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Abstract

The total meridional heat transport (MHT) is relatively stable across different climates. Nevertheless, the strength of individual
processes contributing to the total transport are not stable. Here we investigate the MHT and its main components especially
in the atmosphere, in five coupled climate model simulations from the Deep-Time Model Intercomparison Project (DeepMIP).
These simulations target the Early Eocene Climatic Optimum (EECO), a geological time period with high CO2 concentrations,
analogous to the upper range of end-of-century CO2 projections. Preindustrial and early Eocene simulations at a range of
CO2 levels (1x, 3x and 6x preindustrial values) are used to quantify the MHT changes in response to both CO2 and non-CO2
related forcings. We found that atmospheric poleward heat transport increases with CO2, while the effect of non-CO2 boundary
conditions (e.g., paleogeography, land ice, vegetation) is causing more poleward atmospheric heat transport on the Northern
and less on the Southern Hemisphere. The changes in paleogeography increase the heat transport via transient eddies at the
mid-latitudes in the Eocene. The Hadley cells have an asymmetric response to both the CO2 and non-CO2 constraints. The
poleward latent heat transport of monsoon systems increases with rising CO2 concentrations, but this effect is offset by the
Eocene topography. Our results show that the changes in the monsoon systems’ latent heat transport is a robust feature of

CO2 warming, which is in line with the currently observed precipitation increase of present day monsoon systems.
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Key Points:

e The latent heat transport of the monsoon systems increases through higher CO>
concentration, but it is reduced by the Eocene topography.

e The poleward heat transport of midlatitude cyclones is higher in the Northern
Hemisphere in the Eocene, due to the different topography.

e The Hadley cells are overturning more heat in response to the higher CO> values, but the
net poleward heat transport is relatively stable.
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Abstract

The total meridional heat transport (MHT) is relatively stable across different climates.
Nevertheless, the strength of individual processes contributing to the total transport are not
stable. Here we investigate the MHT and its main components especially in the atmosphere, in
five coupled climate model simulations from the Deep-Time Model Intercomparison Project
(DeepMIP). These simulations target the Early Eocene Climatic Optimum (EECO), a geological
time period with high CO; concentrations, analogous to the upper range of end-of-century CO»
projections. Preindustrial and early Eocene simulations at a range of CO> levels (1x, 3x and 6x
preindustrial values) are used to quantify the MHT changes in response to both CO; and non-
COg; related forcings. We found that atmospheric poleward heat transport increases with CO»,
while the effect of non-CO boundary conditions (e.g., paleogeography, land ice, vegetation) is
causing more poleward atmospheric heat transport on the Northern and less on the Southern
Hemisphere. The changes in paleogeography increase the heat transport via transient eddies at
the mid-latitudes in the Eocene. The Hadley cells have an asymmetric response to both the CO»
and non-CO; constraints. The poleward latent heat transport of monsoon systems increases with
rising CO» concentrations, but this effect is offset by the Eocene topography. Our results show
that the changes in the monsoon systems’ latent heat transport is a robust feature of CO:
warming, which is in line with the currently observed precipitation increase of present day
monsoon systems.

Plain Language Summary

In the Earth’s climate system both the atmosphere and the ocean are transporting heat
through different processes from the tropics towards the poles. We investigate the transport of
the atmosphere in several climate model set ups, which are aiming to describe the very warm
climate of the early Eocene (~56-48 Myr ago). This period is relevant for us, because the
atmospheric CO; concentration was close to our pessimistic projection of CO2 concentration for
the end of the century. In our study we are separating the results depending on their origin,
meaning if the changes, seen in the heat transport are due to the larger CO> concentration or due
to the different set up of the Eocene. We found that with rising CO, values the atmosphere
transports more heat from the tropics to the polar regions. The different location of the continents
and seas is influencing the heat transport of the midlatitude cyclones. The monsoon systems
seem to be affecting a globally smaller area in the Eocene, but being more effective in
transporting heat due to the higher atmospheric CO2 concentration. This conclusion is in line
with the observation, that current day monsoon systems’ precipitation increases, as our CO>
concentration rises.

1 Introduction

The meridional temperature gradient is the main driving force of the atmospheric and
oceanic general circulation. It is caused by differential radiative heating and leads to meridional
heat transport from the tropics to the mid- and high latitudes. It has been shown that the
Meridional Heat Transport (MHT) is stable in different climate states (Krapp & Jungclaus, 2011;
Smith et al., 2006; Yang et al., 2015). Bjerknes (1964) proposed that if the net radiation forcing
at the top of the atmosphere (TOA) and the ocean heat storage do not vary too much, then the
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MHT shall be also relatively stable. This leads to the expectation that any large variations in heat
transport in the atmosphere and in the ocean should be equal in magnitude and opposite in sign,
nevertheless it does not rule out large changes in both ocean and atmosphere. This mechanism
since have been known as the Bjerknes compensation (BJC). Stone (1978) later showed that the
MHT is mainly determined by the solar constant, the axial tilt, the radius of the Earth and the
mean planetary albedo. Among these variables only the albedo is an internal parameter of the
atmosphere-ocean system, and it highly depends on temperature, as a defining factor on clouds,
ice and snow. Different modelling studies suggest that the BJC is valid in different paleo climate
states, for example during the glacial-interglacial period of the last 22 000 years (Yang et al.,
2015), or in the warm climate of the Middle Miocene (Krapp & Jungclaus, 2011). Also, it was
found in preindustrial and in historical simulations of CMIP5 models, where in the latter, the
climate is not in equilibrium and external forcings are present (Outten et al., 2018). Even in
extreme theoretical cases, such as the aqua-planet, BJC is shown to be valid (Smith et al., 2006).

Even though total MHT is stable in different climate states, the contributions from
various transport processes might change. Quantifying transport processes is a great tool to
identify the large scale features of different climate states and reveal any compensating
mechanism. In the climate system the heat is transported by the atmosphere and the ocean via
different mechanisms. In the tropical belt both the atmosphere and the ocean contribute to the
MHT equally, while at higher latitudes the atmospheric transport dominates (Masuda, 1988). At
lower latitudes the heat is transported mainly by the meridional overturning circulation (MOC),
which is represented by the Hadley cell in the atmosphere and by the wind-driven gyres in the
upper ~1000 m of the ocean (Held, 2001). Note that we do not evaluate separately the role of the
ocean's meridional overturning circulation so that MOC hereafter refers always to the
atmosphere in this study. At higher latitudes the heat is transported dominantly by the
atmosphere via different eddies, such as transient eddies (TE), comprised mainly of mid-latitude
cyclones, and stationary eddies (SE), which represent monsoons in the subtropics and planetary
waves in midlatitudes. The stationary planetary waves are connected to diverse topography and
land-sea thermal contrast (Wills et al., 2019).

Change in the different transport processes have been shown to be relevant in the present
climate, for example the changes in the poleward atmospheric and oceanic heat transport has
been shown to contribute to the polar amplification (Forster et al., 2021). In a warmer climate the
equator-to-pole gradient of atmospheric moisture is expected to increase due to the exponentially
increasing water holding capacity of warmer air. The larger moisture gradient enhances the
poleward latent heat transport. This process plays an important role in polar amplification. The
polar amplification on the other hand results in a weakening of the equator-to-pole temperature
gradient, which decreases the dry-static energy transport, what in turn partly compensates the
increase in latent heat transport (Forster et al., 2021).The latest IPCC report shows that in our
current warming climate large scale circulation patterns such as the Hadley cell or the monsoon
systems have been changing (Gulev et al., 2021). Regarding the Hadley circulation the studies
mostly indicate changes in the northern Hadley cell, in the form of widening and strengthening
of the circulation (Gulev et al., 2021). The North Hemisphere summer monsoon precipitation
shows an increase in the recent past (Gulev et al., 2021).

Investigating the large scale circulation trough, the transport processes in a past warm
period of Earth’s climate system can help to better understand our future in a warmer climate.
Paleoclimate model simulations in contrast to future projections, have the advantage, that there
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are proxy data available, which help to validate the model’s response to any changes in the
forcing. Proxies help reducing the uncertainties, when modelling a climate state in extreme
circumstances. One of the best examples of past warm periods is the Early Eocene Climatic
Optimum (EECO, ~56-48 Myr ago). It is the period of greatest sustained (> 1 Myr) warmth in
the last 65 million years (Lunt et al., 2017) ,when CO. concentrations are estimated to have
fallen between 1170 and 2490 ppm (Anagnostou et al., 2020) and the estimated global mean
surface temperatures reached 27.0 °C (23.2 to 29.7 °C), approximately 10 to 16 °C warmer than
preindustrial climate (Inglis et al., 2020). It has been shown (Evans et al., 2018), that the
meridional temperature gradient was much weaker in the Eocene’s warm climate than at present,
thus indicating strong polar amplification, which is a challenge to capture for most climate
models. There has been a community effort in creating a framework for the intermodel
comparison of Paleocene-Eocene simulations (Lunt et al., 2017) and also to coordinate the
methodology of a proxy data compilation focusing on temperature and CO, concentrations from
this period (Hollis et al., 2019). This coordinated effort is the Deep Time Model Intercomparison
Project (DeepMIP), and the time intervals its focusing on are the latest Paleocene (pre-PETM),
Paleocene—Eocene thermal maximum (PETM) and early Eocene climatic optimum (EECO). In
DeepMIP, the atmospheric CO; concentrations and other boundary conditions, such as the
paleogeography, orbital configurations, solar constant, vegetation, and lack of continental ice
sheets were uniformly defined. Eight modelling groups participated in performing paleo
simulations, with the agreed boundary conditions. Some models are closer to the proxy records
than others, but all simulations indicate a warmer, than present day global mean temperature and
a smaller, than present day meridional SST gradient. The Community Earth System Model
(CESM), the Geophysical Fluid Dynamics Laboratory model (GFDL) and the Norwegian Earth
System Model (NorESM) perform well in simulating the global mean temperature and
meridional SST gradient at CO, levels, which are also in the proxy indicated range (Lunt et al.,
2021). The closest agreement with proxy data is found for simulations at 6x times the
preindustrial CO; concentration, which also aligns with the best-estimate of CO> signal from
proxy data. In terms of simulating the lowest meridional temperature gradient the most
successful simulation is from CESM (Lunt et al., 2021).

Several studies have investigated the EECO’s heat transport with the intention to explain
its low temperature gradient. Increased heat transport, especially increased ocean transport have
been suggested to be the mechanism responsible for the low meridional gradient (Barron, 1987,
Sloan et al., 1995). It has been estimated that 30% or even greater increase in poleward heat
transport, than at present is needed to achieve the low temperature gradient of Eocene (Huber &
Nof, 2006; Sloan et al., 1995). This is problematic, since we do not know any acceptable
mechanism to realize such a large transport change, neither is it something any respective
modelling study would have indicated. The Eocene meridional heat transport have been studied
with coupled global circulation models (Heinemann et al., 2009; Huber & Sloan, 2001), and
their results support the notion that not the increased oceanic heat transport is the responsible
mechanism for the low meridional temperature gradient.

In our work we focus on the changes in the different atmospheric transport processes in
the EECO, to better understand the atmospheric large scale circulation pattern of this warm
climate. Moreover, we separate these changes depending on their underlying causes, namely if
they are driven by the CO; increase or the non-CO» forcing of the paleo simulations. We
compare the results of five different models from the DeepMIP ensemble. Dividing the changes
into non-CO; and CO: forcing helps us to also assess the relevance of the results for future
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climate scenarios, where the CO»-driven processes become more relevant than any changes in
topography. Our study aims to answer the following questions:

e (Can the DeepMIP model ensemble capture the characteristics of transport processes in
the preindustrial control (PI) simulations?

e What are the impacts of changes of non-CO> constraints (paleogeography, vegetation, no
continental ice sheet) on the different atmospheric transport processes?

e What are the impacts of CO» concentration increase on the atmospheric transport
processes in the 3x and 6x CO2 EECO simulations?

e How does the overall change (non-CO» and CO; constraints) between the preindustrial
control and EECO simulations look like? Which physical transport processes are affected
the most?

The paper is structured as follows, in section 2 we briefly introduce the DeepMIP
experimental design, the selected models and reanalysis, and we explain the methods used in the
analysis. Then the results section shows the transport changes due to the non-CO- and the CO»
constraints, first individually and then their combined effect on changes between past and present
climates. Then section 4 discusses the three large scale circulation patterns, which are affected by
either one or both of the CO2 and non-CO: constraints. In section 5 we summarize our findings
and conclude.

2 Data and Methods

In this study we analyze climate model simulations from DeepMIP simulations. We
further include present day data from the ERAS reanalysis to compare it with the respective
preindustrial simulations of the DeepMIP models.

2.1 Experimental design

The experimental design and the different models included in DeepMIP are described in
Lunt et al. (2017, 2021), here we only introduce them briefly. DeepMIP was conducted to offer a
consistent framework for climate model simulations of three warm periods in the latest
Paleocene and early Eocene (~ 55 to ~ 50 Ma), which are the Early Eocene Climatic Optimum
(EECO), the Paleocene—Eocene Thermal Maximum (PETM) and the period just before the
PETM (pre-PETM). These time periods of Earth’s climate are characterized by high atmospheric
CO2 concentrations estimated to be between 800 and 3160 ppm (Anagnostou et al., 2020), which
means at least 3x higher concentrations than the preindustrial value (280 ppm) and almost 12x
more at its highest. The concentrations during the EECO, which is the longest of the three, is
estimated to fall between 1170 and 2490 ppm. This is around 4x and 9x the preindustrial
concentration level. Many DeepMIP groups performed multiple experiments at various CO>
levels, for example at 1x, 3x, 6x or 9x the preindustrial CO; concentration, to capture this
uncertainty. Apart from the atmospheric CO2 concentrations other boundary conditions, such as
the paleogeography, orbital configurations, solar constant, vegetation, continental ice sheets and
aerosols, are needed to be defined to set up a deep-time simulation. The paleogeography
represents the Ypresian stage of the Eocene, where the most notable differences to today’s
geography are the lack of the Himalaya, the lack of the enclosed Mediterranean basin, the proto-
Paratethys and the Siberian Sea and a narrower Atlantic basin. The digital reconstruction from
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Herold et al. (2014) is used for the paleogeography, vegetation, and river routing. The orbital
configuration is set to the modern values, because it represents a forcing close to the long-term
average (Lunt et al., 2017). Both the solar constant, and non-CO» greenhouse gas concentrations
are set to preindustrial values, to find a middle ground between the uncertainty on the increased
radiative forcing associated with enhanced non-CO, greenhouse gases and the decrease in
radiative forcing via a reduced solar constant (Lunt et al., 2017). One additional important initial
constraint is that there are no continental ice sheets in the Eocene simulations. Initial condition
for ocean temperature and salinity are given in Lunt et al. (2017) but each modeling group
followed their individual approach based on their previous paleo simulations or experiences with
model instabilities.

To accept a model simulation as the representation of the paleoclimate of EECO, PETM, or pre-
PETM it needs to be in (or close to) equilibrium. To assure this, three criteria are defined, the
first is regarding the length of the simulation (more than 1000 years) the second considers the
energy balance of the models (less than 0.3 W m—2 net radiation imbalance at the top of the
atmosphere or similar imbalance to that of the preindustrial control), and last is the test if the
ocean have reached its equilibrium state (sea-surface temperature trend is less than 0.1°C per
century in the global mean). These latter two shall be based on the final 100 years of the
simulation. Most of the simulations fulfill these conditions, and those which are not, only
overstep the thresholds slightly, thus Lunt et al. (2021) concluded them to be sufficiently
equilibrated.

Table 1
List of models used in this study from the DeepMIP ensemble.

Model Experiments Length of Atmospheric
(short name) simulations resolutions
(years) (lat x lon)
CESM piControl 2000 1.9°x2.5°
(CESM1.2_CAMS) 1x,3x,6x
COSMOS piControl 9500 3.75°x 3.75°
(COSMOS-landveg r2413) 1x,3x
GFDL piControl 6000 3°x3.75°
(GFDL_CM2.1) 1x,3x,6x
HadCM3 piControl 7800 3.75°x 2.5°
(HadCM3B_M2.1aN) 1x,3x
MIROC piControl 5000 2.79°x 2.81°
(MIROC4m) 1x,3x
2.2 Models

In total 8 models participated in DeepMIP from which we selected 5, depending on the
available experiment types. In our study we focus on the CO2 and non-CO; effects, thus we
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needed from all models a preindustrial control simulation, a 1x CO2 Eocene simulation, and also
at least one Eocene simulation with a higher CO concentration. The three models, which we did
not include in our study (INMCM, IPSL, NorESM)), are left out because there was no available
1x CO2 simulation from them. We have chosen 3x and 6x CO2 concentration simulations, where
they were available (see Tablel). These concentrations, represent the pre-PETM and the
EECO/PETM conditions respectively. All models are coupled ocean-atmosphere models. The
selected simulations are summarized in Table 1. An overview of each model is listed below,
while the more elaborate description of the simulations and models are found in Lunt et al.
(2021) and in the corresponding papers.

CESM stands for the Community Earth System Model version 1.2, it consists of the
Community Atmosphere Model 5.3 (CAM), the Community Land Model 4.0 (CLM), the Parallel
Ocean Program 2 (POP), the Los Alamos sea ice model 4 (CICE), the River Transport Model
(RTM), and a coupler connecting them (Hurrell et al., 2013). The atmospheric part of the
coupled system has 30 hybrid sigma-pressure levels and a horizontal resolution of 1.9° x 2.5°
(latitude x longitude).The ocean and sea ice model use a nominal 1°x1° displaced pole
Greenland grid with 60 vertical levels in the ocean. Some modifications were needed to make the
Earth system model applicable for a paleoclimate simulation with a high CO2 level applicable.
These effected the radiation parametrization, and the marginal sea balancing scheme. The ocean
was initialized from a previous PETM simulation (Kiehl & Shields, 2013) without any sea ice.
The simulations have been integrated for 2000 model years, except the 1xCO2 simulation,
which has been integrated for 2600 model years.

COSMOS is developed at the Max Planck Institute for Meteorology and uses the
atmospheric general circulation model ECHAMS (Roeckner et al., 2003) and the Max-Planck-
Institute for Meteorology Ocean Model (MPIOM) (Marsland et al., 2003) for the the ocean and
sea ice components. The atmospheric part has 19 vertical hybrid sigma-pressure levels and a
horizontal resolution approximately 3.75° x 3.75°. The ocean and sea ice dynamics are
calculated on a bipolar curvilinear model grid with formal resolution of 3.0° x 1.8° (longitude x
latitude) and 40 unequal vertical levels. COSMOS’ performance in paleoclimate studies is
described in Stepanek and Lohmann, (2012). The ocean was initialized with uniformly horizontal
and vertical temperatures of 10 °C in the 3xCO2 concentration simulation and then the
simulations with 1 x and 4x CO2 concentrations were restarted from 3xCO2 after 1000 years.
The simulations were started with transient orbital configurations and were run for model year
8000, then they were run with preindustrial orbital parameters for the last 1500 years.

GFDL means the Geophysical Fluid Dynamics Laboratory (GFDL) CM2.1 model
(Delworth et al., 2006), with modifications to the late Eocene (Hutchinson et al., 2018, 2019).
The CM2.1 consists of Atmosphere Model 2, Land Model 2, the Sea Ice Simulator 1. The ocean
is calculated by the modular ocean model (MOM) version 5.1.0. The atmosphere has 24 vertical
levels and a horizontal resolution of 3° x 3.75°. The ocean and sea ice components are
calculated over 50 vertical levels with the horizontal resolution of 1 x 1.5¢ (latitude x
longitude), and a tripolar grid is used as in Hutchinson et al. (2018). Due to the paleogeography
some manual adjustments were made in the ocean grid. The ocean temperature was initiated
from idealized conditions, similar to those outlined in Lunt et al. (2017). The simulations were
run for a total of 6000 years. During the initial 2000 years, two adjustments were performed on
the ocean temperature to accelerate the approach to equilibrium. This approach led to instabilities
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at 6xCO?2 level, this simulation was instead initialized using a globally uniform temperature of
19.32 °C and was run continuously for 6000 years.

HadCM3 is the abbreviation of the Hadley Centre Climate Model (Valdes et al., 2017).
The atmosphere has 19 vertical levels and a horizontal resolution of 3.7° x 2.5° | while the ocean
is calculated on a 1.25° x 1.25° grid over 20 vertical levels. A few changes were necessary to
adapt the model to the deep-time simulations, such as a salinity flux correction, prognostic 1D
ozone scheme instead the fixed vertical profile, and also the disabling of modern-day specific
parametrizations, e.g., in the Mediterranean and the Hudson Bay. The ocean was initialized from
the final state of Eocene model simulations using lower resolution in the ocean, HadCM3L. The
HadCM3L simulations were initialized from a similar idealized temperature and salinity state as
described in Lunt et al., (2017). HadCM3 simulations were started from the respective
HadCM3L integrations after 4400 to 4900 years of spin up and run for a further 2950 years.

MIROC stands for Model for Interdisciplinary Research on Climate (Chan & Abe-Ouchi,
2020). The land surface model is the Minimal Advanced Treatments of Surface Interaction and
Runoff (MATSIRO) (Takata et al., 2003). The ocean component is the version 3.4 of the CCSR
(Center for Climate System Research) Ocean Component Model (COCO) (Hasumi, 2000). The
atmosphere has 20 vertical sigma levels and a horizontal resolution of approximately 2.79° x
2.81° (latitude x longitude).The ocean has 44 levels and a horizontal resolution is set to 256
196 (longitude x latitude), with a higher resolution in the tropics. The atmosphere is initialized
from a previous experiment without ice sheets and with a x 2 CO2 concentration. The ocean is
initialized based on previous MIROC paleoclimate experiments and on the recommendations
from Lunt et al. (2017). For the experiments the model was run for 5000 model years.

2.3 Reanalysis

We use the atmospheric reanalysis ERAS (Hans Hersbach et al., 2020) to evaluate the
DeepMIP ensembles performance for the preindustrial control simulation. ERAS is a
comprehensive reanalysis from Copernicus Climate Change Service (C3S) produced by
ECMWEF and it is based on the Integrated Forecasting System (IFS) Cy41r2 which was
operational in 2016. In our study we used monthly averaged data on pressure levels and on single
levels (H. Hersbach et al., 2019b, 2019a) from the time period 1991-2020 on a horizontal
resolution of approximately 0.25°x0.25°.

2.4 Partitioning the meridional heat transport

In our study we analyze the total meridional heat transport, and focus on its components,
in the atmosphere. We follow the method described in Donohoe et al. (2020). First the MHT is
partitioned between the ocean and the atmosphere

MHT = OHT + AHT, (1)

and the atmospheric transport is further partitioned into contributions from meridional
overturning circulation (MOC), stationary eddies (SE) and transient eddies (TE)

AHT = MOC + SE + TE. 2)
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Furthermore, all parts of Eq. (2) are divided into dry and moist energy transport (Eq. 3),
where the moist part consists the transport of energy via latent heat and the dry part consists the
transport of potential energy and sensible heat.

AHT = AHTppi5 + AHTgy,
MOC = MOCpppise + MOCyy,
SE = SEpmoist + SEqry
TE = TEmoist + TEary 3)

The total meridional heat transport at a latitude circle can be calculated with dynamic and
energetic approaches, where in the energetic approach the MHT is balanced by the spatial
integral of the net radiative deficit at the top of the atmosphere (TOA) and in the dynamic
approach MHT is the vertically and zonally integrated net transport of energy. Here we use the
energetic approach to calculate MHT (Eq.4)

MHT(®) = 2ra? [ % cos &' [ASR(®") — OLR(®")]d®’, ()

where ¢ is the latitude circle, a is the radius of the Earth, ASR is the absorbed solar
radiation, OLR is the outgoing longwave radiation. The boundary condition is that the transport
has to be zero at the pole, because non-zero values have no physical meaning. To fulfill the
boundary conditions at both poles, we need to balance the global budget. For this we assume that
the imbalance is spatially uniform, thus the area-weighted global average energy imbalance is
subtracted at all latitudes before calculating the integral in Eq. (4).

OHT can also be calculated with the energy approach from the surface heat fluxes (SHF)
(Eq. 5)

OHT(®) = 2ma? [ % cos @' [SHF (®")]dd’, (5)

where SHF is positive downward. The above equation is true with the assumption that the
ocean is in equilibrium, so the heat storage is negligible. If the ocean is not in an equilibrium
state, then Eq. (5) represents the implied OHT, which is the sum of OHT and the spatial integral
of the tendency of ocean heat content. The DeepMIP simulations have been required to fulfill
different criteria to prove that they reached the equilibrium state. The criteria considered the
length of the simulations, the radiation imbalance at the TOA, and the ocean’s equilibrium state.
All of the included simulations satisfy at least two of the three criteria, with the only exception of
CESM at 3xCO,, which is still close to both missed criteria, thus all, here considered
simulations, have been accepted to be sufficiently equilibrated (Lunt et al., 2021). We consider
Eq.(5) defining OHT and that balancing the global radiative budget at the TOA does not largely
affect largely the calculation of MHT.

After calculating MHT and OHT given Eq. (1) AHT is known as the residual. The direct
dynamical calculation of AHT is formulated via the vertically and zonally integrated meridional
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transport of moist static energy (MSE):

MSE = ¢,T +Lq + gZ

2ma cos

AHT(®) = fOPS [V1[MSE] + [V*MSE*] + [V*MSE"*]| + [VI'[MSE]'dp,

(6)

where cp is the specific heat capacity of air at constant pressure, T is temperature, L is the
latent heat of vaporization of water, q is the specific humidity, g is the acceleration of gravity, Z
is the geopotential height, Ps the surface pressure, V is the meridional velocity. The square
brackets [x] denote zonal averages, the overbars x denote time averages (monthly means), x*
denote zonal anomalies, and x" means time anomalies. In Eq. (6) the first term defines the energy
transported via MOC the second is SE, the third is TE, and the last one has been referred as the
transient overturning circulation (TOC) (Marshall et al., 2014), which is two orders of
magnitudes smaller than MOC at the tropics and the eddy terms at midlatitudes. Thus, we do not
try to consider TOC on its own, but handle it together with TE. Note that the calculation of TE
and TOC would require high temporal resolution data, which is not available for the DeepMIP
simulations, thus we cannot calculate AHT only from Eq. (6), hence we use the residual method
via Eq. (1). Nevertheless, the transport via MOC and SE is calculated from Eq. (6) with monthly
mean data. The remaining atmospheric transport, which we refer to as TE, is again defined with
a residual method. This TE calculation, has been shown to be successful in calculating the
partitions from monthly mean data with good accuracy (Donohoe et al., 2020).

Regarding the moist and dry partitioning for AHT we define AHTmoist as the latent heat
transport at a given latitude, which is the integral of evaporation (E) minus precipitation (P)
multiplied by the latent heat of vaporization:

AHT 150 (@) = 21a? [ cos @ {L[E(®") — P(P")]}dD’ . (7)

The dry contribution to AHT is then calculated by subtracting the moist part from the
total (Eq. 3). The moist and the dry parts of MOC an SE are calculated via Eq.(6), but MSE has
been split into dry, the sensible heat and potential energy (cpT+gZ) and moist part, the latent heat
(qL) (Donohoe et al., 2020). The moist and dry contributors to TE can be calculated via the
residual method, with the use of Eq. (3) and:

AHTmoist = MOCmoist + SEmoist + TEmoist~
2.5 Meridional Streamfunction

There are several metrics to quantitively analyze the Hadley cell, its edge and its
circulation strenght. We choose to use the average meridional streamfunction ¥ (Xian et al.,
2021) to quantify its intensity, which is defined as :

Y(p, ®) = 2"“;"5“" fp"s[v]dp .

A stronger streamfunction means a stronger Hadley cell circulation.
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386 2.6 Monsoon Area

387 The monsoon climate is characterized by seasonal reversal of prevailing surface winds
388  which results in a rainy summer and dry winter. To assess the geological area where monsoon
389  was probably present in the EECO, we use a simple monsoon definition, which is also used in
390 the 6th Assessment Report of IPCC (IPCC, 2021). The global monsoon is defined as the area,
391  where the local annual range of precipitation exceeds 2.5 mm per day (Kitoh et al., 2013). The
392 annual range is defined by the local summer- minus-winter precipitation, i.e. MJJAS minus
393  NDJFM in the Northern Hemisphere and NDJFM minus MJJAS in the Southern Hemisphere.
394  The 2.5 mm per day threshold is defined based on current conditions, which might not hold so
395  well in a warmer world, nevertheless we accept it for our rough estimations. A more detailed
396  analysis of the monsoon systems is to follow this study, where not just such simple indices will
397  be used.

398 3 Results
399 3.1 Preindustrial control simulation
400 We start our analysis by evaluating the selected models' representation of present day

401  climate, more precisely the climate of the preindustrial period. To assess the models’ results we
402  compare them to transport values calculated from the ERAS reanalysis from 1991-2020. Note
403  that this comparison is not entirely fair since the models and the reanalysis represent two

404  different climate periods approximately 150 years apart, and in this one and a half century the
405  climate constraints, especially the CO> concentration have changed. Nevertheless, both models
406  and reanalysis represent a climate with current topography, continental ice sheets and relatively
407  similar meridional temperature gradient, when compared to our knowledge of EECO’s climate.
408  Thus, we accept these discrepancies and focus on the structure of the transport processes, and not
409  on the quantitative amounts.

410 The meridional heat transport and its partitions calculated from the DeepMIP models and
411  the ERAS reanalysis are shown in Figure 1. Overall, there is good agreement between the mean
412 of the model ensemble and the reanalysis. The values and distributions of the MHT and its

413  components fit well also to previous studies which are based on observations and reanalysis

414  (Donohoe et al., 2020; Masuda, 1988).

415 MHT reaches maximum of above 5 PW at around 40° both South and North. The ocean
416  transports more heat than the atmosphere in a narrow tropical belt (0-10 °N), outside of which
417  the atmospheric heat transport dominates (Figure 1a). The reanalysis is within the spread of the
418  DeepMIP ensemble. The ensemble mean fits the reanalysis better over the southern hemisphere
419  than over the northern, where the models transport more via the atmosphere and less via the
420  ocean. These two compensate each other resulting in a good fit for the total MHT.

421 The atmospheric transport partitioned into latent heat and dry static energy transport
422  (Figure 1c) shows that the two have similar order of magnitude, but the dry static energy

423 transport is at all latitudes poleward, while the latent heat transport is equatorward in the tropics
424 and poleward at the rest of the latitudes.

425 Partitioning of the atmospheric heat transport into meridional overturning circulation,
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stationary, and transient eddies shows that transport is (a) mainly in transient eddies in the
midlatitudes, i.e. in extratropical cyclones, and (b) dominantly by meridional overturning
circulation, i.e., by the Hadley cells, in the tropics (Figure 1b). The tropical belt is where some
differences between the models and the reanalysis arises, namely over the Southern Hemisphere
the reanalysis shows more northward transport via meridional overturning circulation, MOC, and
more southward transport via transient eddies, TE. Since these two mechanisms act in the
different direction, the AHT does not show large differences between the reanalysis and the
ensemble mean. The separation of the MOC into its dry and moist parts (Figure 1e) reflects the
poleward transport of potential and sensible heat in the upper part of the Hadley cell and the
equatorward latent heat transport in the lower part of the Hadley cell. The transport of the two
parts do not balance out each other resulting in a net poleward energy transport. Stationary
eddies show importance in the poleward latent heat transport around 30° in both hemispheres,
representing the monsoon systems (Figure 1d). Stationary eddies also transport dry static energy
to the northern midlatitudes, mainly during winter, representing planetary waves (Masuda,
1988). Extratropical cyclones transport heat in both, the moist and dry form (Figure 1b and f).
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Figure 1. Annual meridional heat transport and its different parts in the preindustrial control
simulations of the 5 DeepMIP ensemble members and the ERAS reanalysis. Bold lines
representing the ensemble mean thin lines representing each model and dashed lines are
calculated from ERAS (1991-2020) reanalysis. The partitions of MHT are (a) Meridional Heat
Transport, divided between atmospheric (AHT) and oceanic (OHT) part, (b) atmospheric
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transport divided into Meridional Overturning Circulation (MOC), Stationary Eddies (SE) and
Transient Eddies (TE), (c) atmospheric transport divided to dry and moist parts, (d) atmospheric
transport via SE and its dry and moist parts, () atmospheric transport via MOC and its dry and
moist parts, and (f) atmospheric transport via TE and its dry and moist parts.

3.2 Effect of the Non-CO; forcing on the Eocene MHT

The Eocene 1xCO; simulations, i.e., with non-CO> forcing because of changes in
paleogeography and vegetation or the lack of continental ice sheets, are 3-5 °C warmer than the
preindustrial simulations (Lunt et al., 2021). Figure 2 shows the MHT differences between the
Eocene 1xCO; and the preindustrial control simulation. There is more southward MHT in the
1xCO; simulation than in the preindustrial one, which is mainly due to an increase in the oceanic
southward heat transport (Figure 2a). This results in smaller poleward MHT in the Northern
Hemisphere but larger in the Southern Hemisphere during the Eocene. In other words, due to the
Eocene boundary conditions the atmospheric poleward transport increases and the ocean
transport decreases in the Northern Hemisphere and vice versa in the Southern Hemisphere.

The change in atmospheric dry and moist transport is also asymmetric. North from the
Tropic of Cancer (30°N) more latent heat is transported northward and south from it more latent
heat is transported southward in the Eocene than in the preindustrial climate. The dry static heat
transport changes show the opposite sign. When taking into consideration the direction of
transport (see Figure 1c¢), this means that over the Northern Hemisphere there is more moisture
transport equatorward in the tropics and more poleward transport at midlatitudes, while the dry
static energy transport compensates these changes, with more poleward transport at the tropics
and less at higher latitudes (Figure 2¢). On the other hand, over the Southern Hemisphere the
tropical equatorward latent heat transport decreases and the extratropical poleward latent heat
transport increases. The poleward dry static energy transport decreases at all southern latitudes.
These together lead to a net increase (decrease) in atmospheric poleward transport in the
Northern (Southern) Hemisphere, which as mentioned above is overcompensated by the ocean.
An increase in poleward latent heat transport also has an important role in polar amplification.

The most prominent atmospheric change is the increased heat transport by transient
eddies between 30°N-60°N and 60°S-90°S (Figure 2b). These represent heat transport by
extratropical cyclones, thus cyclones are more frequent and/or more intense in the Eocene
simulations. To quantify the number of cyclones and their features, more frequent than monthly
model output would be needed. The increased transient eddies transport is mostly compensated
by stationary eddies and meridional overturning circulation transports (Figure 2b). There is also a
decrease in the northern hemisphere monsoonal transport (Figure 2d). The Hadley circulation
also shows an asymmetric shift, with more energy being overturned in the northern cell, and less
in the southern one, while the net poleward MOC energy transport stays close to the control
simulation (Figure 2e).
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485  Figure 2. Meridional Heat Transport and its parts, same as Figure 1, but showing the differences
486  between the 1xCO; Eocene and the preindustrial control simulations.

487
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3.3 Effect of the CO» forcing on the Eocene MHT

The effect of higher CO» concentrations on early Eocene transport processes is studied by
quantifying the changes between the 3xCO» and 6xCO» simulations relative to the 1xCO>
simulation (Figure 3 and 4). We compare the 6xCO, simulation also to the 1xCO; one to display
the intensification of the signal due to COz rise. Our choosen DeepMIP ensemble has five
models available with 3xCO» simulations and only two with 6xCO; simulations (CESM &
GFDL, see Tab. 1). The two latter simulations are shown to be the most successful in
representing the global mean surface temperature, global mean SST and global meridional SST
gradient when compared to proxy data (Lunt et al., 2021) and thus we trust this small ensemble
is still representative.

When comparing the changes relative to the equator, we see mostly symmetric changes,
thus the effect of COxz rise is global and influences both hemispheres in a similar way. For the
3xCO; simulation we find an increase in poleward MHT compared to the 1xCO, simulation,
which mainly results from the atmosphere (Figure 3a), while at the 6xCO> simulation the MHT
is fluctuating around zero (Figure 4a). In the latter case anomalies in the atmospheric and ocean
heat transport counteract one another, i.e., the Bjerknes compensation is present. The differences
between the two figures, and hence CO; concentrations, can also arise from the different set of
models used for the ensemble mean. Especially, since GFDL presents a non-linear behavior, and
from 4xCO; to 6xCO; concentration a slight decrease in the full MHT is found over the Northern
Hemisphere. Its magnitude is smaller than the CESM signal, thus the ensemble mean still
indicates a positive poleward transport change. Nevertheless, both at 3xCO; and 6xCO»
concentration, the poleward atmospheric heat transport increases and ocean’s heat transport
decreases or stays close to the 1xCO; value in the ensemble mean. Polar amplification is also
represented via the increased latent heat transport from the subtropics towards the poles,
compensated by the dry static heat transport (Figure 3c and 4c). Regarding the different physical
processes in the atmosphere, we see similar changes in both 3xCO» and 6xCO> simulations.
(Figure 3b and 4b). At the tropics the change in the net meridional overturning circulation
transport is close to zero, but the dry static and latent heat energy transport of the Hadley cell
increases more so at the northern cell than at the south (Figure 3e and 4e). The subtropics, are
mostly defined by the increased poleward transport of moist stationary eddies, namely the
transport of the monsoon systems, more in the 6xCO2 than in the 3xCO> simulation (Figure 3d
and 4d). At midlatitudes the poleward transport of transient eddies increases slightly, especially
in the 6xCO; simulations (Figure 4f), but the magnitude of change is smaller than, what the non-
CO; constraints caused in the 1xCO; simulations (see Figure 2f).
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3.4 Effect of the total forcing on the Eocene MHT

Finally, we investigate the overall heat transport changes between the simulated
preindustrial and most-likely Eocene climate states. This is important as it is the relevant change
when comparing Eocene proxy data to present day conditions, and because the individual
changes due to the CO» and the non-CO> constrains are potentially nonlinear and can counteract
each other.

In total meridional heat transport, we see more changes compared to the present day
climate in the Northern Hemisphere, where the atmosphere transports more energy while the
ocean compensates this with less transport (Figure 5a). There is an increase of latent heat
transport toward the polar regions at both hemispheres in the EECO climate, which is
compensated by the decrease in dry static energy transport at the midlatitudes (Figure 5c¢). In the
tropics the net transport via meridional overturning circulation stays close to the preindustrial
values, but the dry (poleward) and moist (equatorward) energy transport increases in the Hadley
cell, especially in the northern cell (Figure 5e). In the southern subtropics the EECO simulations
show slightly more latent heat transport via stationary eddies (Figure 5d). This means that the
monsoon systems in the Southern Hemisphere transported more energy during the EECO.
Nevertheless, it has been shown in the previous two subsections that the monsoon in the
Northern Hemisphere also changed, but with opposite signs due to the respective CO> and non-
CO; forcings. Thus, the overall monsoonal transport changes in the Northern Hemisphere are
small. At the midlatitudes, especially in the Northern Hemisphere more energy is transported via
transient eddies (cyclones) during the Eocene, which is again compensated by less transport via
stationary eddies (Figure 5b,d,and e). In the Southern Hemisphere we find slightly less transient
eddy transport in the EECO than in the preindustrial simulations.
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Figure 5. Meridional Heat Transport and its parts, same as Figure 1, but showing the
preindustrial control (solid lines) and 6xCO2 (dashed lines) simulation results. The included
models are: CESM, GFDL.
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561 4 Discussion

562 The analysis of the different transport processes identified those large scale circulation
563  patterns, which are either effected by the changes in the paleo set up or by the changes in the
564  COxz concentration. These, heading from the tropics to the pole, are the Hadley cell, the monsoon
565  and the mid-latitude cyclones. In this section we discuss the changes in these large scale patterns
566  in more detail.

567 4.1 Hadley Cell

568 We found that due to both the CO> and non-CO; constraints more dry static energy and
569 latent heat is turned around by the Hadley cells. Since all these simulations have a generally

570  warmer climate than the control simulation it means that part of the surplus of energy compared
571  to the preindustrial simulation, is coming from the higher water holding capacity of the warmer
572 atmosphere. Both the CO2 and non-CO; constraints cause a larger change in the Northern Hadley
573  cell. When using the streamfunction for investigation of the Hadley circulation in the high CO»
574  simulations, all models show a weakening intensity of the Southern cell and a shift of the

575  Northern cell towards south. The intensity of the Northern cell is strengthening in HadCM3,

576  MIROC, and COSMOS, while CESM and GFDL show a slight weakening (see Table 2). Figure
577 6 shows this exemplarily for the simulation GFDL. The southern cell is decreasing in intensity
578  with the COz rise, while the northern cell is expanding, mostly southward, and slightly increases
579  inintensity. The southward expansion of the northern cell can be partially explained by the

580  paleogeography. In the Eocene less continental land areas were located in the northern tropical
581  belt. This could lead to a relative southward shift of the Intertropical Convergence Zone (ITCZ),
582  given that during the summer half year the ITCZ travels poleward mostly over the continental
583 areas. Nevertheless, the reason for the hemispheric asymmetry in overturned energy, intensity
584  and position between the northern and southern Hadley cell due to CO; constraints is not entirely
585  clear. These findings are in line with what we see in the modern day changing, warming climate.
586  The 6™ IPCC report states that a widening of the Hadley cells has been observed in the last

587  decades, together with a strengthening of their circulation, especially in the Northern Hemisphere
588  (Gulev et al., 2021).

589
590 Table 2
591 Streamfunction maximum and minimum values [kg/s] in the different models and
592  simulations, indicating the intensity of each Hadley cell.
CESM GFDL HadCM3 COSMOS MIROC
South North South North South North South North South North

piControl  1,0E+11  -88E+10 7,8E+10  -8,2E+10 9,2E+10  -9,6E+10 9,1E+10 -7,3E+10 1,1E+11 -7,3E+10
1xCO2 6,1E+10  -7,4E+10 6,7E+10  -7,6E+10 9,0E+10 -14E+11 &,7E+10  -9,2E+10 9,2E+10  -8,8E+10
3xCO2 5,5E+10  -6,7E+10 5,1E+10  -6,8E+10 7,9E+10  -1,3E+11 &,1E+10  -8,6E+10 8,4E+10  -9,9E+10
6xCO2 5,4E+10  -6,6E+10 4,2E+10  -6,5E+10

593



594

595
596

597

598
599
600
601
602

603
604
605
606
607
608
609
610
611
612
613
614

615

Paleoceanography and Paleoclimatology

a) piControl lell b) 1xCO, lell
50 50
” 1.2 1.2
100§ 0.8 100 0.8
0.4 0.4
4 ~ i ~
o 200 0.08 200 009
N wn wn
' -0.4 -0.4
500 1 | ! —0.8 500 —08
850 1 —1.2 8501 -1.2
1000 \—j - : ; - 1000 , : o : :
—90 -60 -30 0 30 60 90 —90 -60 -30 0 30 60 90
latitude latitude
) 3xCO, lell ) 6xCO; lell
50 50
1.2 1.2
100 0.8 1001 0.8
0.4 0.4
4 ~ 4 ~
& 200 0.08 200 008
c ) 1)
-0.4 -0.4
500 1 —0.8 5001 -0.8
8501 —1.2 8501 -1.2
1000 ; : | ‘ : 1000 , : | : :
—90 -60 -30 O 30 60 ~90 -60 -30 0 30 60 90
latitude latitude

Figure 6. Cross section of the annual mean meridional streamfunction in the (a)
preindustrial control, (b) 1xCO>, (¢) 3xCO: , and (d) 6xCO> simulations of the GFDL model.

4.2 Monsoon

In the subtropics the transport via moist stationary eddies represents the heat transport by
monsoon systems. The analysis of the non-CO; effects showed a decrease in their transport in the
Northern Hemisphere and the CO» effects analysis showed an increase in transport with the CO>
rise. Thus, we investigated the monsoon area to better evaluate these changes. The monsoon
area is defined by a precipitation index in all simulations.

In Figure 7 the monsoon areas are plotted from the CESM preindustrial 1x, 3x and 6xCO»
concentration simulation. Paleogeography plays an important role in defining monsoon areas as
is shown by the smaller monsoon area in the early Eocene set-up than in the preindustrial. From
the preindustrial to the 1xCO> simulations, the percentage of monsoon areas decreases in all
models (see Table 3). The mean of the ensemble shows that in the preindustrial simulations the
monsoon covers 18.7% of the globe, while in the 1xCO; this area is reduced to 14.8%. This
correlates well with the slight decrease in the transport of moist stationary eddies in the
subtropics (Fig. 2d). From the 1x to the 3x and to the 6xCO, simulations (for CESM), the
monsoon area increases with higher CO> values (Figure 7). This also correlates well with the
results seen in the transport figures, where there is an increase in moist stationary eddy transport
in the subtropics (Figure 3d and 4d). The only exception from the increase of monsoon area with
COa rise, 1s GFDL with a decrease in monsoon area from the 3x to the 6xCO», simulation.

When comparing the preindustrial climate to the EECO, namely the preindustrial
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simulations to the 6xCO, simulations for CESM and GDFL simulations, we see that the effect of
the non-CO; constraints (smaller monsoon area in the Eocene) and the effect of the CO, forcing
(higher water holding capacity of the warmer atmosphere) compensate each other in terms of the
energy being transported. This agrees well with the findings of Licht et al. (2014), who
investigated proxy data from Asia in the late Eocene (gastropod shells and mammal teeth from
Myanmar, and aeolian dust deposition in northwest China) and found monsoon like patterns in
rainfall and wind. They also concluded that the enhanced greenhouse gas concentrations
compensated the negative effect of lower Tibetan relief on precipitation, which reduces the East
Asian monsoon strength (Tang et al., 2013). In summary, when comparing present and EECO
monsoon systems from the energetic point of view, there is no large difference (Figure 5d),
nevertheless the reason for this is due to compensating mechanisms. Note that this does not
indicate that there is no significant change in monsoon precipitation intensity.

a) _ piControl _ b) 1xCO,
\)":;’ / A \LD %; <
v g i "

2.5 5.0 7.5 10.0 12.5 2.5 5.0 7.5 10.0 12.5
MPI MPI
c) 3xCO; d) 6xCO;
’\/\ N 35 M /\f\ - .—3 ; /M e
R W=
3&%
- |
D 2
. X )
% — T
2.5 5.0 7.5 10.0 12.5 2.5 5.0 7.5 10.0 12.5
MPI MPI

Figure 7. Monsoon area defined by the Monsoon Precipitation Index (MPI) with the unit of
mm/day : a) preindustrial control b) 1xCO; c) 3xCO; and d) 6xCO> simulation of the CESM
model.

Table 3
Global monsoon area in percentages in the different models and simulations.

CESM GFDL HadCM3 MIROC COSMOS ENS

piControl 18.83 21.87 17.97 16.36 18.45 18.70
1xCO; 14.61 19.17 13.59 10.47 16.43 14.85
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3xCO, 14.91 19.95 14.26 12.75 22.43 16.86
6xCO: 15.42 18.04 - - - 16.73

4.3 Midlatitude cyclones

We found that in the paleo set up even without the CO; increase, more energy is being
transported via midlatitude cyclones especially in the Northern Hemisphere (Figure 2b). This can
be explained by an increase in semi-permanent low pressure systems, in other name centers of
action, in the Eocene simulations. In Figure 8 the sea level pressure anomalies are representing
these centers of action. In the Northern Hemisphere in the preindustrial simulation one can
identify two main low pressure systems during winter (Figure 8a), the Icelandic and the Aleutian
lows, while in the Eocene even four low pressure centers can be identified. We call these the
Icelandic, the Aleutian, the Gulf of Alaska and the Eurasian Low (Figure 8c).

The development of these semi-permanent pressure features is connected to the thermal
contrast between the ocean and the continent during winter, due to the different heat capacity of
land and sea. This also explains why the semi-permanent pressure systems develop differently in
the paleo set up. In the Eocene world there was a wider Pacific basin and a narrower Atlantic
basin together with the existence of the Turgai Sea or West Siberian Sea, an epicontinental sea
separating Europe from Asia. The existence of the West Siberian Sea, which is located in the
northern midlatitudes, lead, in the models, to the development of an Eurasian Low pressure
system that is not in present in the modern times. The wider Pacific basin and the presence of the
Bering land bridge lead, in the models, to a split in the Aleutian Low, so in the Eocene both an
Aleutian Low and a Gulf of Alaska Low are present in the simulations. In the Southern
Hemisphere the position of the Antarctic continent did not change much and, thus, the pressure
systems in the models developed similarly as in the present climate (Figure 8 b and d).

We hypothesize that the increase in the energy transport via transient eddies in the
paleosimulations are due to the increase in cyclonic activity due to more semi-permanent low
pressure systems over the northern midlatitudes. This can mean more and/or deeper cyclones
than in the present climate. To quantitatively assess this, the model output in our study with the
monthly temporal resolution is insufficient.
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Figure 8. Winter (left) and summer (right) sea-level pressure anomaly in the a) b)
preindustrial control and ¢) d) 1xCO; paleosimualtion of the CESM model.

5 Conclusions

In this study we calculated and analyzed the meridional heat transport and its partition in
the atmosphere in climate model simulations of the preindustrial and the Early Eocene Climatic
Optimum (EECO). We used simulations from five climate models (CESM, COSMOS, GFDL,
HadCM3, and MIROC) provided by the DeepMIP community. The transport values are
calculated from monthly mean data, and we distinguish between the different physical
mechanisms, which transport energy in the atmosphere. The impacts of the non-CO; related
conditions (paleogeography, vegetation, no continental ice sheets) and the CO, concentration
forcing on the transport processes are calculated first separately, and then in combination, to
allow a full comparison of heat transport in the preindustrial and early Eocene. The transport
processes via the Hadley cell, the monsoon systems and the midlatitude cyclones are analyzed in
more detail as these large-scale circulation patterns are identified as being different in the EECO
compared to present day.

Our first research question investigates the DeepMIP models’ skill in capturing the
characteristics of transport processes in the preindustrial simulations (section 4.1). Overall, the
DeepMIP ensemble mean and the reanalysis transport values show good agreement. Only the
Southern Hemispheric tropical MOC transport shows marked differences, but due to two
compensating mechanisms the overall atmospheric heat transport is still similar between the
reanalysis and the multi-model mean.

The impacts of non-CO; constraints (paleogeography, vegetation, no continental ice
sheet) on the different transport processes show hemispheric asymmetry. In the 1xCO; Eocene
simulations the total poleward MHT is smaller in the Northern Hemisphere but larger in the



688
689
690
691
692
693
694
695
696
697
698
699
700
701
702

703
704
705
706
707
708
709
710
711
712
713

714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729

730
731
732

Paleoceanography and Paleoclimatology

Southern Hemisphere. This is mainly due to the same change in oceanic transport. This shift in
oceanic transport towards the South Pole is in line with the strong Southern Hemisphere-driven
oceanic overturning circulation of the Eocene, found in the DeepMIP models (Zhang et al.
(2022). Considering the different physical processes most notable is the extra heat transport by
transient eddies in the midlatitudes, which is compensated by a loss in energy transport via
stationary eddies. The increase in cyclonic heat transport is explained by changes in
paleogeography. The existence of an extra epicontinental sea at the north midlatitudes, with
possible high land-sea thermal contrast, results in a semi-permanent pressure system, which
impacts the transient eddies at the midlatitudes. Also, the wide Pacific basin results in a split in
the Aleutian Low. Thus, in the end during the Eocene winter there were probably 4 semi-
permanent low pressure systems present at the northern midlatitudes as opposed to the only two
in present day climate. The increase in semi-permanent lows likely results in an increase in
cyclone numbers as well, but to quantify this, one needs high temporal resolution output from the
models. A decrease in North Hemispheric monsoon latent heat transport, is also linked to the
change in topography, since the location of land areas highly determines the monsoon area.

Transport changes, which are solely due to CO» increases in the 3x and 6x CO2 EECO
simulations, are especially relevant to better understand and predict changes under future climate
change. We find that with increasing CO> concentrations, the atmosphere transports more heat
poleward, while the ocean transports the same amount or less. The results also show that the
Hadley cell overturns more heat on the northern side of the Equator more than on the southern
side. Also, monsoon systems transport more latent heat from the subtropics to the higher
latitudes. This indicates that with CO; rise the hydrological cycle intensifies. This agrees well
with what have been found in our current changing climate. At the end of the 20™ century the
Hadley circulation is shown to be strengthening particularly in the Northern Hemisphere, while
the global monsoon precipitation shows a positive trend in the Northern Hemisphere (Gulev et
al., 2021).

Our third research question considers the total change between the preindustrial control
and EECO simulations, and asks which physical processes are affected the most. In our results
we see more changes in the Northern Hemisphere, where the atmosphere transports more heat
poleward while the ocean compensates this with less poleward heat transport. We found an
increase in latent heat transport towards the polar regions in both hemispheres midlatitudes in the
EECO climate, and a decrease in poleward dry static energy transport, same results as
Heinemann et al. (2009). The increase in latent heat transport is connected to the intense polar
amplification of the EECO world. From the effected large scale circulation patterns, the Hadley
cell changes both under the CO; and non-CO; constraints, with an asymmetric shift. More
energy is being overturned in the northern cell, and less in the southern one, while the net
poleward MOC heat transport stays close to the control simulation. Monsoon systems are also
affected by both the non-CO; and CO» constraint, but in an opposite way. We found smaller
monsoon areas in the Eocene, due to the different topography, while at a higher CO»
concentration, the warmer atmosphere’s higher water holding capacity means that more heat is
transported poleward by the monsoons. At the midlatitudes cyclones’ heat transport increase
mainly in the Northern Hemisphere, due to the before mentioned topography differences.

In summary we found that transport processes indicate a more intense hydrological cycle
and also polar amplification in the warmer EECO compared to the present-day climate. We
identified which processes are affected by the Eocene boundary conditions and which are
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sensitive to the CO; increase. The different boundary conditions cause more southward transport
in the ocean which is only partially compensated by the atmosphere. The Eocene set up increases
the heat transport of northern midlatitude cyclones and decreases the global monsoon area. The
CO:z increase, on the other hand causes an increase in poleward atmospheric heat transport.
Regarding the large scale circulation patterns the CO> increase results in an increase in the latent
heat transport of monsoon systems and more overturning heat in the Hadley circulation, although
the net poleward transport of the Hadley cells is stable. Nevertheless, there is an asymmetry
between the northern and southern Hadley cell, with larger changes in the northern cell. A more
detailed analysis of the largescale circulation patterns of the Eocene climate, in higher temporal
and spatial resolution model results, and their comparison to proxy data, is the focus of our
further research.
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