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Abstract
Past warm climates represent one extreme of Earth's known climate states. Here, we study warm climates in both idealized
simulations and full-complexity general circulation model (GCM) simulations of the early Eocene epoch, approximately
50 million years ago.

In increasingly warmer idealized aquaplanet simulations, the amplitude of intra-seasonal tropical variability is enhanced.
The anomalies propagate eastward in the tropics and resemble the observed Madden-Julian Oscillation (MJO). The strong
MJO anomalies drive a momentum convergence on the equator that causes westerly winds in the troposphere, a state known
as superrotation. The results in this thesis show that superrotation further enhances the MJO by affecting the penetration of
midlatitude eddies into the deep tropics. An additional question is how a super-rotating atmosphere, a dramatically different
general circulation regime compared to today, will affect the climate, potentially via changes in cloud distributions and
ocean circulation. If the superrotation extends down to the surface near the equator, surface westerly winds will drive
equatorial downwelling in the eastern equatorial Pacific Ocean, rather than upwelling as in the present climate. Here, we
show that surface superrotation is unlikely in past warm climates, although this in part depends on the intensity of the
vertical momentum transfer associated with cumulus convection and how this process is represented in a specific GCM.

There is, currently, no consensus on what the specific mix of forcings was that caused the warm climates of the
early Eocene. High greenhouse gases likely played a significant role, but simulations with reasonable greenhouse gas
concentrations cannot reproduce the high temperatures estimated by proxy data. Here, we investigate both an early Eocene
climate forced by high greenhouse gas concentrations and one forced by optically thinner clouds, with artificially increased
cloud droplet radius that causes increased solar radiation at the surface. Both alternative warming scenarios produce nearly
identical zonal mean temperatures, but the hydrologic cycle differs; the thinner clouds scenario has 11% larger global mean
precipitation. Moreover, the results in this thesis indicate that a reasonable estimate of vegetation, based on the model
simulation, is likely necessary to evaluate alternative warming scenarios with proxy data.
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Abstract

Past warm climates represent one extreme of Earth’s known climate states.
Here, we study warm climates in both idealized simulations and full-complexity
general circulation model (GCM) simulations of the early Eocene epoch, ap-
proximately 50 million years ago.

In increasingly warmer idealized aquaplanet simulations, the amplitude
of intra-seasonal tropical variability is enhanced. The anomalies propagate
eastward in the tropics and resemble the observed Madden-Julian Oscillation
(MJO). The strong MJO anomalies drive a momentum convergence on the
equator that causes westerly winds in the troposphere, a state known as su-
perrotation. The results in this thesis show that superrotation further enhances
the MJO by affecting the penetration of midlatitude eddies into the deep trop-
ics. An additional question is how a super-rotating atmosphere, a dramati-
cally different general circulation regime compared to today, will affect the
climate, potentially via changes in cloud distributions and ocean circulation. If
the superrotation extends down to the surface near the equator, surface west-
erly winds will drive equatorial downwelling in the eastern equatorial Pacific
Ocean, rather than upwelling as in the present climate. Here, we show that
surface superrotation is unlikely in past warm climates, although this in part
depends on the intensity of the vertical momentum transfer associated with
cumulus convection and how this process is represented in a specific GCM.

There is, currently, no consensus on what the specific mix of forcings was
that caused the warm climates of the early Eocene. High greenhouse gases
likely played a significant role, but simulations with reasonable greenhouse
gas concentrations cannot reproduce the high temperatures estimated by proxy
data. Here, we investigate both an early Eocene climate forced by high green-
house gas concentrations and one forced by optically thinner clouds, with ar-
tificially increased cloud droplet radius that causes increased solar radiation at
the surface. Both alternative warming scenarios produce nearly identical zonal
mean temperatures, but the hydrologic cycle differs; the thinner clouds sce-
nario has 11% larger global mean precipitation. Moreover, the results in this
thesis indicate that a reasonable estimate of vegetation, based on the model
simulation, is likely necessary to evaluate alternative warming scenarios with
proxy data.
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1. Introduction

Earth’s system includes various components such as the ocean, atmosphere,
and biosphere that give rise to complex and chaotic interactions. All the com-
ponents of Earth’s system influence the climate; climate is defined as the mean
state of a meteorological variable, e.g., temperature, over a period long enough
to exclude internal variability. Moreover, Earth’s climate has experienced a
wide range of states, from cold extremes such as the “snowball earth” in the
Neoproterozoic (∼700 million years ago) (Hoffman, 1998) to past warm ex-
tremes such as the hothouse climates of the Cretaceous, 100 million years ago,
and the early Eocene, 50 million years ago (Pagani et al., 2014). During the
past million years, the climate has experienced several different states, both
colder glacial with glacier advances interspersed by warmer interglacials, far
from the extreme climate states of the deep past. A stable interglacial climate
characterizes the observational period and high-resolution proxy data, e.g., ice
cores, only extend the record a few hundred thousand years. A consequence of
the lack of data is that little is known about the most extreme climate states pos-
sible for Earth’s system. A physical system pushed to its extreme can reveal
properties that may be relevant, but much more weakly expressed, in more
moderate states. The study of extremely warm climates, in particular, could
help constrain the possible outcomes of the current anthropogenic warming.

The laws of physics have long been used to create theoretical models to de-
scribe the earth system. Based on the equations of fluid dynamics, numerical
models have been developed to predict weather and later on to study climate.
As our theoretical knowledge increase, more aspects of the earth system are
incorporated into models; from the early climate models with only atmosphere
and ocean components to modern full-complexity Earth system models with,
e.g., dynamic vegetation and elements of the cryosphere. Ideally, these models
should be able to simulate all possible climate states, but in practice, this is
rarely the case; particularly the more advanced Earth system models are often
developed and optimized with the aim to predict modern-day climate change.
However, the fundamental governing equations are the same for all climate
states and this makes it possible to model some aspects of the climates of the
deep past, after significant modifications to the models—primarily involving
boundary conditions, e.g., continental configuration, vegetation, and topogra-
phy. Even so, it is often necessary to limit the focus on features that are most
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likely to be representative of both modern day and the deep past, commonly
large-scale processes or general constraints. In addition, evaluation of models
with the available proxy data is critical to producing useful results. Study-
ing the deep past is a challenge that provides ample opportunity to extend our
knowledge of Earth’s system.

In this thesis, we investigate warm climates from two points of view us-
ing models of increasing complexity, from a simple axisymmetric model to a
full-complexity general circulation model (GCM). First, we study specific pro-
cesses in warm climates with idealized models. Second, we turn to the early
Eocene, an example of a warm climate, and study it with a full-complexity
GCM and an offline vegetation model. The thesis consists of four papers all
of which attempt to increase our understanding of four fundamental and open
questions regarding warm climates:

– What is the fate of the Madden-Julian Oscillation in warm climates?

– Can surface superrotation occur in warm climates?

– Why was Earth’s climate extremely warm during the early Eocene?

– How can vegetation sensitivity be used to evaluate alternative warming
scenarios for the early Eocene?

Chapter 2 introduce the topics that are the focus of Paper I and II: the
Madden-Julian Oscillation, the dominant mode of tropical intraseasonal vari-
ability, and superrotation. Chapter 3 discuss the early Eocene and features that
are relevant to Paper III and IV. Chapter 4 is a summary of the papers included
in this thesis and Chapter 5 provides an outlook.
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2. Idealized modeling of warm
climates

In the quest to simulate Earth’s climate models have increased in complexity
and accuracy over time, from the first climate model (Manabe & Wetherald,
1967) to the highly complex Earth system models in the CMIP6 (Eyring et al.,
2016). However, the increasing complexity of models often makes it harder to
find causality and isolate processes. For some problems, it is therefore benefi-
cial to simplify a model or use a range of models of different complexity. For
many problems in dynamic meteorology, a useful simplification is an aqua-
planet model; a simplification that keeps the full physics and parametrizations
of a GCM but simplifies it by replacing all land surface with oceans. Aqua-
planet models are especially useful to study tropical dynamics because ocean
dominates large parts of the tropics.

In the following sections, we will introduce some aspects from Paper I and
Paper II. Both papers use aquaplanet simulations to study processes that can
be significant in warm climates in general and the early Eocene in particular.

2.1 The Madden-Julian Oscillation

The Madden-Julian Oscillation (MJO) is an aggregation of convective clouds
that moves eastward in the tropics; the MJO controls the majority of precip-
itation in large equatorial areas in the Indian Ocean and the western Pacific
Ocean. Figure 2.1 shows an illustration of a MJO event over the western Pa-
cific. Areas affected by the MJO experience intraseasonal variations in rainfall.
When the aggregation of clouds is above an area, there is intense precipitation
whereas before and after dry conditions prevail. The MJO moves eastward
with a phase-speed of ∼5 m/s and it is one of the more predictable weather
phenomena in the tropics (Zhang, 2005).

The MJO is also described as a planetary scale wave with a period of 30-90
days, first shown by Madden & Julian (1971). The range of scales involved,
from microphysics in clouds to planetary circulation, give rise to a challenging
phenomenon to study, it has been called the “holy grail” of dynamical mete-
orology (Raymond, 2001). We still do not fully understand, in the sense that
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Figure 2.1: An illustration of the evolution of the MJO. Public domain (adapted
from original by Fiona R. Martin).

we can theoretically explain, the propagation and maintenance of the MJO
and there are several proposed theories (Ling et al., 2017). However, recent
forecast models can predict the MJO on a 3-week timescale, a promising de-
velopment although it is still less than the intrinsic predictability of 4-5 weeks
(Ling et al., 2017).

The MJO plays a major role in the modern-day tropics, but two aspects
make it particularly interesting in the study of past and future warm climates:

First, several studies predict that the MJO will increase in intensity in
warmer climates (Andersen & Kuang (2012); Arnold et al. (2013, 2015); Ca-
ballero & Huber (2010); Paper I). If the response of the MJO to warming is
predicted, future rainfall in large areas of the tropics can be estimated. A reli-
able prediction will be helpful to regions, e.g., areas in the Pacific monsoon re-
gion, whose rainfall is dominated by the MJO. Moreover, studies indicate that
the MJO can have far-reaching effects: influence weather in the mid-latitudes
(Maloney & Hartmann, 2001) and affect the El Ninõ (Kessler & Kleeman,
2000; McPhaden, 1999). In addition, understanding the MJO in past warm cli-
mates can provide knowledge about future warm climates. Paper I investigates
the cause of the enhanced MJO in GCM aquaplanet simulations.

Second, the MJO can affect the general circulation, both directly in the
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atmosphere and indirectly through the ocean circulation. The MJO converges
westerly momentum onto the equator in the troposphere, but it is balanced by
the Hadley circulation that converges easterly momentum; in the modern day
climate, the result is weak easterly winds throughout the troposphere (Lee,
1999; Showman & Polvani, 2010). Indirectly the MJO can affect ocean cir-
culation through westerly wind bursts, and potentially through the mean wind
as is investigated in Paper II. Surface stress causes the zonally tilted thermo-
cline in the equatorial Pacific ocean, deepening/shoaling in the eastern/western
equatorial Pacific, and a change in surface winds could therefore potentially
change or eliminate the tilt (Tziperman & Farrell, 2009). Both the direct and
indirect effect on circulation are discussed more in-depth in Section 2.2 and
are the focus of Paper I and Paper II.

2.2 Superrotation

Atmospheric superrotation is defined as the atmosphere rotating faster than
solid body rotation. More precisely, a superrotating atmosphere must have
larger climatological zonal mean angular momentum, M, somewhere in the
troposphere than the angular momentum of the surface at the equator, M0 =
Ωa2, where Ω is the angular velocity and a is the radius of the Earth; here, M
and M0 is defined as the zonal component of angular momentum. At a given
latitude, θ , with the zonal mean zonal wind, U , the angular momentum is,

M = acosθ(Ωacos(θ)+U). (2.1)

In order for the atmosphere to superrotate M > M0 which is equivalent to
U >Um where,

Um =
Ωasin2(θ)

cos(θ)
, (2.2)

is the zonal mean zonal wind when M = M0. Angular momentum is trans-
ferred to the atmosphere from the surface through friction and form drag. How-
ever, the maximum angular momentum of the surface is M0. Poleward advec-
tion of zonal-mean angular momentum from the equator can explain some
aspects of the general circulation, e.g., the subtropical jets. It is not possible,
however, for superrotation to occur by any axisymmetric transport of angular
momentum from the surface. Axisymmetric motion can only advect zonal-
mean M and downgradient diffusion can only dilute M; therefore, for M > M0
to occur upgradient transport is required (Hide, 1969).

Earth’s troposphere does not superrotate in the modern day climate, but
superrotation occurs in the stratosphere as a part of the quasi-biennial oscil-
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lation. In the solar system, however, superrotating atmospheres are not a rare
occurrence; notable examples include Jupiter, Saturn, Venus, and Titan the
largest moon of Saturn. Superrotation on other planets is apparent, but the
mechanisms that cause it are not well understood and likely different in each
case.

The first indication that superrotation could play a role in Earth’s atmo-
sphere was based on two-layer model experiments in the 1970s (Held, 1999);
the phenomenon was later thoroughly investigated in Suarez & Duffy (1992).
Rossby waves excited at the equator converge momentum that drives the super-
rotation in the two-layer model. If Rossby waves propagate across latitudes,
the waves converge momentum at the latitude they originate from and diverge
momentum where they dissipate (Vallis, 2006). In the two-layer model, there
is a clear bifurcation; the model is either strongly superrotating or not super-
rotating. Analogous to the convergence of momentum by Rossby waves at the
equator, Rossby waves generated at the mid-latitudes will diverge momentum
close to the equator where they dissipate, the critical line of dissipation is close
to where the phase speed is equal to the zonal mean wind (Vallis, 2006). As the
two-layer model starts to superrotate the zonal mean wind increases and the
equator becomes increasingly transparent to Rossby waves. Increased trans-
parency causes less dissipation and decreases divergence of momentum that
further enhances superrotation. An increasingly transparent equator to Rossby
waves explains the bifurcation, and Paper I shows that a similar process may
interact with the Madden-Jullian Oscillation in warm climates.

To our knowledge, the first documentation of spontaneous superrotation,
without imposed heating anomalies, in a full-complexity GCM is Caballero
& Huber (2010). In contrast to the two-layer model, the transition to super-
rotation in the GCM appears to be continuous. Superrotation occurs both in
aquaplanet simulations and simulations with an Eocene configuration, for sim-
ulations with continents the transition occurs at a higher temperature and the
process is potentially less continuous (Caballero & Huber, 2010). Increasingly
strong MJO-like waves converge momentum at the equator and drive the su-
perrotation. Paper I investigates the increase in the amplitude of the MJO-like
waves and thereby the increasing superrotation in warm aquaplanet simula-
tions.

The general circulation of a superrotating atmosphere is dramatically dif-
ferent compared to the modern day circulation with easterlies at the equator.
For instance, a possible consequence of decreased Pacific ocean wind stress is
a transition to a permanent El Niño state, a possible hypothesis for the Pliocene
(Tziperman & Farrell, 2009). A permanent El Niño is only possible if the sur-
face stress is sharply reduced or reversed in the Pacific. In all cases relevant to
Earth’s climate discussed in this thesis and other work the superrotation is con-
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centrated in the upper troposphere, for both the two-layer model and GCMs.
The upper-level superrotation is likely a consequence of fundamental proper-
ties of Rossby waves and the MJO that constrain the momentum convergence
(Paper II). Consequently, vertical transfer of momentum is necessary to af-
fect the surface stress. Convective momentum transport dominates the vertical
transfer of momentum in the tropics; convective momentum transport is a sub-
grid scale process and there is significant uncertainty in current parametriza-
tions (Romps, 2012). Paper II investigates the vertical transfer of momentum
in superrotating atmospheres and possible pathways to surface superrotation.
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3. The early Eocene

The early Eocene epoch, approximately 50 million years ago, was extremely
warm—polar temperatures likely did not drop below 10◦C and in the tropics
estimates indicate a mean annual temperature of around 35 ◦C (Huber & Ca-
ballero, 2011). The epoch was also characterized by an extraordinarily wet
and moist climate (Pagani et al., 2014). Although there is a consensus that the
Eocene was considerably wetter and warmer than today, there is substantial
uncertainty in the actual values. Estimates of temperature and other variables,
e.g., CO2 from the Eocene is indirect from proxy data. One of the primary
temperature proxies from the Eocene is δ 18O temperature estimates, see Fig-
ure 3.1, other important proxies are Mg/Ca ratios and TEX86 (Pagani et al.,
2014). δ 18O is the ratio between isotope 18O and 16O and can be obtained
from calciferous shells of foraminifera. The ratio reflects the temperature of
the water in which the shells were formed but is also affected by land ice vol-

Figure 3.1: δ 18O for the past 65 million years based on the shells of deep sea
foraminifera. Temperature estimates of the deep sea temperature are only valid
for periods with ice-free ocean, before the inception of the Antarctic ice sheets
approximatley 35 million years ago. Source: Zachos et al. (2008) Figure 2b,
reprint with permission from the publication.
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ume and local evaporation (Carmichael et al., 2017). Other indirect estimates
of a warmer climate come from floral and fauna fossils. At several locations,
fossils from tropical forests and palm-like plants indicate much warmer and
wetter conditions than today (Wilf et al., 1998). In addition, crocodilian fos-
sils dating from the Eocene imply year round above freezing temperatures in
the Arctic (Markwick, 1994). The majority of proxy records clearly show hy-
perthermal events, relatively short periods of intense warmings, such as the
Paleocene-Eocene thermal maximum (PETM) (Figure 3.1).

There are several gaps in our knowledge of the early Eocene and one, per-
haps the most consequential, is what caused the elevated temperatures. There
is a relative abundance of proxy evidence that indicates high CO2 concentra-
tions, although the uncertainty range is broad—from 300ppm up to over 4000
ppm (Pearson et al., 2007; Royer, 2014). High greenhouse gas concentrations
most likely caused part of the warming but models fail to reproduce the high
temperatures using even the highest proxy estimates of CO2 concentrations
(Huber & Caballero, 2011). Several alternative warming scenarios have been
proposed and tested to reconcile model results with proxy data, e.g., vegeta-
tion feedback (Loptson et al., 2014), high climate sensitivity (Caballero & Hu-
ber, 2013), high concentrations of other greenhouse gases, e.g., CH4 (Carozza
et al., 2011), an error in proxy estimates (of either temperature or greenhouse
gases(Huber & Caballero, 2011; Pagani et al., 2014; Pearson et al., 2007)) and
thinner clouds (Kiehl & Shields, 2013). In this thesis, we have chosen to fo-
cus on the thin clouds alternative warming scenario and to a lesser extent high
greenhouse gas scenario, Paper III and IV.

Thin clouds, in this context, mean that clouds are more transparent to so-
lar radiation which increases the surface temperature. Thin clouds can result
from reduced aerosol loading that increases cloud droplet radius (Lohmann &
Feichter, 2005). In a climate without anthropogenic emissions, biological ac-
tivity primarily controls aerosol concentrations (Andreae, 2007). Temperature
could reduce aerosol precursor emissions, by exceeding the limit of biological
productivity, both in the ocean (Behrenfeld et al., 2006) and on land (Huber,
2008). However, we have no direct proxies of the aerosol loading of the early
Eocene; as a result, the thin clouds scenario is a hypothetical, although promis-
ing, way to explain the Eocene warming. As a consequence of the uncertain-
ties, and lack of knowledge of the actual aerosol loading, we have turned to
characteristics of warm climates that could indirectly indicate if thin clouds
played a significant role in the early Eocene warming: the hydrologic cycle,
the focus of Paper III, and the sensitivity of vegetation, the focus of Paper IV.
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3.1 The hydrologic cycle

The hydrologic cycle, or the water cycle, describes the flow of water in Earth’s
system. Figure 3.2 shows an overview of the hydrologic cycle and the two
primary processes: evaporation from the ocean and precipitation. Water is of
immeasurable importance to society and there have been considerable efforts
in studying the response of the hydrologic cycle to climate change; however,
there is a considerable uncertainty associated with the response to a warming
climate in models (IPCC, 2013). The leading hypothesis is that the current
hydrologic cycle will be enhanced and increases in precipitation will occur
in already wet areas, known as the “wet get wetter dry get dryer” hypothesis
(Held & Soden, 2006). However, this approximation is not sufficient to ex-
plain changes in the hydrologic cycle over land, enhanced warming over land
compared to ocean cause a more varied response with general drying over con-
tinents (Byrne & O’Gorman, 2015).

There are direct proxies of precipitation from the early Eocene, but our
knowledge of the hydrologic cycle is still limited (Carmichael et al., 2016);
nevertheless, the proxies and model simulations all indicate a considerably
wetter climate than today (Carmichael et al., 2016). General constraints on the
hydrologic cycle also indicate that the climate was much wetter in the early

Figure 3.2: An illustration of Earth’s water cycle and some of the many processes
that contribute. Adapted from original by Ehud Tal, licensed under CC BY-SA
4.0
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Eocene. From an atmospheric perspective, the primary constraint on precipi-
tation in Earth’s climate is likely the radiative budget and not specific humidity,
which scales with temperature according to the Clausius-Clayperon (C-C) re-
lation (Allen & Ingram, 2002). In simulations of modern-day climate change,
precipitation increase is slower than C-C, 2-3%/K instead of 6%/K, and agrees
well with what we would expect if the atmospheric radiative budget is the main
constraint (Allen & Ingram, 2002). In addition, to understand the hydrologic
cycle in deep time climates the radiative budget at the surface can also provide
a useful constraint on precipitation (Pierrehumbert, 2002). In fact, in some
cases the surface and atmospheric point of view are equivalent, this is the case
in Paper III.

Warming from thin clouds and warming from greenhouse gases affect the
radiative budget differently, both at the surface and in the atmosphere (Paper
III). For a given surface temperature, and assuming no change in sensible heat
flux, an increase in solar radiation at the surface will be compensated by an
increase in latent heat flux or equivalently by an increase in precipitation. In
the atmosphere, on the other hand, an increase in greenhouse gases reduce
longwave atmospheric cooling and have to be compensated by a decreased
warming from the latent heat flux. Both perspectives can explain the global
difference in precipitation between the two warming scenarios, but large-scale
atmospheric dynamics essentially control regional changes in the hydrologic
cycle (Paper III). In Paper III we investigate the global hydrologic cycle and
regional precipitation differences.

3.2 Vegetation sensitivity in warm climates

In the early Eocene, forest covered the vast majority of land and there is little
evidence of areas dominated by arid biomes (Utescher & Mosbrugger, 2007),
but model studies indicate that some arid areas did occur (Zhang et al., 2012).
However, a comparison between models and proxy locations show that most
proxies are from wet areas in the model, where precipitation minus evapora-
tion is large, and this indicates that there may be a moist bias in the proxy
data (Carmichael et al., 2017). Throughout the Eocene multistoried tropical
forest was mainly confined between 15 ◦N and 15 ◦S as it is today, but species
associated with tropical conditions have been found as far poleward as 60 ◦N
(Pagani et al., 2014). Evergreen forest mostly covered the mid-latitudes, with
a high diversity of angiosperms, and deciduous or mixed deciduous trees were
predominant in the northern high latitudes (Utescher & Mosbrugger, 2007).
Although there are indications of seasonally drier/colder regions, a mostly
zonal vegetation distribution likely prevailed throughout the period (Utescher
& Mosbrugger, 2007).
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Because of the dominance of forest in the early Eocene and PETM, we
limit the discussion on vegetation sensitivity to forest and trees. Numerous fac-
tors can stress or affect the growth of trees. Assuming no significant limit on
nutrients the three most relevant in this study, and likely the early Eocene, are
heat stress, water availability and CO2 enrichment. When considering forests,
complexity increases since all three factors also affect the soil (Norby & Zak,
2011). In addition, experiments show CO2 enrichment affect young trees abil-
ity to tolerate heat as well as water limitations. (Korner, 2003). Water and heat
stress are fairly well understood due to the study of modern-day forests under
a wide range of temperatures and hydroclimates. An important exception is
tropical forests that likely survived much larger heat stress during the early
Eocene than what occurs in the tropics today (Jaramillo et al., 2010). CO2
enrichment, however, is less studied; it has only recently been discussed in the
context of modern-day climate change (Korner, 2003), and for a much smaller
range of concentrations, 200-600 ppm, compared to Eocene estimates. More-
over, the study of CO2 enrichment on trees for a full lifecycle is challenging as
illustrated by the quote: “Trees are big, and they live a long time.” Norby &
Zak (2011).

One approach to estimate the sensitivity of vegetation in past climates is
to use a numerical vegetation model forced by some estimate of the climate
and based on empirical assumptions about observed vegetation. There are two
main strategies to set up the models: dynamically by coupling the vegetation
model to a climate model and offline by forcing a vegetation model with a
baseline climatology. The advantage of the former approach is that vegetation
can affect the climate, which is more realistic, and this has been done for sim-
ulations of the early Eocene (Shellito & Sloan, 2006a,b). However, dynamical
vegetation models in Earth System Models are primarily developed to estimate
vegetation feedback under modern-day climate change and therefore include
modern day vegetation. A particular problem is grass dominated biomes that
did not exist during the early Eocene (Strömberg, 2011). Based on our current
knowledge of Eocene vegetation there is no plant functional type we know
of that could replace grass in the models (Shellito & Sloan, 2006b). Offline
vegetation models suffer from the same limitation but it is not apparent which
modeling strategy is, generally, most suitable to study early Eocene vegetation
and it is likely dependent on the aim of the study. In Paper IV we use an offline
vegetation model BIOME4 (Harrison & Prentice, 2003) to estimate vegetation
sensitivity in the early Eocene and PETM for alternative warming scenarios.
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3.3 Evaluating model simulations with proxy data

One advantage to studying the early Eocene to further our knowledge of warm
climates is that we have proxy estimates of, e.g., CO2 concentration, temper-
ature, and hydrology. The proxy data, although reasonably abundant from a
deep time perspective, is still sparse and includes large uncertainties. Model
simulations can be useful to fill in the gaps in the proxy data or provide more
general constraints. However, to ensure that the models, at least qualitatively,
represent the early Eocene an evaluation with proxy data is necessary. Recently
the early Eocene modeling community is rapidly progressing towards a con-
sistent evaluation of models, both through providing suitable proxy records
(Carmichael et al., 2017) and by simulating the early Eocene with the same
boundary conditions for several models in the intercomparison project Deep-
MIP (Lunt et al., 2017).

The ability to correctly evaluate model simulations is essential in any at-
tempt to constrain the forcing during the early Eocene. The hydrologic cycle,
as is discussed in Section 3.1, is a good starting point to evaluate the early
Eocene climates forced by thin clouds. Although there are proxies of the
global hydrologic cycle, e.g., osmium isotopes provide information on chemi-
cal weathering, it appears necessary to use regional proxy data in a multi-proxy
approach for a useful evaluation (Carmichael et al., 2017). There are two main
challenges in such an attempt: robust regional responses in the models have
to be identified and proxy data have to be related to the model simulations
consistently. It is useful to study periods with large signals, e.g., the extreme
warming during the PETM, to address problems with the evaluation of models
(Carmichael et al., 2017).

Many regional proxies of the terrestrial hydroclimate of the early Eocene
depend directly or indirectly on vegetation, e.g., the composition of clays, deu-
terium isotope analysis, erosion, and runoff. Recent work shows that direct
estimates of vegetation based on hydroclimate can at worst be misleading in a
modern-day climate change scenario (Scheff et al., 2017). Indeed, to assume
that hydroclimate can estimate vegetation in the early Eocene is, at best, un-
certain. In that case, to evaluate alternative warming scenarios, such as thin
clouds or high greenhouse gas concentrations, even a qualitative simulation of
vegetation may be necessary. In Paper IV we simulate vegetation for both a
thin clouds and greenhouse gas early Eocene scenario. In addition, we perform
PETM simulations for each scenario and study vegetation sensitivity.
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4. Summary of papers

Paper I

In Paper I, we use a full-complexity GCM in aquaplanet configuration to sim-
ulate hot climates, with global mean temperatures comparable to those of the
early Eocene. Several previous studies show that high temperatures can en-
hance the MJO (Andersen & Kuang, 2012; Arnold et al., 2013, 2015; Ca-
ballero & Huber, 2010). The aim of Paper I is to examine the mechanisms that
enhance the MJO in a strongly superrotating atmosphere. To estimate main-
tenance and propagation, we assume that the MJO is a moisture mode (Sobel
& Maloney, 2013), in part motivated by observations (Sobel et al., 2014), and
analyze the moist static energy (MSE) budget.

As in a previous study (Arnold et al., 2013), we show that vertical advec-
tion of the mean MSE by the MJO itself is one of the main contributions to
maintenance. However, there is an additional mechanism in our simulations,
a feedback between the strong superrotation and the MJO further enhance the
MJO. The superrotation affects the divergence of MSE by modulating extra-
tropical eddies; the eddies are, in fact, Rossby waves that originate from the
mid-latitudes. The mechanism behind the modulation is an equatorward shift
of the critical lines of Rossby waves with increasing superrotation. In other
words, for sufficiently strong superrotation the equator will become transpar-
ent to Rossby waves, and divergence of MSE will decrease and enhance the
MJO, which will enhance the superrotation. Also, the mean gradient of the
MSE decrease with increasing temperature, this will further weaken the di-
vergence of MSE and enhance the MJO. The results show that the MJO not
only drive superrotation but identify a potential feedback between the MJO
and superrotation. Remarkably, even though the MJO exists in a superrotating
environment, and therefore likely experiences strong prograde advection, the
propagation is unaffected in our simulations.

Paper II

The focus of Paper II is surface superrotation, more specifically, can surface
superrotation occur in climates similar to those of the deep past? Here, we
use two models an axisymmetric model (Caballero et al., 2008), where the
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primitive equations are independent of longitude, and a full-complexity GCM
in aquaplanet configuration, a model version that conserves momentum with
high accuracy (Lauritzen et al., 2014). The GCM simulations have a wide
range of global mean temperature and temperature gradients, the difference in
temperature between the equator and the pole. Both factors affect the momen-
tum balance at the equator indirectly; higher global mean temperature increase
convergence of momentum by eddies and a smaller temperature gradient de-
crease the strength of the Hadley cell. In the axisymmetric model eddy mo-
mentum convergence at the equator is directly specified and a heating term
control Hadley cell strength. Moreover, the vertical transfer of momentum
is increased through a specified viscosity in the axisymmetric model and by
modifying the convective momentum transport in the GCM.

Four hypothetical pathways to surface superrotation are relevant in Paper
II. Three with a conventional Hadley cell that diverges momentum from the
equator: first, eddy momentum convergence in the upper troposphere and high
viscosity, second, eddy momentum convergence close to the surface, and third,
a net convergence of momentum large enough that winds are westerly through-
out the Hadley cell. The fourth pathway requires a reversed Hadley cell, if ed-
dies converge momentum away from the surface, in this case, positive surface
stress have to compensate for the downward transport of momentum by the
Hadley cell.

The axisymmetric model can simulate surface superrotation for all four
pathways. The GCM, however, only simulate surface superrotation for the first
pathway and only in an extreme scenario with almost an order of magnitude
increase in convective momentum transport. Our GCM simulations do not ex-
plicitly investigate the second and fourth pathway, but both are very exotic for
Earth’s climate. The main conclusion of Paper II is that surface superrotation
is unlikely to have occurred in the warm climates of Earth’s past, but the results
are dependent on the parametrization of convective momentum transport that
is highly uncertain in current GCMs.

Paper III

In Paper III we examine alternative warming scenarios for the early Eocene: a
greenhouse gas scenario (Huber & Caballero, 2011) and a thin clouds scenario
with solar radiative forcing (Kiehl & Shields, 2013). We simulate both sce-
narios with a full-complexity GCM in Eocene configuration including a land
model (a slab ocean approximates the ocean). The greenhouse gas simulation
agrees well with temperature estimates from proxy data but CO2 concentra-
tions are much higher than proxy estimates (Huber & Caballero, 2011). The
forcing in the thin clouds simulation is tuned to reach the same global mean
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temperature as the greenhouse gas simulation. In fact, this experiment shows
that it is possible to reach not only the same global mean temperature but also
a very similar zonal mean temperature structure with the two different forcing
scenarios. The consequent equifinality makes the two simulations indistin-
guishable in temperature compared to proxy estimates.

The hydrologic cycle, on the other hand, is dependent on the forcing,
global mean precipitation is 11% larger in the thin clouds simulation. Gen-
eral radiative constraints on precipitation (Allen & Ingram, 2002; Pierrehum-
bert, 2002) explain the global increase in precipitation. In addition, there are
changes in circulation between the two simulations, and these affect both tem-
perature and hydrology. In the Northern Hemisphere, a characteristic "horse-
shoe" pattern in temperature gives rise to a cyclonic circulation anomaly, pre-
vious studies have shown that this will likely persist in a coupled model sim-
ulations (Vimont et al., 2003). Paper III focus on diagnosing and explaining
large-scale differences between a high CO2 and thin clouds simulation. How-
ever, we also identify some regional changes in precipitation dependent on
these features that may be useful when evaluating alternative warming scenar-
ios.

Paper IV

Paper IV is an extension of Paper III; we use an offline vegetation model to
examine vegetation sensitivity for two alternative warming scenarios: high
greenhouse gases and thinner clouds. The vegetation model simulates the
steady state biome distribution—a biome is a distinct ecological community,
e.g., tropical rainforest. In addition to the two simulations in Paper III, an ad-
ditional GCM simulation with a mix of greenhouse gas forcing and thinner
clouds is included in Paper IV. The intermediate simulation has, qualitatively,
more realistic greenhouse gas concentrations and cloud drop radius.

The primary motivation for Paper IV is to complement hydroclimate pa-
rameters, e.g., precipitation, with an estimate of vegetation. In an attempt at
evaluating forcing scenarios, it is essential to compare a model simulation with
proxy data accurately. Many proxies of precipitation are directly or indirectly
dependent on vegetation (Carmichael et al., 2017). In addition, it can be mis-
leading to estimate paleovegetation based on terrestrial hydroclimate (Scheff
et al., 2017).

The results show that the simulated biome distribution based on the high
greenhouse gas and intermediate simulations are qualitatively similar to proxy
data and a previous simulation with the same model (Herold et al., 2014). The
thin clouds simulation from Paper III exhibits a vastly different and unrealistic
biome distribution. We show that for high CO2 concentrations, above 560
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ppm, the biome distribution is primarily affected by temperature. Finally, we
present an overview of proxy records that can be useful to evaluate alternative
forcing scenarios for the early Eocene.
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5. Outlook

The focus of this thesis has been on three topics: the MJO, superrotation and
alternative warming scenarios for the early Eocene. We have investigated these
topics in the context of warm climates, both in idealized and early Eocene
simulations. The work and discussions during this thesis gave rise to many
new questions that may be relevant to future work; a selection is presented
here.

– An exciting result in the initial study (Caballero & Huber, 2010) on the
link between superrotation and the MJO is that the transition is different
in an aquaplanet simulation and a simulation with continents (both early
Eocene and present-day configuration). In fact, it is less continuous in
the simulations with continents. To understand the impact of continents
on both the maintenance of the MJO and the transition to superrotation
in these hot climates is a possibility to extend Paper I.

– The permanent El Ninõ hypothesis (Tziperman & Farrell, 2009) partly
motivates Paper II. The results and conclusions of Paper II show that
surface superrotation, which would have a profound impact on El Ninõ,
is unlikely in the zonal average. However, seasonality is not included in
these simulations. In fact, in the warmest simulations in Paper I there is
strong seasonal surface superrotation (not shown), but the annual aver-
age surface wind is still easterly (Paper I) as expected from the results
in Paper II. To understand the role of seasonality in the pathways to su-
perrotation is one open question. Another is the response of the ocean to
the surface wind in these strongly superrotating atmospheres, including
seasonality.

– In Paper II, the intraseasonal tropical variability in the GCM simulations
is dependent on the convective momentum transport, an increase in con-
vective momentum transport decrease the strength of the intraseasonal
variability. There is presently no consensus on a theoretical model for
the MJO, and much work, including Paper I, is based on models without
convective momentum transport. One relevant question, besides a more
general study of this mechanism, is if this is unique to superrotating at-
mospheres or also relevant in prevailing weak easterlies.
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– There are many ways, some already mentioned, which can extend the
simulations of the thin clouds warming scenario in Paper III and IV. The
most obvious and perhaps most important is to perform a coupled sim-
ulation including oceans. The results in Paper III show that circulation
changes will affect the surface stress, primarily over the Pacific, which
will inevitably affect ocean circulation. Although previous studies in-
dicate that the “horseshoe” pattern in Paper III will likely occur in a
coupled simulation (based on modern-day simulations) (Vimont et al.,
2003); an early Eocene coupled simulation will be a considerable im-
provement. A dynamic ocean will likely affect the regional precipitation
differences between a greenhouse gas and thin clouds scenario. A thin
clouds scenario is mentioned as a voluntary addition to DeepMIP (Lunt
et al., 2017), these simulations, if performed, will likely help future stud-
ies.

– A substantial amount of work remains before a quantitative evaluation
of alternative warming scenarios for the early Eocene with proxy data
is possible. Paper III and IV show that an evaluation may be possible
based on hydrology and vegetation despite the equifinality in tempera-
ture. To facilitate evaluation a data set of proxy records specifically for
that purpose, as suggested in Carmichael et al. (2017), is necessary. It
would also be interesting to perform model simulations with features de-
signed explicitly for evaluation, e.g., prognostic isotopes and interactive
vegetation.
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Sammanfattning

Varma och isfria klimat representerar den ena extremen för möjliga klimattill-
stånd på Jorden; tillstånd med nästan globala istäcken representerar den andra
extremen. I den här avhandlingen studeras varma klimat i idealiserade mo-
deller och fullskaliga allmänna cirkulationsmodeller (ACM) för att simulera
epoken tidig Eocen, för ungefär 50 miljoner år sedan.

I successivt varmare modellsimuleringar av en oceantäckt jord ökar amp-
lituden av konvektiva anomalier med mellansäsongs tidsskalor, en cykel på
30-90 dagar. Anomalierna propagerar österut i tropikerna och liknar den obser-
verade Madden-Julian Oscillationen (MJO). De starka MJO anomalierna ökar
konvergensen av momentum vid ekvatorn och orsakar västliga vindar i tropo-
sfären, ett tillstånd känt som superrotation. Resultaten i avhandlingen visar att
superrotationen ändrar samspelet mellan medelflödet och tidsberoende virvlar
på ett sätt som ytterligare förstärker MJO anomalierna. En annan relevant frå-
ga är hur en superroterande atmosfär, ett dramatiskt olikt tillstånd jämfört med
dagens cirkulation, kommer att påverka klimatet. Om superrotationen når ner
till ytan vid ekvatorn kommer västliga ytvindar att driva nedvällning i havet,
istället för uppvällning som i dagens klimat. Resultaten i avhandlingen visar
att superrotation som når ytan är osannolikt för dåtidens varma klimat, däre-
mot beror slutsatsen delvis på intensiteten av vertikal transport av momentum
i konvektiva moln och hur den processen är representerad i en specifik ACM.

För närvarande råder det inte konsensus om de drivningar som orsakade
de varma klimaten under tidiga Eocen. Höga koncentrationer av växthusga-
ser var troligen en stor bidragande faktor, men simuleringar med växthusgas
koncentrationer som är jämförbara med uppskattningar från proxydata kan inte
reproducera de höga temperaturerna. Avhandlingen undersöker både ett klimat
drivet av höga koncentrationer av växthusgaser och ett klimat drivet av tunna
moln, där radien hos molndroppar ökar vilket gör att mer solstrålning tränger
igenom och når ytan. De båda alternativa utfallen för tidiga Eocen har en i det
närmaste identisk zonal medelvärdestemperatur men en stor skillnad i den hyd-
rologiska cykeln; klimatet med tunna moln har 11% mer global genomsnittlig
nederbörd. Vidare visar resultaten i avhandlingen att en rimlig uppskattning av
vegetation, baserat på simuleringen med en modell, troligtvis är nödvändig för
att kvantitativt utvärdera alternativa utfall med proxydata.
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