 2006; Sluijs et al., 2006; Sluijs et al., 2009; Tripati et al.,
2001; Weijers et al., 2007;) suggest temperatures of up to 23 °C during
the PETM, whereas simulated model mean temperature are <10 °C.
The highest Arctic surface ocean annual temperatures are produced in
the Control and EOCATL experiments with average peak temperatures
of ~10 °C. Although still significantly lower than proxy reconstruc-
tions, the change in Arctic surface temperatures associated with
changes in fresh water flux to the global ocean supports the
conclusions of Shellito et al. (2009) that changes in size or depth of
Arctic passageways may have played a role in the high Arctic
temperatures of the PETM. The Tripati and Elderfield (2005) re-
construction of deep-sea temperatures and circulation changes based

upon 6'80 and 6'3C ratios, respectively, and Mg/Ca ratios from benthic
foraminifera differ significantly from our model results. The forami-
nifera data suggests bottom water temperatures in the North Pacific
(Shatsky Rise) and South Atlantic (Walvis Ridge) of around 17 °C.
Changes in oxygen and carbon isotope levels are presented as evidence
that convection and deep-water formation increased in the North
Pacific and decreased in the Southern Ocean (Tripati and Elderfield,
2005). The Control and EOCATL experiments simulate temperatures
around 9 °C throughout the deeper oceans; they also display the
strongest deep-water formation in the North Pacific and Southern
Ocean (Figs. 3 and 5). Changes in ocean temperatures at depths greater
than 1000 m in the EOCATL and EOCPAC experiments are minimal, less
than 1°C (Fig. 4). The EOCPAC experiment reproduces little deep-
water formation in the North Pacific, but does simulate stronger
southward circulation at depths greater than ~1500 m, as well as a
weak deep-water formation in the Southern Ocean. Overall, deep-
water temperatures in the experiments are around 6 °C cooler than
data presented in Tripati and Elderfield (2005). Increased temperature
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with a decrease in deep-water formation in the North Pacific Ocean is
in disagreement with the conclusion of Tripati and Elderfield (2005)
that increased deep-water formation in the North Pacific would cause
warming of intermediate waters. The EOCPAC experiment results of
increased southward circulation in the North Pacific Ocean and deep-
water formation in the North Atlantic Ocean, as well as reduced
circulation in the Southern Ocean, do, however, support the modeling
results of Bice and Marotzke (2002).

The discrepancy between the climate proxies from the sedimen-
tary record and the Control experiment has been discussed in a
previous study (Winguth et al., 2010). The high-latitude bias can be
related to uncertainties in the reconstructions (diagenesis, dating,
sampling size errors, and seasonal bias) and in the climate model
(Zeebe et al., 2009), which include a model resolution not resolving
seaways adequately, and sensitive model parameterizations, for
example those associated with clouds (cloud albedo and cloud optical
depth, or heat transport by tropical cyclones). The abundance of cloud
condensation nuclei (CCN), which affects droplet formation and the
albedo level of clouds (Kump and Pollard, 2008), as well as orbital
parameters, affecting solar radiation distribution across the earth,
might to be changed in order to resolve discrepancies between model
and data. It is expected that the consideration of changes in the cloud
optical depth would result in a further increase in ocean stratification
and stagnation of the deep-sea circulation similar to the 16xCO,
experiment in Winguth et al. (2010).

4.2. Circulation

The North Pacific source of deep water is substantially reduced by
a freshwater influx from the Arctic in the North Pacific Ocean, leading
to an increase in age of the water mass and nutrient concentrations in
intermediate depths (~1200 m) in the EOCPAC experiment. The
findings are agreeable with analysis of Nd isotope data suggesting that
deep-water sources in the Pacific Ocean switched during the PETM
from a bimodal ventilation of deep in the Northern and Southern
Hemisphere to an intense ventilation from the Southern Ocean
(Thomas et al., 2008).

Of the three sensitivity experiments, the EOCPAC experiment
simulates the strongest &'>C gradients from the northern Tethys and
western Pacific Oceans into the Southern Ocean. An east-to-west flow
in the equatorial Pacific is in agreement with circulation pattern
inferred from 8'3C gradients (Nunes and Norris, 2006). At depths near
1200 m both the EOCATL and the EOCPAC experiment as well as in the
control experiment show an average §'>C gradient in the Atlantic
Ocean of ~0.7 (Fig. 7), decreasing from north-to-south and in
agreement with Nunes and Norris (2006). In all three experiments,
a near stagnant southward directed flow of <2 Sv is simulated for the
intermediate to deep North Atlantic Ocean. The source of intermediate
water formation originate near the Gulf of Mexico (Winguth et al.,
2010) flowing northward in the eastern basin at ~300 m depth
and sinking into in the northern North Atlantic and sinking there in
greater depth. These finding appear to be in contrast to strong
northern North Atlantic source of deep water formation as proposed
by Nunes and Norris (2006) from the interpretation of 6'>C gradients.

The open Fram Strait (EOCATL Experiment), as compared to a
closed Fram Strait (Control experiment), produces a slightly enhanced
southward overturning circulation at intermediate depth in response
to increased surface stratification. While the open seaway scenario is
generally in agreement with findings of Roberts et al. (2009), who
used the GISS model, the closed seaway differs considerably. Water
masses in CCSM-3 are highly stratified in the North Atlantic, whereas
weakly stratified water masses in Roberts et al. (2009) produce a
vigorous ventilation in the North Atlantic. Possible reasons for the
contrasting results are differences in the surface buoyancy fluxes
between the models (as shown in Fig. 6 compared to Fig. 6 in Roberts
et al.,, 2009). The differences can be partially explained by lower CO,
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Fig. 7. Comparison of 5'>C gradients (%.) and horizontal velocities in (10-3 m), annual

average years 1950-2000, between A) the Control experiment, B) EOCPAC experiment,
and C) data from Nunes and Norris (2006).

radiative forcing used in the scenario with a closed Fram Strait in the
GISS model, leading to a lower precipitation, and higher North Atlantic
surface salinity whereas in the 8xCO, Control experiment in CCSM-3
water masses in the North Atlantic are characterized by a higher static
stability. Also, differences between GISS and CCSM-3 can be related to
different model parameterizations and initializations (Randall et al.,
2007) and a higher spatial and vertical resolution in CCSM-3.

4.3. Methane hydrate destabilization

Destabilization of methane hydrates in ocean sediments depends
on multiple factors including an increase in temperature and/or a
reduction of the critical pressure (Dickens et al., 1995, and Fig. 1
therein). Most hydrates are formed and are stable on the continental
margins, specifically the slope and rise that are between 900 m and
2000 m (Dickens, 2001). A positive feedback loop responsible for the
onset of the PETM due to the release of these hydrates is proposed in
Bice and Marotzke (2002; see Fig. 9 therein). Initial increase in CO,
in the atmosphere, caused possibly by volcanic outgassing, would



J.T. Cope, A. Winguth / Palaeogeography, Palaeoclimatology, Palaeoecology 306 (2011) 82-94 91

increase the strength of the hydrological cycle. These increases could
cause a warming at intermediate depths within the ocean on aregional
scale that could induce methane hydrate destabilization. This release
of CH4 would then oxidize to CO, in either the ocean or atmosphere
and further exacerbate extremes in the hydrological cycle and even-
tually switch high southern latitude deep-water formation to high
northern latitude deep-water formation.

The EOCPAC experiment illustrates a similar feedback loop (Fig. 8),
though in response to an initial PETM warming rather than as a cause
for it. Increased freshwater flux through the Bering Strait, for example
by sea level rise, local tectonic changes, and/or thermal expansion,
would decrease surface salinity and thereby surface density, reducing
deep-water formation and deep overturning circulation from the
North Pacific. Increased intermediate water circulation and advection
of warm waters from the western and South Pacific could then serve
to destabilize methane hydrates first in the North Pacific and then
throughout the global ocean. The release of these hydrates and their
subsequent oxidation to carbon dioxide entering both the ocean
and atmosphere would further increase temperatures and serve to
strengthen the PETM event.

Temperature (°C)

—— 55-48 Myr ago 1 % Control Experiment
—— 45-39 Myr ago @ EOCPAC Experiment
—— Modern

SST (°C)

S -80 -60 -40 -20 0 20 40 60 80 N
Latitude (degrees)

Fig. 9. Annual average of sea surface temperature (°C) for years 1950-2000 for Control
and EOCPAC experiments in comparison with ODP data; figure after Bijl et al. (2009)
and references therein.
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Table 2

Surface, intermediate, and deep-water data-model temperature comparison (annual average years 1950-2000) for locations shown in Fig. 1. Paleolocations have been calculated

using the PointTracker software by C. Scotese.

Name Paleolocation Data avg. Age Depth Data Control avg. Pacific avg. Atlantic avg.
(m) (°0) (°0) Q) (°0)
DSDP 277 60.6°S, 170.7°W 20.0 ~51 Ma Surface 20 11.7 11.6 11.6
Waipara River 52.1°S, 160.8°W 335 ~51 Ma Surface 30-37 143 141 143
Seymour Island 63.4°S, 64.1°W 12.0 ~54-53 Ma Surface 6-18 109 11.6 115
ODP 690 65.7°S, 7.2°W 18.5 PETM Surface 17-20 119 119 11.8
DSDP 74 34.8°S, 10.5°W N.A. PETM Surface N.A. 23.7 23.5 234
Wilson Lake 39.7°N, 57.3°W 33.0 PETM Surface 33 25.1 16.8 16.8
10DP 302 81.5°N, 42.6°E 23.0 PETM Surface 23 3.2 2.4 2.8
ODP 865 8.3°N, 151.4°W 335 PETM Surface 32-35 31.6 313 315
ODP 1209 23.6°N, 171.1°W 34.0 PETM Surface 33-35 28.1 28 28
Tanzania 19.2°S, 30.9°E 32.0 PETM Surface 30-34 309 309 30.8
Bighorn Basin 49.0°N, 89.5°W 23.0 PETM Surface 20-26 9.5 9 9
Cerrejon Formation 8.4°N, 60.0°W 32.0 ~58 Ma Surface 30-34 31.2 303 30.1
DSDP 277 60.6°S, 170.7°W 15.0 ~51 Ma Seafloor 15 8.7 8.6 8.6
Waipara River 52.1°S, 160.8°W 215 ~51 Ma Intermediate 19-24 9.1-9.5 8.8-9.2 8.7-9.1
ODP 690 65.7°S, 7.2°W 16.0 PETM ~2100 14-18 9.3 9.1 9.1
DSDP 74 34.8°S, 10.5°W 14.5 PETM ~3100-3400 14-15 9.2 6.9 6.9
ODP 865 8.3°N, 151.4°W 15.0 PETM ~1300 13-17 104 10.7 103

5. Conclusions and summary

The experiments examined the effect that Arctic freshwater pulses
would have on global ocean circulation, climate, and thereby the
carbon cycle during the PETM. The experiments compared Arctic
throughflow into the Pacific (EOCPAC) and Atlantic Oceans (EOCATL)
against throughflow into the Indian/Tethys Ocean (Control).

Overall, both the EOCPAC and EOCATL experiments display
noticeable changes in ocean properties relative to the Control
experiment. All three experiments reproduce limited deep-water
formation in the Southern Ocean in agreement with Thomas et al.
(2008) but are not supportive of a strong source of deep water in the
northern North Atlantic Ocean, in agreement with Panchuk et al.
(2008) and Zeebe and Zachos (2007), and contrary to Nunes and
Norris (2006). An increased southern circulation in the Pacific and
Atlantic Oceans during the PETM in the EOCPAC experiment appears
to agree well with previous modeling results from Bice and Marotzke
(2002). The EOCPAC experiment, with a significantly reduced source
of deep water in the North Pacific Ocean, matches the overturning
circulation patterns of Nunes and Norris (2006) for the Pacific Ocean
(see Fig. 3B therein).

From all three experiments the warmest deep-sea temperatures
are simulated in the experiment with a seaway through the Bering
Strait (EOCPAC). However, among the three experiments the Control
experiment most closely simulates sea surface salinity (Pagani et al.,
2006a) and temperature (Weijers et al., 2007) in the Arctic. It also
reproduces the closest overall matches to global sea surface

temperatures from the data (e.g. Bijl et al., 2009) (Fig. 9 and Table 2).

In conclusion, a flow through the Bering Strait produced a
circulation pattern that could have contributed to triggering the
release of methane hydrates by a remarkable warming of interme-
diate waters in the North Pacific. The increase in temperature in
intermediate waters could have resulted in a dissociation of methane
hydrates. The free methane would then have oxidized in the ocean or
atmosphere increasing the carbon dioxide concentration in the
atmosphere, hereby causing further warming of the atmosphere and
ocean, and eventually accelerating methane hydrate destabilization
on a global scale. The EOCPAC simulation indicates also, however, that
freshwater input into the North Pacific would already cause a
significant shift from northward overturning circulation at interme-
diate depths to southward overturning circulation and might in itself
induce enough widespread warming of ocean waters to release CH,
on a global scale. Physical and biogeochemical changes in the EOCPAC,
EOCATL, and Control experiments, indicate not only that Arctic
freshwater pulses may have played a significant role in the global

climate and ocean circulation, and thus the carbon cycle during the
PETM, but also that the location of Arctic seaways was an important
factor.

A prediction of the lysocline depth in future studies would allow a
more detailed comparison to data recovered from ODP sites,
specifically the carbonate saturation profile produced by foraminifers
and calcareous nannofossils (Kelly et al., 2005; Petrizzo, 2007; Zachos
et al,, 2005) and [CO3 ] in the Atlantic and Pacific Oceans (Panchuk
et al., 2008; Zeebe and Zachos, 2007). This capability within a fully
coupled general circulation model would present an improvement
in understanding of how a massive carbon release would affect the
climate.
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