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Abstract The early Eocene (∼56–50 million years ago) was characterized by higher surface
temperatures and a reduced meridional temperature gradient, compared to present-day conditions. The
origin of the decreased meridional temperature gradient is still subject to discussion and might be linked
to tides. Tidal mixing could have enhanced the meridional heat transport and thereby decreased the
meridional temperature gradient. We test this hypothesis by simultaneously modeling tidal dynamics
and the general ocean circulation for the early Eocene in a new coupled atmosphere-ocean model setup.
We find an interaction between tidal currents and the ocean general circulation that increases horizontal
velocities in 25% of the deep ocean to more than 400% of its original value. The global meridional
overturning circulation is strengthened thereby locally by 60–100%. However, the oceanic meridional heat
transport is only increased by a maximum of 0.1 PW (8%) and a mean of less than 0.018 PW (5.1%), thus not
decreasing the meridional temperature gradient considerably.

1. Introduction

Analyzes of Mg/Ca ratios, 𝛿18O measurements, and TEX86 suggest early Eocene (EE,∼56–50 million years ago,
Ma) sea surface temperatures between 27∘C and 36∘C in the tropics [Lunt et al., 2012] and 10∘C to 15∘C in
the polar oceans [Zachos et al., 1994; Ivany et al., 2008]. Although proxy-based reconstructions of polar sur-
face temperatures are poorly constrained and show a considerable spread of 10∘C [e.g., Lunt et al., 2012], all
reconstructions inferred a smaller equator-to-pole temperature gradient in the EE than today [e.g., Zachos
et al., 1994; Greenwood and Wing, 1995; Barron, 1987; Tripati and Elderfield, 2005]. This has not been ade-
quately reproduced by paleoclimate simulations, so far [cf. Lunt et al., 2012]. In order to solve the discrepancies
between models and proxy data, a number of atmospheric and oceanic mechanisms that could increase polar
temperatures have been suggested [Bice and Marotzke, 2002; Tripati and Elderfield, 2005; Abbot and Tziperman,
2008; Kump and Pollard, 2008; Shellito et al., 2009; Kiehl and Shields, 2013], such as polar stratospheric clouds
[Sloan and Pollard, 1998], vegetation-climate feedbacks [Loptson et al., 2014], or the opening of the Arctic
Ocean to its surrounding oceans [Shellito et al., 2009]. However, none of these hypotheses has been able to
effectively reduce the meridional temperature gradient to the values suggested by proxy data.

A prominent hypothesis about meridional heat redistribution states that a more efficient oceanic poleward
heat transport could have warmed polar regions [Barron, 1987]. This hypothesis was rejected by Sloan et al.
[1995] who found that an increase of poleward heat transport by 30% would be necessary to maintain
high-latitude temperatures in the early Eocene, an increment that cannot be accomplished by the ocean cir-
culation alone. However, Green and Huber [2013] theoretically derived that an intensification of the global
meridional overturning circulation (GMOC) could have been achieved by tidal forcing of the ocean. A tidally
strengthened GMOC would lead to an increased oceanic meridional heat transport that reduces the merid-
ional temperature gradient. We test this hypothesis by including ephemeris tides into a new setup of the
coupled atmosphere-ocean model ECHAM5/MPIOM (European Center Hamburg model version 5, Max Planck
Institute ocean model) for the early Eocene.

Including tidal forcing into coupled atmosphere-ocean general circulation models helped Lee et al. [2006] and
Müller et al. [2010] to improve the representation of present-day ocean currents and atmospheric near-surface
temperatures. Nonetheless, the effects of tidal forcing are not included in most studies of the present-day
climate [IPCC, 2013] and are neglected in both paleoclimate simulations and climate projections. Ocean
tides instantaneously influence sea surface elevation and ocean velocities. Thereby, nonlinear processes

RESEARCH ARTICLE
10.1002/2016PA002997

Key Points:
• Horizontal velocities are increased

significantly by tidal forcing in the
early Eocene deep ocean

• The global meridional overturning
circulation is strengthened by tidal
dynamics

• Tidal forcing does not increase
meridional heat transport sufficiently
to reduce the meridional
temperature gradient

Correspondence to:
T. Weber,
tobias.weber@gfz-potsdam.de

Citation:
Weber, T., and M. Thomas (2017),
Influence of ocean tides on the general
ocean circulation in the early Eocene,
Paleoceanography, 32, 553–570,
doi:10.1002/2016PA002997.

Received 4 JUL 2016

Accepted 13 MAY 2017

Accepted article online 16 MAY 2017

Published online 15 JUN 2017

©2017. American Geophysical Union.
All Rights Reserved.

WEBER AND THOMAS TIDAL DYNAMICS IN THE EARLY EOCENE 553

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9186
http://orcid.org/0000-0002-4394-5659
http://dx.doi.org/10.1002/2016PA002997


Paleoceanography 10.1002/2016PA002997

are induced that produce tidal residual mean currents that persist on climatological timescales. This shifts the
direction of the flow paths of the mean ocean circulation and affects the velocities of ocean currents [Munk
et al., 1970; Yanagi, 1976; Robinson, 1981; Zimmerman, 1981; Geyer and Signell, 1990; Aelbrecht et al., 1993].
Here we present a first study of the influence of ocean tides on ocean general circulation in the early Eocene
and possible effects on climate. We will show that in the early Eocene tidal forcing mainly increases hori-
zontal velocities in the deep ocean. Thereby, the GMOC is strengthened in the deep ocean, which influences
meridional heat transport.

This manuscript is organized as follows. The coupled atmosphere-ocean model ECHAM5/MPIOM is described
in section 2.1. The conditions of atmosphere and ocean during the early Eocene are presented and com-
pared to a preindustrial climate simulation in section 3. The influence of tidal dynamics on ocean currents,
oceanic temperature distribution, the GMOC, and atmospheric 2 m temperatures during the early Eocene are
presented in section 4. We end with concluding remarks in section 5.

2. Models and Boundary Conditions
2.1. Models
The atmosphere and ocean circulation of a preindustrial period (PI) and the early Eocene are modeled with the
coupled atmosphere-ocean global circulation model ECHAM5/MPIOM [Roeckner et al., 2003, 2004; Marsland
et al., 2003; IPCC, 2013]. The setup used in this study follows Uenzelmann-Neben et al. [2016] and Weber [2016].
The atmosphere model ECHAM5 is applied with the horizontal resolution T31 (∼3.75∘ × 3.75∘) and 19 vertical
hybrid sigma/pressure levels. ECHAM5 is coupled to the vegetation model JSBACH [cf. Raddatz et al., 2007] for
which we prescribe a heterogeneous vegetation distribution based on Sewall et al. [2000], Huber and Sloan
[2001], and Jungclaus [2007]. A module for shortwave radiation is included in ECHAM5 according to Fouquart
and Bonnel [1980]. The original implementation of the longwave radiation transfer scheme in ECHAM5 does
not prevent occasional negative optical thicknesses, which would result in an increase of the radiative flux
due to scattering or absorption, rather than a reduction of the flux along the original flux direction. Such
nonphysical behavior has been prevented following Heinemann [2009] by setting the loss of energy in these
cases to zero.

The Max-Plank-Institute Ocean Model (MPIOM) [Marsland et al., 2003] solves the primitive equations for a
hydrostatic Boussinesq fluid on an Arakawa-C-grid [Arakawa and Lamb, 1977; Purser and Leslie, 1988] with
a horizontal resolution of ∼3.0∘ × 1.8∘ and 20 unevenly distributed vertical levels (GR30L20). The vertical
eddy viscosity and diffusion are parametrized by the Richardson number dependent scheme of Pacanowski
and Philander [1981]. MPIOM includes a sea ice model that follows Hibler [1979] in the calculation of sea
ice dynamics [Marsland et al., 2003]. Furthermore, sea ice thermodynamics are taken into account, thus
considering the alteration of the heat flux between ocean and atmosphere in the presence of sea ice
and snow.

Earlier studies [Thomas et al., 2001] show that the fast ocean dynamics induced by tidal forcing are affected by
loading and self-attraction (LSA) of the water masses and that the inclusion of these processes into the ocean
model increases the accuracy of modeled tidal amplitudes and phases. For this reason, LSA is included into
MPIOM after an initial runup of 1500 years by applying the parametrization by Accad and Pekeris [1978] for the
potential of LSA in the form

ΦLSA = g𝜁 ∫
𝜂

−h

𝜌(z)
𝜌0

dz, (1)

where g is the mean gravitational acceleration, 𝜁 = 0.1 a proportionality factor [cf. Parke, 1982], 𝜂 the instanta-
neous local sea surface elevation, h the ocean depth, 𝜌 the instantaneous local density, 𝜌0 a reference density,
and z the vertical coordinate. Furthermore, the tidal module using an ephemeris approach to calculate the
complete lunisolar tidal potential is included [Thomas et al., 2001]. This model combination is run for further
100 years, of which the average over the last 50 years is analyzed in the following sections. In total, four simula-
tions have been performed: the preindustrial and early Eocene simulations with consideration of LSA (named
PICTRL and EECTRL) and with LSA and tidal forcing (named PITIDE and EETIDE).

Sensitivity studies by Li et al. [2012] for a similar model configuration as applied in our manuscript show that
the deep ocean takes approximately 1000 years to reach a state of quasi-equilibrium and 5000 years for full
equilibrium. Since such 5000 years long integrations are not feasible for most paleoclimatological studies,
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Figure 1. (red) Temporal evolution of pole-to-equator surface temperature contrast, maximum of the meridional heat
transports in the (purple) Northern and (blue) Southern Hemispheres, and the global meridional overturning circulation
at its maxima at (dark green) 35.5∘N and 770 m depth and (light green) 18.5∘S at 3700 m depth. The vertical gray line
symbolizes the onset of tidal forcing. Gaps in the curves are missing data points.

an integration to the quasi-equilibrium is undertaken [e.g., Poulsen et al., 2001; Heinemann et al., 2009; Winguth
et al., 2010; Lunt et al., 2012; Stepanek and Lohmann, 2012]. Figure 1 shows the temporal evolutions of the
quantities analyzed in this study for the early Eocene: pole-to-equator surface temperature contrast, maxi-
mum of the oceanic meridional heat transports in both hemispheres, and the global meridional overturning
circulation (GMOC) at its maxima in the Northern and Southern Hemispheres at 35.5∘N at 770 m depth and
at 18.5∘S at 3700 m depth, respectively (cf. Figure 6). All variables show an adaptation phase during the first
1000 years. After simulation year 1000, the quantities stabilize and over the years 1300–1500 no statistically
significant trend is evident. We conclude therefore that the model is in quasi-equilibrium after 1500 years.
At this point tidal forcing and the parametrization of LSA are included. Once the ocean is forced by the tidal
potential, a rapid change is visible in all control variables. After 50 years of tidal forcing (simulation year 1550),
all quantities stabilize and no statistically significant trend remains.

2.2. Boundary Conditions
The atmospheric and vegetational boundary and initial conditions for PICTRL are based on experiment
mil0001 [Jungclaus, 2007] of the Millennium Experiments performed by the Max-Planck-Institute for Meteo-
rology. The CO2 concentration is set to 278 ppm. Latitude-dependent ozone concentrations are prescribed
according to Fortuin and Kelder [1998]. The ocean is initialized from the Polar Science Center Hydrographic
Climatology [Steele et al., 2001] projected onto the GR30L20 grid.

The model configuration applied for the early Eocene is similar to the one used by Heinemann et al. [2009].
However, different boundary conditions, such as topography, bathymetry, CO2 concentration, orbital param-
eters, and vegetation distribution are applied in this study. We define boundary conditions for topography
and vegetation based on global reconstructions from Sewall et al. [2000] and Huber and Sloan [2001]. We use a
vegetation reconstruction with eight different plant functional types instead of a globally homogeneous veg-
etation for the EE. This way, local differences in vegetation and therefore albedo between EECTRL and PICTRL
are considered. The concentration of CO2 in the atmosphere is set to 450 ppm [cf. Zeebe et al., 2009; Pearson
and Palmer, 2000; Royer et al., 2001; Royer, 2006]. Solar and orbital parameters were adapted to EE values
following Caldeira and Kasting [1992], [Laskar et al., 2004; 2011], and Heinemann et al. [2009].
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Figure 2. (top) Bathymetry and (bottom) topography for the EECTRL run used in the respective ocean and atmosphere
model components. Arrows represent the global ocean conveyor belt as reconstructed from the EECTRL simulation.
Red arrows indicate surface currents, blue arrows intermediate currents.

In analogy to PICTRL, the ocean grid poles are positioned over proto-Greenland and Antarctica. Apart from
avoiding the singularities at the poles, this has the positive side effect that high resolution is obtained in areas
where deep water formation is expected, such as in the Southern Ocean and Greenland Sea. The bathymetry
reconstruction by Sewall et al. [2000] was projected onto this grid (Figure 2, top) [after Uenzelmann-Neben et al.,
2016], and the oceanic gateways and land bridges were adapted according to recent findings. The exact tim-
ing of the opening of the Drake Passage during the EE is controversially discussed [e.g., Lawver and Gahagan,
2003; Livermore et al., 2005; Ghiglione et al., 2008]. While an exchange of surface water between the South
Atlantic and the Pacific Ocean might have been possible in the EE, a flow of intermediate and deep water
was not possible. For this reason the Drake Passage is closed in our setup, therefore preventing the onset of a
proto-Antarctic Circumpolar Current. Iakovleva and Heilmann-Clausen [2007] found Wilsonidium pechoricum
on both sides of the Turgay Strait, indicating a seaway connecting intermittently the Tethys Sea and Arctic
Ocean in the EE. The same conclusion is drawn by Gleason et al. [2009] for the Turgay, Bering, and Fram Straits
by analyzing seawater Nd isotope values in the Arctic Ocean and the surrounding Oceans. For this reason,
the Arctic Ocean is not completely isolated from the other ocean basins, as it is the case in the reconstruc-
tions by Sewall et al. [2000], but a throughflow of 200 m depth is created from the Arctic Ocean into the Pacific
Ocean, the Tethys Sea, and the North Atlantic. This way, the transport of warm water into the Arctic Ocean
is possible. The Tasmanian Gateway was closed during the EE, connecting Antarctica and Australia via a land
bridge [Scher and Martin, 2006; DeConto, 2009]. Changing any of these discussed throughflows or land bridges
can alter oceanic transports, temperature distribution, and currents. Heinemann [2009] used ECHAM5/MPIOM
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with open Tasman and Drake Passages. Transports of 5 Sv (1 Sverdrup = 106 m3 s−1) were calculated at both
passages. In comparison to 200 Sv and 140 Sv in their present-day simulation, these transports are negligible.

3. The Climate System
3.1. In the Preindustrial System
The average of the years 1550 to 1599 of PICTRL leads to a global annual mean surface temperature of 14.6∘C,
a sea surface temperature of 17.2∘C, a precipitation of 2.9 mm d−1 and is therefore in good agreement with
other simulation studies [Lucarini and Russell, 2002; Zhang et al., 2012; Compo et al., 2015]. The ocean dynamics
are characterized by a vertically integrated transport by the Atlantic Meridional Overturning Circulation of
16.7 ± 0.7 Sv at 26∘N which is somewhat less than the multiannual mean transport of 17.2 ± 0.9 Sv measured
by McCarthy et al. [2015]. The transport by the Antarctic Circumpolar Current through the Drake Passage is
simulated with 129±5.4 Sv which is in good agreement with Cunningham et al. [2003] who measure a transport
of 134 ± 11.2 Sv. This implies that the coupled atmosphere-ocean model ECHAM5/MPIOM gives in the here
presented setup a reasonable representation of present-day atmosphere and ocean conditions in comparison
to other models and in situ measurements.

3.2. In the Early Eocene
In this section the results of EECTRL will be presented, analyzed, and compared to the results of other
studies, some of which have been included by Lunt et al. [2012] into the Eocene Model Intercomparison
Project (EoMIP) and involve four different atmosphere-ocean models (HadCAM, ECHAM5/MPIOM, Community
Climate System Model (CCSM3), and Goddard Institute for Space Studies (ModelE-R)) with different boundary
conditions and forcings.
3.2.1. Atmospheric Temperature Distribution
EECTRL shows a global annual mean surface temperature of 27.0∘C and is thus 12.4∘C warmer than the PI
control run. Highest temperatures are found in the tropics of South America (45∘C) and Africa (47∘C,
cf. Figure 3), while lowest temperatures occur in Antarctica with an averaged minimum of −6.5∘C in austral
winter. During local winter, snow depths of up to 32 cm are observed at the North American coasts and up
to 10 cm in Antarctica, while both hemispheres are completely snow free during local summer. Largest dif-
ferences in annual mean surface temperature between EECTRL and PICTRL are found in Antarctica, ranging
from 35 to 69∘C, Greenland (30 to 35∘C) and the proto-Himalayan chain (35 to 43∘C). Differences in altitude
are responsible for a warming of up to 27∘C in these areas, assuming a lapse rate of 6.5∘C km−1.

Similar temperatures have been simulated by Winguth et al. [2010], Huber and Caballero [2011], and Kiehl and
Shields [2013] who performed sensitivity studies of the EE climate with respect to CO2 concentrations and
cloud properties using the CCSM. In order to obtain modeled surface temperatures that match proxy data and
are similar to our model results, concentrations of CO2 = 4480 ppm and CO2 = 2250 ppm were necessary, i.e.,
one magnitude higher than the concentrations used in this study or in Winguth et al. [2012] with CCSM_H.

Heinemann et al. [2009], who used a concentration of CO2 = 560 ppm, found a large increase of water vapor
in the atmosphere due to high temperatures in the EE that primarily originate from increased CO2 concen-
trations, compared to the PI simulations. This leads to a positive feedback, that is larger in ECHAM5 than
in many other atmosphere models, such as CCSM used in Winguth et al. [2010], Huber and Caballero [2011],
and Kiehl and Shields [2013]. In addition, planetary surface changes decreased albedo in their study and led
to an increased surface temperature [cf. Lunt et al., 2012]. This might explain why some models, such as
ECHAM5 or CCSM_H, simulate surface temperatures that match proxy reconstructions at relatively low-CO2

concentrations [cf. Weber, 2016].
3.2.2. Ocean
3.2.2.1. Temperature Distribution
While continental regions are on average by 15.4∘C warmer in EECTRL than in PICTRL, the ocean’s surface is
only 9.7∘C warmer. Strongest warming occurs in the polar oceans where annual mean sea surface tempera-
tures (SSTs) above 8.0∘C are obtained. In accordance with proxy data [e.g., Pagani et al., 2006; Sluijs et al., 2006],
warm and brackish water can be found in the EE Arctic Ocean. In the western Pacific Ocean we find only a
slight increase of SSTs, since an upwelling of cold water masses (cf. Figure 3) maintains low sea surface tem-
peratures. Horizontal displacement of proto-Greenland relative to its current position is responsible for small
surface temperature differences between EECTRL and PICTRL at the present-day location of Fram Strait. While
in PICTRL surface temperatures are calculated at the sea level, in EECTRL the same location is characterized
by an elevation of more than 600 m above sea level reducing the surface temperatures by at least 3.9∘C.
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Figure 3. (top) Multidecadal mean surface temperature for EECTRL and (bottom) the difference EECTRL-PICTRL.
Terrestrial (diamonds) and oceanic (circles) proxy data from Huber and Caballero [2011] and Lunt et al. [2012] are
included.

In the EE, temperatures above freezing point lead to a sea ice free Arctic Ocean. Only in the Fram Strait a thin
layer of sea ice forms in some winters. In agreement with earlier studies by Heinemann et al. [2009], Stickley
et al. [2009], and Pak and Miller [1992], also, the Southern Ocean is completely ice free.
3.2.2.2. Formation of Deep and Intermediate Water
Warmer surface waters in the EE exert influence on deep water formation in polar regions. PICTRL shows con-
vection depths of 1000–1500 m in the Weddell and Greenland Seas (not shown), whereas in EECTRL the con-
vective depth is less than 300 m in the proto-Greenland Sea, the proto-Weddell Sea, the proto-Argentine basin,
the proto-Ross Sea, and the Indo-Pacific Throughflow (Figure 4). Vertical profiles of vertical velocities (not
shown) indicate downwelling to a depth of 3000 m in the proto-Weddell, proto-Ross, and proto-Greenland
Seas. Comparing 𝛿13C values from four ocean basins, Nunes and Norris [2006] have concluded that the pri-
mary source of deep water in the EE was located in the Southern Oceans. This finding is specified by Thomas
et al. [2014] to the Ross Sea, where also our model shows intermediate-water formation. This hypothe-
sis is expanded by the results of numerical modeling by Bice and Marotzke [2001] who found that deep
water formation occurred in the North Atlantic and the Southern Ocean. Another model by Huber and Sloan
[2001] suggests deep water formation mainly in the Tethys Sea and the North Atlantic. In the Tethys Sea
intermediate-water formation was also found by Lunt et al. [2010] who explained it by an increase in surface
salinity due to high evaporation. In contrast, EECTRL shows stable stratification in the Tethys Sea and no sign
of intermediate or deep water formation. Mixed layer depth of up to 250 m in the Argentine Basin and the
Indo-Pacific Throughflow result from saline waters (cf. Figure 5) welling down to depths of 300–500 m.
3.2.2.3. Ocean Currents and the Global Ocean Conveyor Belt
In contrast to PICTRL, in EECTRL downwelling waters reach only maximum depths of 1500 m, thus leading to
a shallower overturning circulation (Figure 6). Below 1500 m, currents are generally slower than 1.5 cm s−1,
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Figure 4. Depth of the mixed layer as modeled in EECTRL. Four areas of intermediate convection are visible:
the proto-Greenland Sea, proto-Argentine Basin, proto-Ross Sea, and proto-Weddell Sea.

and the GMOC reaches a maximum of 13.4 Sv at a depth of approximately 800 m. In comparison hereto, the
GMOC in PICTRL shows a maximum of 24.5 Sv at a depth of 1400 m and is present throughout the whole
water column. A globally shallower circulation in the EE can be distinguished by examining the horizontal
velocities at various throughflows, i.e., velocities around proto-India, in the Indo-Pacific Throughflow between
Australia and Asia, and the Central American Seaway (Figure 2). In all cases no flow with velocities above
1.5 cm s−1 is developed below 1000 m, while strong currents of up to 15 cm s−1 are discernible in the upper
1000 m. This is in good agreement with the analysis of seismic profiles in the Argentine basin, for which small
bottom velocities have been inferred [Gruetzner et al., 2012; Uenzelmann-Neben et al., 2016]. It also confirms
the findings of previous studies [e.g., Lunt et al., 2012, and references therein] that a vigorous ocean circulation
with velocities larger than 1.5 cm s−1 was for the EE ocean below 1000 m.

The global ocean conveyor belt is driven by deep water formation in the proto-Greenland, proto-Weddell, and
proto-Ross Seas (Figure 2). North Atlantic Deep Water is produced in the proto-Greenland Sea. As opposed
to PICTRL, the EE simulation does not suggest a purely southward flow of North Atlantic Deep Water into the
south Atlantic but a transport of 17.7 Sv through the Central American Gateway. The waters well up in the
tropical Pacific and flow as surface currents through the South Atlantic into the southern proto-Indian Ocean.
Here they split into a southern and a northern current, heading for the Pacific Ocean and the Weddell Sea,
respectively. In the Weddell Sea, Antarctic Intermediate Water is formed. It flows through the southern part of
the Indo-Pacific Throughflow into the South Pacific. Off the coast of South America, the Antarctic Intermediate
Water wells up and, together with the surface current originating from the South Atlantic, flows back through
the Indo-Pacific Throughflow at a rate of 91.8 Sv. The surface currents are partly transported through the
Indian-African Throughflow into the Tethys Sea. From here, half of the surface water flows back into the Indian
Ocean through the Indian-Asian Throughflow and induces a clockwise circulation around proto-India. The
remaining half of the surface waters is transported to the proto-Greenland Sea at a rate of 18.3 Sv.

Figure 5. Multidecadal mean salinity for EECTRL at 10 m depth.
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Figure 6. Global meridional overturning circulation (GMOC) for (top) PICTRL, (middle) EECTRL, and (bottom) EETIDE.
Clockwise circulation is depicted red and positive; counterclockwise circulation blue and negative.

3.3. Comparison With Proxy Data
In order to validate the results of EECTRL we used globally distributed temperature proxy data from marine
and onshore boreholes (Figure 3). These use different techniques such as Mg/Ca ratio analyzes, 𝛿18O mea-
surements, and TEX86, to reconstruct sea surface temperatures and land surface temperatures for the EE. The
spatial distribution shows major discrepancies in reconstructed values between close proxies, i.e., in New
Zealand where differences of 11∘C exist between two close-by proxies. A perfect match between model and
proxies can therefore not be expected.

The comparison shows that the simulation generally overestimates tropical surface temperatures by 2.1∘C.
This is especially the case for Caribbean and African sea surface temperatures (cf. Figure 3) although adjacent
land surface temperatures are matched. Surface temperatures from the subtropical and temperate climate
zones are underestimated by 4.5∘C on average. However, the simulated land surface temperatures are within
the error range of land proxies (Figure 7). Data coverage is dense in the Rocky Mountains, where uncertainty
in paleoelevation leads to disparities between adjacent proxy records.

Discrepancies between simulated and reconstructed temperatures are especially large in the polar oceans:
differences amount to more than ∼10.0∘C in New Zealand, Tasmania, and the Arctic Ocean (cf. Figure 3). This
might be to a bias of the proxy data toward summer temperatures [Eberle et al., 2010] or systematic errors in
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Figure 7. Zonally averaged modeled multidecadal mean surface temperature (solid black; SST over the ocean, air
surface temperature over the continents). The orange shade marks the area between the zonal maximum and minimum
of the multidecadal mean surface temperature of EECTRL, respectively. Included are terrestrial (diamonds) and oceanic
(circles) proxies of the EE and the simulated values at the location of the proxy (triangle). Terrestrial proxy data are
compiled by Huber and Caballero [2011] and provided by Lunt et al. [2012]; oceanic proxy data are compiled and
provided by Lunt et al. [2012].

the correlation between TEX86 and SSTs [Ho and Laepple, 2015]. Ho and Laepple [2016] point out that TEX86

should not be calibrated against SSTs but rather subsurface waters (0–200 m depth). This questions TEX86 as
a proxy for SSTs.

Proxy data suggest an equator-to-pole temperature gradient of under 20∘C. The meridional temperature
contrast ΔT = T(|𝜙| < 30∘) − T(|𝜙|> 60∘), with latitude 𝜙, [cf. Lunt et al., 2012] is 24.6∘C in EECTRL and, thus,
about 14.6∘C lower than in PICTRL withΔT= 39.2∘C. Nevertheless, the meridional temperature gradient is still
significantly higher than suggested by proxy data. This is a well-known problem in paleoclimate simulations
and has also been found in other modeling studies [e.g., Heinemann et al., 2009; Lunt et al., 2012]. However,
new evidence suggests that the discrepancy does originate not only from model deficiencies but also from
misinterpretation of proxy data [Ho and Laepple, 2016]. The meridional temperature gradient inferred from
the current model experiment is in similar or better agreement with proxy data than other studies that apply
relatively low concentrations of CO2 [cf. Lunt et al., 2012].

4. Tidal Dynamics
4.1. Tides in the Preindustrial Period
The skill of the tidal model can be estimated by comparison of the tidal simulation of a preindustrial period
PITIDE with in situ measurements. Figure 8 shows the amplitude and phase of the M2 partial tide as simulated
in PITIDE. Highest amplitudes of up to 2.0 m are modeled in the coastal areas of the northern Pacific, the
Weddell Sea, the Hudson Strait, the eastern North Atlantic, the Mozambique Channel, and north of Australia.
Comparison of the amplitudes of the modeled partial tides M2 and K1 with the tide-gauge data set ST103
[Le Provost et al., 1994] gives a root-mean-square error of 18.3 cm and 7.2 cm, respectively. Applying the same
ocean model with an increased horizontal resolution, Müller et al. [2010] obtained a root-mean-square error
of 12.9 cm and 4.8 cm for the amplitudes of M2 and K1 partial tides, respectively, in comparison to ST103. The
higher accuracy is due to the higher spatial resolution used by Müller et al. [2010], which is not applicable for
long-term paleosimulations. MPIOM and the tidal module by Thomas et al. [2001] give therefore a reasonable
representation of global tides, considering the coarse resolution required by paleomodeling [cf. Weber, 2016].

4.2. Tides in the Early Eocene
The differences in bathymetry during the early Eocene and present-day affect the geometry and resonance
conditions of ocean basins [cf. Weber, 2016]. Thereby, amplitudes of partial tides are altered, and consequently,
the amphidromic systems are shifted (Figure 8). The Indian Ocean is of smaller extend in the early Eocene due
to the more southern locations of India and Australia. The Tethys Sea is open and connects the North Atlantic
with the Indian Ocean. Several amphidromic points of the M2 partial tide are positioned over proto-India
where they lead to small tidal amplitudes of less than 50 cm in the central Indian Ocean and produce large
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Figure 8. Amplitude (colored contours) and phase (numbered lines in degrees) of the M2 partial tide calculated by least
squares errors from the simultaneous runs of circulation and ephemeris tides for the early Eocene (EETIDE, top) and the
pre-industrial period (PITIDE, bottom). The phase is relative to Greenwich Mean Time.

amplitudes of more than 1 m at the coasts. The proto-Australian coast is influenced by three tidal systems
formed by a Kelvin wave traveling around Australia counterclockwise. Thereby, large amplitudes of the M2

partial tide of up to 4 m and strong tidal residual mean currents are induced. The shallow Tethys Sea is dom-
inated by five small-scale amphidromic systems with small amplitudes and moderate tidal residual mean
currents. The positions of the amphidromic systems in the Pacific Ocean and the North Atlantic are similar
in EETIDE and PITIDE, although amplitudes in the central Pacific are with almost 1 m twice as high in EETIDE
than in PITIDE.

Green and Huber [2013] used the Oregon State University Tidal Inversion System to simulate tides in the early
Eocene. They found a dependence of the modeled tidal amplitudes on the prescribed ocean stratification.
The position of amphidromic points, however, is independent of the ocean stratification. The amplitudes of
the M2 partial tide in EETIDE are most similar to the simulations by Green and Huber [2013] with EE topogra-
phy and preindustrial stratification. Largest amplitudes are obtained in both simulations in the central and
North Pacific; the northern Central American Seaway and close to Australia where expanded and deeper
Pacific and Indian Ocean basins and a wider Indo-Pacific Throughflow generate favorable resonance condi-
tions (Figure 8). The narrower EE Atlantic, on the other hand, leads to a multiplicity of amphidromic systems
with smaller amplitudes in EETIDE than in PITIDE. Small differences in bathymetries between EETIDE and Green
and Huber [2013] lead to a shift from highest amplitudes surrounding Australia in EETIDE to high amplitudes
around New Zealand in Green and Huber [2013]. Furthermore, the open Drake Passage and Tasman Gateway
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in Green and Huber [2013] allow tidal waves to travel unobstructed in the Southern Oceans. In EETIDE,
these two gateways are closed, inhibiting the propagation of tidal waves and forming a Kelvin wave at the
continental borders.

We expect the main discrepancies between Green and Huber [2013] and EETIDE to derive from differences in
bathymetry reconstructions and the assumed ocean stratification. Hence, they reflect the uncertainty of simu-
lated paleotidal systems due to bathymetry reconstructions and ocean stratification. The quantitative results
presented in this study should therefore be considered as a means to derive qualitative and comparative con-
clusions. Further uncertainty is brought into the ocean model by the variations of orbital parameters of Sun,
Moon, and Earth on geological timescales [Laskar et al., 2004, 2011]. However, they alter amplitudes of the M2

partial tide in the global mean by only 4% during the early Eocene [Weber, 2016] and are hence neglected
in EETIDE. Nevertheless, this effect becomes significant for longer time periods and should be considered in
future studies.
4.2.1. Effect of Ocean Tides on the Mean General Circulation
Differences in horizontal velocities between EETIDE and EECTRL are produced by (1) tidal residual mean cur-
rents (TRMCs) and (2) increased vertical mixing. TRMCs are the consequence of nonlinear interaction between
tidal currents and atmosphere, topography, and other currents. They are therefore largest at the surface and
the bottom. Increased vertical mixing mainly strengthens the existing thermohaline currents.

Largest differences in horizontal velocities between EETIDE and EECTRL are located at the surface (cf. Figure 9,
middle). This is due to the combined effects of TRMC and tidally altered atmosphere forcing, e.g., wind stress
[cf. Weber, 2016]. Differences in currents between EETIDE and EECTRL of up to 9 cm s−1 occur. In the 50 year
mean, absolute changes in horizontal velocities are most pronounced in the tropics and the polar oceans.
However, wind-driven surface velocities are larger than the TRMC, and the fraction EETIDE/EECTRL is limited
to changes of 20% in most of the upper ocean (cf. Figure 9, top right).

In the deep ocean, water currents are rarely stronger than 1 cm s−1 below 3000 m depth, whereas the inclusion
of tidal forcing leads to mean velocities of more than 2 cm s−1 in EETIDE (cf. Figure 9, bottom left). This is
majorly the case in areas where tidal amplitudes are large, e.g., in the Indo-Pacific Throughflow, the North
Atlantic, and the Southern Ocean. Horizontal velocities at 2750 m depth are changed by increased vertical
mixing and TRMC by more than 80% in 90% of the ocean and quadrupled in 25% of the ocean.

Influence of tides on ocean circulation can also be seen in the preindustrial simulations. Including tides into
the ocean model MPIOM improved the representation of the North Atlantic Current in Müller et al. [2010].
Thereby, also, the advection of heat by the Gulf Stream is simulated more accurately which leads to an
improved reproduction of SST distribution. Influence of tides on surface temperatures and sea ice concen-
tration is obtained by several models especially for the Arctic and Southern Oceans [Koentopp et al., 2005;
Lee et al., 2006; Holloway and Proshutinsky, 2007]. Tides are thus a nonnegligible component of the climate
system because they affect ocean currents, temperature, and sea ice on the short term and long term. Com-
paring the simulations of the early Eocene and present-day shows that horizontal velocities in the deep ocean
are stronger affected by tidal forcing in EETIDE than in PITIDE. Tidal forcing increases vertical mixing and
invigorates thereby the thermohaline circulation. In PICTRL already a strong vertical mixing is simulated and
tidal forcing has therefore little effect on mixing. Hence, the thermohaline circulation is only strengthened
slightly in PITIDE. In EECTRL, on the other hand, less vertical mixing is simulated than in PICTRL and the relative
increase of mixing in EETIDE due to tidal forcing is larger than in the preindustrial. Therefore, the intensifica-
tion of the thermohaline circulation is stronger in EETIDE than in PITIDE, and absolute and—to an even larger
extend—relative velocity differences between EETIDE and EECTRL are larger than the differences between
PITIDE and PICTRL [cf. Weber, 2016].
4.2.2. The Influence of Tides on the Meridional Overturning Circulation
The patterns of the global meridional overturning circulation (GMOC) are similar in EETIDE and EECTRL
(Figure 6). Their magnitude, however, is increased by 6–10 Sv (60–100%) below a depth of 2000 m in EETIDE
compared to EECTRL due to increased meridional velocities. The intensification of the GMOC is especially large
in the Southern Hemisphere deep ocean overturning cell (maximum of 10 Sv at a depth of 3500 m) and in the
Northern Hemisphere intermediate ocean (6 Sv, 2000 m). In EECTRL, the meridional stream function shows a
separation of the dynamical system of the upper 2000 m from the deep ocean. In EETIDE this separation is less
pronounced, and the stronger overturning cells indicate an increased mixing between the deep ocean and
the intermediate ocean, especially in the Southern Oceans and the North Atlantic. The temporal evolutions
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Figure 10. Northward oceanic heat transport in PW for the experiments (dark blue) PICTRL, (light blue) PITIDE,
(red) EECTRL, (orange) EETIDE, (dark green) the difference EETIDE-EECTRL in 0.1 PW, and (light green, right y axis) the
percentage change (EETIDE-EECTRL)/|EECTRL|. The difference EETIDE-EECTRL in MHT for decadal means from 151x to
159x is given in dashed orange and yellow lines in 0.1 PW (changing gradually from orange for 151x to yellow
for 159x).

of two local maxima of the GMOC show that the onset of tidal forcing increases the GMOC over a period of
50 years, after which a new quasi-equilibrium is reached (Figure 1). Slight trends of −0.038 Sv and 0.0036 Sv
per year are simulated for the GMOC at depths of 770 m and 3700 m, respectively. According to a Student’s t
test, these trends are statistically not significant.

Green and Huber [2013] argued that the tidally increased vertical mixing would increase the GMOC and
thereby the meridional heat transport (MHT). They concluded that including tidal forcing into a coupled
atmosphere-ocean global circulation model should therefore result in a decrease of the meridional surface
temperature gradient. In our simulations the GMOC is increased by tidal forcing in agreement with Green
and Huber [2013]. However, the meridional heat transport is increased in the Northern Hemisphere by a max-
imum of 0.06 PW (6%) and a mean of 0.006 PW which corresponds to 4.4%. In the Southern Hemisphere
the transport is increased by a maximum of 0.1 PW (8%) with a mean of 0.03 PW (corresponding to 5.7%,
Figure 10). The meridional temperature contrast ΔT is in EETIDE only 0.1∘C lower than in EECTRL and has a
value of 24.5∘C. This might be caused by an intensification of the GMOC below 1000 m depth and no sig-
nificant changes in the upper 1000 m. Thereby, water masses are mixed more intensely in the deep ocean,
while they keep being separated from the surface. This is in contrast to findings by Thomas et al. [2014] who
determined that especially augmenting mixing in the abyssal ocean increases the meridional heat transport
and reduces the meridional surface temperature gradient. We reckon that the differences most likely origi-
nate in different structures of the GMOC. Thomas et al. [2014] simulate deep water formation at the northern
and southern rim of the Pacific Ocean. In our simulations deep water is mainly formed in the Greenland
Sea and the Weddell Sea, with very little contribution from the southern Pacific. The different formation of
deep water in the two studies induces different overturning cells. Thomas et al. [2014] simulate in each hemi-
sphere one overturning cell spanning from the surface to at least 4000 m depth. These overturning cells
gain in strength with an increase in vertical mixing (e.g., by tidal forcing) and transport more warm surface
waters to high latitudes. Thereby, the meridional heat transport is increased. In EECTRL and EETIDE in each
hemisphere upper and lower overturning cells are simulated, separated between 1500 and 2000 m depth
(cf. Figure 6). Tidal forcing does not only strengthen the poleward transport of warm surface waters but also
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Figure 11. Difference EETIDE-EECTRL in ocean temperature at a depth of 10 m. Numbers indicate areas with exceptional
temperature changes in the EETIDE experiment compared to EECTRL.

the equatorward transport of intermediate waters. Averaging vertically, the meridional heat transport is only
slightly affected by tides (cf. Figure 10). The initial shock received by the model by abruptly turning on tidal
forcing leads to largest differences in MHT at the beginning of the onset of the tidal forcing (indicated by the
difference EETIDE-EECTRL in Figure 10 in orange). Over time, the difference between EETIDE and EECTRL gets
smaller and converges toward the 50 year mean (indicated in dark green in Figure 10).

Rose and Ferreira [2013] find that an increased poleward oceanic heat transport is counteracted by a decreased
atmospheric heat transport. According to their study, the primary effect of ocean heat transport on the
meridional temperature gradient is by modulation of deep moist convection in the midlatitude storm tracks.
Accordingly, for a reduction of the meridional temperature gradient the oceanic polar heat transport in the
midlatitudes is of importance. This is only slightly increased by a maximum of 7% in the Northern Hemisphere
and 15% in the Southern Hemisphere.

The tidally forced strengthening of vertical mixing could also increase the ventilation of the deep ocean and
decrease the carbon storage capacity in the deep ocean [cf. Marinov et al., 2008; Marinov and Gnanadesikan,
2011]. This storage capacity could vary over time as found by Sexton et al. [2011] when investigating the
Eocene concentration of CaCO3 in drill cores from the West and South Atlantic and the Pacific Ocean. They
found periodic releases of CO2 which they linked to periodic ventilation of the deep ocean. The increased
strength of the GMOC in EETIDE indicates that tidal forcing might have an impact on the CO2 storage capacity
of the deep ocean.
4.2.3. Effect of Ocean Tides on Near-Surface Temperatures
Tidal alteration of advection and vertical mixing modify SSTs. In EETIDE, ocean temperatures in 10 m depth
decline by 0.2∘C on a global scale compared to EECTRL, with a moderate decrease in most oceans, especially
the tropical regions (cf. Figure 11). Six areas of large temperature deviations have been identified (cf. Figure 11)
in the moderate and arctic climate zones.

Tidal dynamics in the southern South Atlantic strengthen surface currents from the Southern Ocean into the
Atlantic Ocean in EETIDE, thus transporting cold water into the Argentine basin and decreasing temperatures
by up to 2.5∘C ((1a) in Figure 11). In addition to increased velocity, this current is directed more toward the
west and less to the north in EETIDE than in EECTRL (cf. Figure 9). Hereby, the influence of Southern Ocean
water is decreased in the eastern South Atlantic, whereas the warmer waters from the equatorial regions of
the South Atlantic gain in influence and slightly warm the eastern South Atlantic by 0.5∘C (1b). In the area
east of Australia (2), tidal residual mean currents strengthen the clockwise circulation and transport additional
cold water from the coast of Antarctica to the midlatitudes and thereby decrease temperatures by almost 2∘C.
On the other side of the Pacific Southern Ocean, tidal forcing strengthens the general ocean circulation and
increases transport of warm waters from the Pacific Ocean into the Southern Ocean (3).

In the North Atlantic, the Gulf Stream is weakened by a counterclockwise rotating amphidromic system.
Hereby, less warm water from the tropics is transported into the North Atlantic (4), decreasing temperatures
by more than 1∘C. In the Arctic Ocean currents are modified in a similar way by an amphidromic system.
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The counterclockwise circulation transports warm water from the proto-Kara Sea into the Arctic Ocean (5),
and cold water from the Arctic Ocean into the Turgay Strait (6). This leads to a by 0.5∘C warmer Arctic Ocean
and a by 1∘C colder Turgay Strait in EETIDE than in EECTRL.

5. Conclusions

Steady state dynamics of the atmosphere and ocean have been simulated with the coupled atmosphere-
ocean model ECHAM5/MPIOM for a time slice of the early Eocene. In accordance with proxy data, the model
simulations suggest a warm and humid climate in the EE with a global mean surface temperature of 27.0∘C
(Figure 7). Although the meridional temperature gradient is considerably decreased in our simulations of the
early Eocene compared to the preindustrial period, the poles are not warmed to the extent suggested by
proxy data. This indicates that some processes responsible for polar warming of meridional heat redistribution
might still be missing in atmosphere-ocean models. However, also, the possibility of systematic errors in the
correlation between TEX86 and sea surface temperatures cannot be discarded [Ho and Laepple, 2015].

Green and Huber [2013] suggested tidal forcing as a driver of increased meridional heat transport and thus
as a reason for reduced meridional temperature gradients. In order to test their hypothesis, we included
tidal forcing into ECHAM5/MPIOM and performed two simulations considering (EETIDE) and neglecting tides
(EECTRL). Tidal residual mean currents impact the ocean general circulation in the EE especially in the deep
ocean. While almost no currents faster than 1 cm s−1 are modeled below 1000 m in EECTRL, velocities of up
to 3 cm s−1 are simulated in EETIDE at the ocean bottom. In 25% of the deep ocean a quadrupling of horizon-
tal velocities is simulated in EETIDE compared to EECTRL. The increased meridional velocities strengthen the
GMOC by up to 100% in the Southern Hemisphere deep ocean. However, the meridional heat transport is only
slightly increased in the Northern Hemisphere by mean of 0.006 PW (4.4%) and in the Southern Hemisphere
by 0.03 PW (5.7%). The meridional temperature gradient ΔT is thereby reduced by only 0.1∘C. The hypothesis
by Green and Huber [2013] and Thomas et al. [2014] that tidal forcing can decrease the meridional temperature
gradient in the EE is therefore not supported by our simulations, and tides did not significantly contribute to a
reduced meridional temperature gradient in the early Eocene. The differences between the study by Thomas
et al. [2014] and our simulations might originate from different vertical structures of the meridional overturn-
ing circulation. While Thomas et al. [2014] simulate one overturning cell in each hemisphere, in our simulations
one upper and one lower overturning cells are simulated in each hemisphere. We can therefore not eliminate
the possibility that in a model that simulates one large vertical overturning cell in each basin or hemisphere,
tidal mixing possibly could increase meridional heat transport.

Although tidal dynamics are sensitive to the bathymetry and thus the modeling of paleotides is constrained
by the quality of bathymetry reconstructions, our study gives an impression of the effect tidal dynamics
have on the ocean’s general circulation in the EE. The effects of tides on horizontal ocean bottom velocities
and the GMOC are considerable. Tidal dynamics should therefore be taken into consideration as a source of
uncertainty for the interpretation of paleo-ocean simulations.
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