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Abstract

We present simulations with a coupled atmosphere–ocean–biosphere model for

the Middle Miocene 15 million years ago. The model is more consistent than

previous models because it captures the essential interactions between ocean and

atmosphere and between atmosphere and vegetation. In a firstset of experiments,

we investigate processes that lead to a warmer Middle Miocene climate. Under

present-day CO2 levels the simulated warming is too small. Applying higher

than present-day CO2 leads to warming comparable to the Middle Miocene cli-

mate. A denser vegetation cover that is in line with fossil records provides fur-

ther evidence that higher than present-day CO2 levels are necessary to drive the

warm Middle Miocene climate. However, we do not find a flatter than present-

day equator-to-pole temperature gradient that has been suggested by marine and

terrestrial proxies. Instead, a compensation between atmospheric and ocean heat

transport makes high-latitude warming difficult. Including full ocean dynamics,

therefore, does not solve the problem of the flat temperaturegradient during the

Middle Miocene.

Using the same set of experiments, we investigate the El Niño–Southern Os-

cillation (ENSO) in the tropical Pacific, where geographic changes apply to a

wider Indonesian Throughflow at the western and an open Panama Seaway in

the eastern Pacific. Under low and moderate atmospheric CO2 levels, ENSO is

rather irregular, because the feedback between equatorialthermocline and sea

surface temperature is disrupted, whereas in a CO2 doubling scenario, a more

regular ENSO reappears.

We investigate the formation of Northern Component Water (NCW) during

the Middle Miocene in another set of experiments where we change ocean to-

pography (1) to a modern Greenland-Scotland Ridge and (2) toa shallow eastern

Tethys ocean gateway. Even though deep-water formation andlocation change,

NCW remains a core water mass of the deep North Atlantic. However, the merid-

ional overturning circulation in the Atlantic is sensitiveto altered NCW sources

and slows down by one quarter in (1) and by one third in (2). Interactions be-

tween subtropical and subpolar gyre in the form of an intergyre occur only for

a modern Greenland-Scotland Ridge, suggesting a control mechanism by ridge

overflows.





Contents

Contents v

1 Introduction 1

1.1 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 The Middle Miocene climate as modelled in an atmosphere–

ocean–biosphere model 5

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Model setup and experimental design . . . . . . . . . . . . . . .7

2.3 The mean Middle Miocene climate . . . . . . . . . . . . . . . .11

2.4 Atmospheric and ocean heat transport . . . . . . . . . . . . . .21

2.5 Large-scale ocean circulation . . . . . . . . . . . . . . . . . . .25

2.6 Comparison to proxy data . . . . . . . . . . . . . . . . . . . . .31

2.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . .35

2.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . .38

3 The El Niño–Southern Oscillation in the Middle Miocene climate 39

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .40

3.2 Experimental design . . . . . . . . . . . . . . . . . . . . . . . .42

3.3 ENSO as a simple oscillator . . . . . . . . . . . . . . . . . . . .43

3.4 Modelled ENSO events and the equatorial Pacific Ocean . . .. 49

3.5 Teleconnection patterns . . . . . . . . . . . . . . . . . . . . . .53

3.6 Discussion and conclusions . . . . . . . . . . . . . . . . . . . .59

4 Northern Component Water formation and its effect on the At-

lantic meridional overturning circulation 63

v



Contents

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .64

4.2 Experimental design . . . . . . . . . . . . . . . . . . . . . . . .66

4.3 Formation of Northern Component Water . . . . . . . . . . . .67

4.4 Role of ocean gateways for meridional overturning and horizon-

tal gyre circulation . . . . . . . . . . . . . . . . . . . . . . . .73

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . .81

4.6 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .83

4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . .83

5 Conclusions 85

Bibliography 87

Acknowledgements 101

vi



1 Introduction

Most of man’s stay on earth has occurred

during this anomalously cool period.

Physical Climatology

W.D. SELLER

Past climates have ever since been a challenge for Earth System Sciences

as they provide a testbed for the description of the global climate system un-

der boundary conditions that are different from today. Throughout Earth’s his-

tory the climate has undergone significant changes ranging from warm a “green-

house” state to the current “icehouse” state [Frakes et al. 1992]. If we trust in

future climate projections, we have to understand the underlying driving mech-

anisms for climate change. To this end, validation of climate models against

observations and geological climate reconstructions is essential.

Simulating the climate of the past considerably depends on the choice of

boundary conditions. For example, incorporating time scales of Earth-orbital

changes, natural variations in atmospheric CO2, or tectonic activity that are of

order 104 to 107 years is beyond feasibility for general circulation modelswhose

time scales range from hours to millenia. Any process actingon longer time

scales, therefore, needs to be prescribed as boundary condition for the time slice

of interest [e.g.,Saltzman 2002].

The long-term cooling trend throughout the Cenozoic era, that is the last 65

million years (Ma), is driven by tectonic events and a large decline in atmo-

spheric CO2 [Zachos et al. 2001]. However, the long-term cooling trend was

interrupted by periods of gradual warming, for example during the Early Eocene

at ~50 Ma, the Late Oligocene at ~25 Ma, and the Middle Mioceneat ~15 Ma.
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1. Introduction

During the Middle Miocene, midlatitude temperatures were 6–7 K warmer than

today [Flower and Kennett 1994, Mosbrugger et al. 2005], the climate was more

humid [Böhme et al. 2011], and the equator-to-pole temperature gradient was re-

duced both over land and ocean [Nikolaev 2006, Bruch et al. 2007]. At the same

time, atmospheric CO2 was relatively low compared to previous warm periods

[Pearson and Palmer 2000]. Because of the warm climate under relatively low

CO2, the Middle Miocene has been described as a period in which CO2 and tem-

perature were decoupled [Kürschner et al. 2008]. However, estimates of atmo-

spheric CO2 are highly uncertain for the Middle Miocene and range from lower

than pre-industrial values [Pagani et al. 1999] to up to twice the pre-industrial

values [Kürschner et al. 2008].

During the last two years, the Middle Miocene warm climate achieved more

attention in the palaeoclimate modelling community eitherdue to uncertainties

in atmospheric CO2 [Tong et al. 2009, You et al. 2009], ocean gateway config-

urations, continental elevation, or vegetation [Henrot et al. 2010]. Until now,

no climate model was able to reproduce the flatter equator-to-pole temperature

gradient, and the lack of a dynamic ocean model led researchers to conclude that

oceanic control has to be important in regulating the redistribution of heat from

low to high latitudes [e.g.,Pagani et al. 1999, Henrot et al. 2010]. This leads us

naturally to the first research question of the thesis:

(1) Can a dynamic ocean contribute to a warm Middle Miocene

climate and reduce the equator-to-pole temperature gradient?

For the first time, we shed light on the role of the ocean for theMiddle

Miocene climate in a set of experiments with the coupled atmosphere–ocean–

biosphere model MPI-ESM (Max Planck Institute Earth SystemModel). In our

basic experimental setup, we apply a realistic Middle Miocene topography that

accounts for several ocean gateways that were open during the Middle Miocene,

for example, Panama Seaway and Tethys Ocean [Herold et al. 2008]. As is

traditional, we simulate the climate mean state, but we alsowant to constrain

uncertainties of atmospheric CO2 reconstructions, which leads us to our second

research question:
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(2) Can we model the warm Middle Miocene climate under mod-

ern atmospheric CO2 and what is the effect of higher CO2?

It is not necessarily true that the spatial and temporal structure of cou-

pled ocean–atmosphere modes is independent of the climatological mean state

[Roberts and Battisti 2011], and few studies exist that thoroughly describe the

natural variability of the ocean–atmosphere system for palaeoclimates. Because

our model provides more than just information about the meanclimate state,

namely also about climate variability, we investigate the most prominent mode

of climate variability, the El Niño–Southern Oscillation (ENSO) phenomenon,

in a case study for the Middle Miocene. Our next research question, therefore,

is:

(3) What is the effect of Middle Miocene boundary conditions

on the El Niño–Southern Oscillation, in particular open ocean

gateways and higher CO2 levels?

Palaeoclimate modelling for deep times requires appropriate tectonic bound-

ary conditions due to the long time scales of tectonic events(106–107 years),

which cannot be resolved by current coupled climate models.To overcome un-

certainties of underlying topographic boundary conditions, sensitivity experi-

ments test the effect on the climate system [e.g.,Ruddiman and Kutzbach 1989].

The Middle Miocene, as the time slice of interest, involves two geological fea-

tures whose appearance may alter the ocean circulation in the Atlantic: (1)

the Greenland-Scotland Ridge that separates the Nordic Seas from the Atlantic

Ocean and (2) the shallow eastern Tethys Ocean gateway that connects the At-

lantic and Indian Ocean. In particular, the stability of theAtlantic Ocean circula-

tion under different climate conditions has been widely disputed [e.g.,Broecker

et al. 1985], leading us to our final research question:

(4) What is the effect of ocean gateways and ridges on deep water

formation and on large-scale ocean circulation in the Atlantic?

With our last study, we address the sensitivity of Atlantic Ocean circulation to

topographic boundary conditions with a reintegration of the Greenland-Scotland

3



1. Introduction

Ridge into the Nordic Seas, as well as with a shallowing of theeastern Tethys

Ocean gateway.

Understanding the climate of the past may help us to understand the mech-

anisms that drive future global warming. Although warmer climates surely ex-

isted, time scales of CO2 variations were much longer back then, and that makes

the small but profound difference: There is no analogue in Earth’s history that

can be compared to the warming we are facing.

1.1 Thesis outline

We address the posed research questions in three individualchapters written in

the style of journal publications. Each of the chapters can be read self-contained

and includes an introduction, experimental design, results, and discussion sec-

tion.

In Chapter2, we investigate the Middle Miocene mean climate under dif-

ferent atmospheric CO2 levels, referring to research question (1) and (2). Here,

we also describe the basic setup with Middle Miocene boundary conditions for

topography and atmospheric CO2, which the other chapters are partly based on.

Experiments from Chapter2 are further analysed in Chapter3, focussing on

the variability of the coupled ocean–atmosphere system in the tropical Pacific,

in particular the El Niño–Southern Oscillation addressingresearch question (3).

Chapter4 addresses research question (4) and presents implicationsof differ-

ent topographic boundary conditions on Atlantic Ocean circulation. Finally, we

conclude the thesis in Chapter5 with our major findings.

While Chapter2has been published inClimate of the Past1 and is reproduced

here with editorial modifications, Chapter3 and Chapter4 are in preparation for

submission2,3.

1Krapp, M. and Jungclaus, J. H.: The Middle Miocene climate asmodelled in an
atmosphere–ocean–biosphere model,Clim. Past, 7, 1169–1188, 2011.

2Krapp, M. and Jungclaus, J. H.: The El Niño–Southern Oscillation in the Middle
Miocene climate,Paleoceanography, in preparation.

3Krapp, M. and Jungclaus, J. H.: Northern Component Water formation during the
Middle Miocene and its effect on the Atlantic Meridional Overturning Circulation,Pa-
leoceanography, in preparation.
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2 The Middle Miocene climate as

modelled in an

atmosphere–ocean–biosphere

model

I may not have gone where I intended to

go, but I think I have ended up where I

needed to be.

The Long Dark Tea-Time of the Soul

DOUGLAS ADAMS

Abstract

We present simulations with a coupled atmosphere–ocean–biosphere

model for the Middle Miocene 15 million years ago. The model is insofar

more consistent than previous models as it captures the essential interac-

tions between ocean and atmosphere and between atmosphere and vegeta-

tion. The Middle Miocene topography, which alters both large-scale ocean

and atmospheric circulation, causes a global warming of 0.7K compared

to present day. Higher than present-day CO2 levels of 480 and 720 ppm

cause a global warming of 2.8 and 4.9 K. The associated water vapour

feedback enhances the greenhouse effect which leads to a polar amplifi-

cation of the warming. These results suggest that higher than present-day

CO2 levels are necessary to drive the warm Middle Miocene climate, also
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2. The modelled Middle Miocene climate

because the dynamic vegetation model simulates a denser vegetation which

is in line with fossil records. However, we do not find a flatterthan present-

day equator-to-pole temperature gradient, as has been suggested by marine

and terrestrial proxies. Instead, a compensation between atmospheric and

ocean heat transport counteracts the flattening of the temperature gradient.

The acclaimed role of the large-scale ocean circulation in redistributing

heat cannot be supported by our results. Including full ocean dynamics,

therefore, does not solve the problem of the flat temperaturegradient dur-

ing the Middle Miocene.

2.1 Introduction

The climate of the Middle Miocene was the warmest period of the last 25 million

years, contrasting the Cenozoic long term cooling [Zachos et al. 2001]. Ac-

cording to reconstructions based on terrestrial and marineproxies, the equator-

to-pole temperature gradient was reduced both over land andocean [Nikolaev

2006, Bruch et al. 2007]. The climate in Europe was warmer and more humid

[Böhme et al. 2011, Bruch et al. 2010]. Even in the Sahara region, conditions

were humid, and desert regions were far less extended than today [Senut et al.

2009]. The continents were densely wooded; evergreen forests expanded to at

least 45◦ N, and boreal forest expanded northward as far as the Arctic circle

[Wolfe 1985, Williams et al. 2008].

Reconstructions for atmospheric CO2 levels estimate values between

180 ppm and 550 ppm [Pagani et al. 1999, Royer et al. 2001, Kürschner et al.

2008]. Translated into radiative forcing, the uncertainty accounts for about

2.6 W m−2 for the direct effect of CO2 only [Myhre et al. 1998]. In a re-

cent model study, the possible range of atmospheric CO2 levels for the Middle

Miocene was suggested to be between 460 and 580 ppm [You et al. 2009].

Previous modelling studies for the Middle Miocene used atmosphere gen-

eral circulation models (GCMs) with either prescribed sea surface temperatures

(SSTs) or a mixed-layer ocean [You et al. 2009, Tong et al. 2009, Herold et al.

2010]. Except forHerold et al.[2010] who prescribed SSTs based on proxy

data, none of these models was able to reproduce the flatter equator-to-pole tem-
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Model setup and experimental design

perature gradient. What these studies have in common is thatthey lack the dy-

namics of an ocean GCM. Atmospheric GCMs can take into account tectonic

changes such as mountain uplift, but they cannot account foroceanic gateway re-

configurations and associated changes in circulation, heat, and freshwater trans-

port. For the last 25 million years, when atmospheric CO2 was relatively low,

both mountain uplift and oceanic gateway re-configurationsmay have triggered

large-scale shifts in climate [Zachos et al. 2001]. In a more advanced setup,

Henrot et al.[2010] forced their model with sea surface temperatures obtained

from Middle Miocene ocean GCM experiments [Butzin et al. 2011]. However,

interactions between atmosphere and ocean could not be investigated.

Our study presents an additional step forward by using a fully coupled

atmosphere–ocean–biosphere GCM. We test if the results with the full ocean

dynamics are consistent with previous modelling studies, and if we can improve

the meridional temperature gradient mismatch. Therefore,we do a series of

experiments and investigate how topography and ocean gateways contribute to

a warm Middle Miocene climate, and how higher than present-day CO2 levels

contribute to a warm Middle Miocene climate.

The paper is organised as follows. Section2.2 describes the setup of our

GCM and the experimental design. The results for the Middle Miocene mean

climates appear in Section2.3. The dynamics behind the ocean and atmospheric

heat transports are discussed in Section2.4, and changes of the large-scale ocean

circulation are the matter of interest in Section2.5. In Section2.6, we compare

our results to marine and terrestrial temperature reconstructions. Section2.7

gives a summary and a discussion on our main findings. We conclude in Sec-

tion 2.8.

2.2 Model setup and experimental design

We use the atmosphere–ocean–biosphere general circulation model MPI-ESM.

It is a comprehensive Earth-System Model that has been developed at the Max-

Planck Institute for Meteorology in Hamburg. The dynamicalcore of the atmo-

sphere model ECHAM5 is formulated in spherical harmonics [Roeckner et al.
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2. The modelled Middle Miocene climate

2003]. We use ECHAM5 in a T42 truncation, which corresponds to a hori-

zontal grid spacing of 2.8°. ECHAM5 has 19 levels in the vertical, the upper-

most being at 10 hPa. ECHAM5 incorporates the land surface model JSBACH

that includes a dynamic vegetation module [Raddatz et al. 2007, Brovkin et al.

2009]. In JSBACH, each grid cell is divided into tiles, which are covered with

eight plant functional types (PFTs). These PFTs are tropical broad-leaf ever-

green, tropical broad-leaf deciduous, extra-tropical evergreen, extra-tropical de-

ciduous, rain-green shrubs, deciduous shrubs, C3 grass, and C4 grass. The veg-

etation dynamics in JSBACH are based on the assumption that different PFTs

compete in terms of their annual net primary production, their natural, and their

disturbance-driven mortality [for details, seeBrovkin et al. 2009]. JSBACH can,

therefore, account for temporal and spatial changes of the land-surface albedo

determined by the modelled PFTs. The ocean model MPI-OM [Marsland et al.

2003] uses a tripolar curvilinear grid with a quasi-homogeneoushorizontal grid

spacing of about 1°. MPI-OM has 40 levels in the vertical, which are unequally

spaced. The upper 150 m are resolved within ten levels. MPI-OM incorporates

a dynamic-thermodynamic sea-ice model that follows the descriptions of Hibler

and Semtner [Hibler 1979, Semtner 1976]. MPI-OM and ECHAM5 exchange

momentum flux, heat flux, and freshwater flux, as well as sea surface temper-

atures, sea-ice thickness, sea-ice area fraction, and snowcover on sea ice once

per day via OASIS [Valcke 2006].

The first two experiments differ in their applied topography(Figure 2.1).

The palaeotopography is based on a global plate rotation model, and the palaeo-

bathymetry is reconstructed using an age-depth relationship for the oceanic crust

with overlaid sediment thicknesses [Herold et al. 2008]. Uncertainties for this

reconstructed topography are largest in the mountain regions of the Andes, the

Rocky Mountains, and the Tibetan Plateau. Furthermore, theseafloor is rela-

tively smooth compared to present day due to the lack of geological data [for

details, seeHerold et al. 2008]. In contrast to present day, several ocean gate-

ways connect the major ocean basins, for example, the open Panama Seaway,

the Tethys, and a wider Indonesian Through-flow. The atmospheric circulation

is also affected by the topography because large mountain regions like the An-

des, the Himalayas, the Rocky Mountains, and the Alps are lower compared to

8



Model setup and experimental designa)
b)

Figure 2.1: (a) The present-day topography we use in CTRL, and (b) the Middle
Miocene topography we use in MIOC360, MIOC480, and MIOC720 (in m).

present day. We remove the Greenland Ice Sheet in all Middle Miocene ex-

periments, because glaciation of Greenland had started later during the Pliocene

[Raymo 1994]. We refer to the experiment with the Middle Miocene topography

as MIOC360 and to the experiment with present-day topography as CTRL. In

both CTRL and MIOC360 we prescribe present-day CO2 levels of 360 ppm.

Even though present-day climate is in a transient state under increasing

greenhouse gas concentration, we choose to do a control integration with

360 ppm for two reasons. First, we compare the model performance with a

stand-alone version of ECHAM5 validated against re-analysis data [Roeckner

et al. 2006]. The root mean square errors (RMSE) for temperature, geopoten-

tial height, and sea level pressure with respect to ERA-40 re-analysis data [Up-

pala et al. 2005] are shown in Table2.1. Compared to a stand-alone version of

9



2. The modelled Middle Miocene climate

Table 2.1: Root mean square errors (RMSE) with respect to ERA-40 (1979–
1993) for temperatureT (in °C), geopotential heightZ (in dam), zonal windU
(in m s−1) at pressure levels 200, 500, and 850 hPa, and sea level pressure SLP
(in hPa). RMSEs fromRoeckner et al.[2006] are for ECHAM5 in T42L19
(same resolution as used here) with respect to ERA-15. The RMSE differences
between ERA-15 and ERA-40 are taken from Table 2 inRoeckner et al.[2006].

variable T200 T500 T850 Z200 Z500 Z850 SLP U200 U500 U850

CTRL 6.47 1.13 2.46 7.98 4.41 2.08 3.99 4.71 2.61 2.10
Roeckner 5.12 1.00 2.02 7.04 3.25 1.93 2.55 4.48 2.37 1.92
ERA-40 0.68 0.40 1.08 0.83 0.67 0.56 1.25 0.73 0.85 0.61

ECHAM5 that is forced with sea surface temperatures, the RMSEs in CTRL are

larger. CTRL is based on the fully coupled MPI-ESM that includes an ocean

and a vegetation model. Because of this increased complexity, the sources for

errors might increase. Second, previous modelling studieshave already hinted at

higher than pre-industrial atmospheric CO2 levels for the Middle Miocene [You

et al. 2009, Tong et al. 2009].

In the last two experiments we assess the uncertainties of atmospheric

CO2 and prescribe higher than modern atmospheric CO2 levels for the Middle

Miocene. The experiment where we prescribe a CO2 level of 480 ppm will be

called MIOC480. The experiment where we prescribe a CO2 level of 720 ppm

will be called MIOC720. All experiments share the same present-day concen-

tration of methane (650 ppb) and nitrous oxide (270 ppb). Orbital parameters are

also kept at their present-day values.

CTRL is integrated for 2100 years to reach quasi-equilibrium, MIOC360 for

2300 years. Based on MIOC360, MIOC720 is then integrated for2000 years.

After this integration we decrease the CO2 level to 480 ppm and run the sim-

ulation for another 1000 years to reach equilibrium in MIOC480. We cal-

culate the maximum drift of deep ocean temperatures to estimate how well

each experiment is equilibrated. For temperatures below 2000 m, the drift is

0.2 mK yr−1 in CTRL,−0.1 mK yr−1 in MIOC360,−1.5 mK yr−1 in MIOC480,

10



The mean Middle Miocene climate

and 0.9 mK yr−1 in MIOC720. For the following analysis we use the last

100 years of each experiment.

2.3 The mean Middle Miocene climate

The Middle Miocene topography allows for a large-scale reorganisation of both

atmosphere and ocean circulation. Mountain regions affectthe atmosphere,

ocean gateways and bottom topography affect the ocean. Higher than present-

day CO2 alters the radiation balance, which determines the top of atmosphere

heat flux and therefore the poleward heat transport. CO2 also alters surface tem-

peratures as well as the hydrological cycle, both being factors that determine the

vegetation.

In the following, we compare our results to previous model studies for the

Middle Miocene according to their model sensitivity to a doubling of CO2.

Therefore, we briefly describe the setups of these previous experiments keep-

ing the experiment names as in the respective study.You et al.[2009] performed

atmospheric GCM experiments in which they prescribed a medium (SM) and

a high (SH) meridional sea surface temperature gradient. Ineach of these SM

and SH experiments, atmospheric CO2 was prescribed with 350 ppm (SM_350

and SH_350) and 700 ppm (SM_700 and SH_700).Tong et al.[2009] per-

formed atmospheric GCM experiments coupled to a slab ocean with prescribed

atmospheric CO2 of 355 ppm (MidCO2) and 700 ppm (HighCO2). Henrot et al.

[2010] performed atmospheric GCM experiments forced by Middle Miocene

SSTs from an ocean model [Butzin et al. 2011] in which CO2 was prescribed to

200, 280, and 500 ppm (MM3, MM2, MM4), and in which a modelled Middle

Miocene vegetation was taken into account (MM4-veg).

Global changes

The global annual mean temperature changes only slightly when applying the

Middle Miocene topographic boundary conditions (Table2.2). In MIOC360, the

annual mean temperature is 15.0°C, 0.7 K higher compared to 14.3◦C in CTRL.

Although the zonal mean temperatures differences hardly show up (Figure2.2a),

11



2. The modelled Middle Miocene climate

Table 2.2: Global mean climate parameters for all experiments. Sea ice pa-
rameters are calculated for the Northern Hemisphere. Global desert cover just
accounts regions between 55°S–55°N.

climate parameter CTRL MIOC360 MIOC480 MIOC720

2 m air temperature in °C 14.3 15.0 17.1 19.2
global surface temperature in °C 15.1 15.8 17.7 19.8
land surface temperature in °C 9.3 10.5 12.9 15.7
sea surface temperature in °C 18.0 18.3 19.8 21.4
total precipitation in mm a−1 1082 1080 1103 1131
total cloud cover 0.617 0.616 0.604 0.591
sea level pressure in hPa 1011 1004 1004 1004
water vapour in kg m−2 26.3 26.8 30.5 35.8
longwave emissivity 0.582 0.580 0.569 0.557
planetary albedo 0.320 0.317 0.312 0.306
sea ice area (Mar) in 106 km2 14.9 14.3 11.7 9.9
sea ice area (Sep) in 106 km2 6.7 4.6 1.2 0.17
sea ice volume (Mar) in 103 km3 35.9 21.7 13.3 8.4
sea ice volume (Sep) in 103 km3 16.1 4.6 0.4 0.07
global forest cover in 106 km2 57.9 59.5 63.4 63.7
global desert cover in 106 km2 17.0 15.3 14.5 16.4

they can be very large on the regional scale (Figure2.3a). Many of the warming

patterns can be attributed to the Middle Miocene land elevation that is on average

150 m lower than today. Because of the lower elevation, the continental warming

is much larger than the warming over the ocean, 1.2 K over landcompared to

0.3 K over ocean (Table2.2). The mean temperatures over these lower regions

in MIOC360 are larger than today, for example up to 15 K over Greenland, 2 to

4 K over Antarctica, or up to 7 K over the South African plateau. Assuming the

global lapse rate to vary between the environmental lapse rate of 6.5 K km−1 and

the dry adiabatic lapse rate of 9.8 K km−1, the lower elevation of 150 m would

account for a warming between 1.0 and 1.5 K, which agrees withthe continental

warming of 1.2 K. The warming in MIOC360 can, therefore, be explained by the

generally lower continents.
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The mean Middle Miocene climatea) b)

) d)

Figure 2.2: (a) Zonally averaged 2 m air temperature (in °C).(b) Zonally aver-
aged convective precipitation, large-scale precipitation, snow fall, and evapora-
tion (in mm a−1). (c) Zonally averaged cloud cover. (d) Zonally averaged total
water vapour content of the atmosphere (in kg m−2).

The warming in MIOC360 is presumably too small, especially in the ocean.

Therefore, and due to the uncertainty in the reconstructed atmospheric CO2, we

apply higher than present-day CO2 levels of 480 and 720 ppm in MIOC480 and

MIOC720. The CO2-induced warming in MIOC480 and MIOC720 is more ho-

mogeneous than the localised topographic effects (Figure2.3b and c). Global an-

nual mean temperatures in MIOC480 and MIOC720 are 17.1°C and19.2°C, cor-

responding to a warming of 2.8 K and 4.9 K compared to CTRL (Table 2.2). Ex-

cept for the high latitudes, warming is more pronounced overland than over the

ocean in all experiments. Polar amplification is already advanced in MIOC360

but intensifies under stronger greenhouse-gas forcing. Sea-ice cover is reduced

in all Miocene experiments and the reduction is strongest during boreal sum-

mer (Table2.2). Ice–albedo feedback amplifies the warming at high latitudes

because more shortwave radiation is absorbed that can warm the surface ocean.

Furthermore, less summer sea ice amplifies the warming during the following

13
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Figure 2.3: Differences in 2 m air temperature between (a) MIOC360 and CTRL,
(b) MIOC480 and MIOC360, and (c) between MIOC720 and MIOC480(in K).

cold season, because the missing sea ice cannot act as an insulator for the ocean

that loses its heat to the atmosphere.

According to the Clausius-Clapeyron relation, a warmer atmosphere can hold

more water vapour. The atmospheric water vapour content is significantly larger

in MIOC480 and MIOC720 compared to MIOC360 and CTRL (Figure2.2d,

Table2.2). The hydrological cycle enhances; the annual mean precipitation in

14



The mean Middle Miocene climatea)
b)

)

Figure 2.4: Differences in total precipitation between (a)MIOC360 and CTRL,
(b) MIOC480 and MIOC360, and (c) between MIOC720 and MIOC480(in
mm a−1).

MIOC480 and MIOC720 increases by 21 and 49 mm a−1 compared to CTRL,

whereas in MIOC360 the annual mean precipitation of 1080 mm a−1 is compa-

rable to 1082 mm a−1 in CTRL. In MIOC360, however, the precipitation pattern

changes are more diverse than due to the CO2 as in MIOC480 (Figure2.4). Over

Eurasia, rainfall increases in MIOC360, while it decreasesover Africa and over

the Americas. The increase over Europe is in agreement with reconstructions
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of the mean annual precipitation [Bruch et al. 2010]. Over the equatorial Pa-

cific, precipitation decreases between 10°S and 10°N, but increases poleward

of 10°S/N. The overall decrease over the Southern Hemisphere is mainly due to

a reduction in convective precipitation (Figure2.2b). In MIOC480, precipita-

tion increases over large parts of the Southern Ocean; the largest increase occurs

over the western Pacific warm pool. Precipitation decreasesover the Panama

Seaway region, over the Indian Ocean, and over Australia. The same patterns

of precipitation change evolve in MIOC720, although further amplified. Precip-

itation decreases over the tropics in both MIOC480 and MIOC720 due to less

cloud cover (Figure2.2c), whereupon an overall reduction is in line with a future

global warming [Trenberth and Fasullo 2009].

Land cover changes

The important factors that determine the vegetation cover are radiation, precip-

itation, and atmospheric CO2. Changes in these climate parameters lead to re-

sponses of the vegetation cover that affect the climate system in terms of surface

albedo, roughness length, moisture and heat fluxes, or runoff. In our experi-

mental setups, we intentionally change the topography and prescribe higher than

present atmospheric CO2 levels. While the topography changes the local radi-

ation balance and shifts precipitation patterns, an enhanced hydrological cycle

and a stronger greenhouse effect can be attributed to higherCO2.

Vegetation starts to occupy regions where the land ice has been removed,

for example over Greenland (Figure2.5). High-latitude warming and higher

CO2 levels support a northward expansion of boreal forests. In MIOC480 and

MIOC720, global forest cover is largest (Table2.2, Figure2.5c and d). The large

forest cover and the northward extension of forest is in linewith vegetation re-

constructions [Wolfe 1985]. Unfortunately, the vegetation module in JSBACH

cannot account for changes in soil properties, like field capacity or background

albedo. They have to be prescribed with present-day values.Especially in to-

day’s extreme regions like the Sahara, vegetation growth is, therefore, restricted

or inhibited. Desertification of the Sahara is assumed to have started later during

the late Miocene 8–7 Ma ago [Senut et al. 2009]. Although the high latitudes
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Figure 2.5: Forest cover fraction for (a) CTRL, (b) MIOC360,(c) MIOC480,
and (d) MIOC720. Cross-hatched areas represent desert regions, including land
ice, that cover more than 75 % of a grid cell.

are more densely wooded in MIOC720 than in MIOC480, average low latitude

temperatures of more than 30°C lead to a retreat of tropical rainforest. At its

expense, deserts expand. The global desert cover has, therefore, a minimum in

MIOC480 (Table2.2).

Comparison to previous modelling studies

The warming due to increased CO2 is stronger than in previous Middle Miocene

model studies. Because the experimental setup differs in all previous studies,

we compare the model sensitivity to a doubling of CO2 in terms of tempera-

ture increase or, if possible, in terms of precipitation (Table 2.3). Our model

sensitivity (MIOC720 minus MIOC360) in terms of the global mean surface

temperature is 4.0 K. It is larger compared to 2.0 K obtained from You et al.

[2009] and 2.2 K obtained fromTong et al.[2009]. However, it is comparable to

the model sensitivity of 2.6–4.9 K obtained fromHenrot et al.[2010]. In terms
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Table 2.3: Model sensitivity to a doubling of atmospheric CO2 for global mean
temperatureT (in °C) and precipitationP (in mm a−1). The equilibrium climate
sensitivity and transient climate response according to the IPCC AR4 report is
3.4 K and 2.2 K for ECHAM5/MPI-OM, and 2.7 K and 1.5 K for CCSM3.The
average climate sensitivity of all IPCC models is 3.2 K±0.7 K [IPCC 2007].

T2m Tsurf P

MIOC720–MIOC360, this study 4.2 4.0 51
SM_700–SM_350,You et al.[2009] 2.0
SH_700–SH_350,You et al.[2009] 2.0
HighCO2–MidCO2, Tong et al.[2009] 2.2 17
MM4–MM2, Henrot et al.[2010] 2.6 53
MM4–MM3, Henrot et al.[2010] 4.4 87
MM4-veg–MM2,Henrot et al.[2010] 3.1 72
MM4-veg–MM3,Henrot et al.[2010] 4.9 106

of precipitation, our model is less sensitive than the modelfrom Henrot et al.

[2010] but more sensitive than the model fromTong et al.[2009]. The equilib-

rium climate sensitivity and transient climate response according to the IPCC

AR4 report is 3.4 K and 2.2 K for ECHAM5/MPI-OM, and 2.7 K and 1.5 K for

CCSM3 [IPCC 2007]. ECHAM5/MPI-OM is the IPCC-model preceding the

MPI-ESM; the model used inTong et al.[2009] andYou et al.[2009] is the land

and atmosphere model of CCSM3. The average climate sensitivity of all IPCC

models is 3.2 K±0.7 K.

Climate sensitivity in the Miocene setup appears to be somewhat larger than

for present-day conditions, although we acknowledge that the IPCC require-

ments for sensitivity calculations are a slab ocean setup and a stepwise increase

of CO2. However, as shown byHeinemann[2009], ECHAM5/MPI-OM applied

to the Paleocene/Eocene has an even higher climate sensitivity of 6.5 K. A higher

sensitivity may, therefore, also apply to other past warm climates.

A simple one-dimensional energy balance model

We now apply a simple one-dimensional energy balance model (EBM) to quan-

titatively analyse the causes for the temperature differences, following the ap-
18
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proach ofHeinemann et al.[2009]. In radiative equilibrium, Earth’s surface tem-

peratureTsurf is determined by the longwave emissivityε, the planetary albedo

α, and the meridional heat flux divergenceH via the energy balance

I(φ) [1 − α(φ)] − H(φ) = ε(φ) σT4
surf(φ), (2.1)

whereφ is the latitude,I is the latitudinally varying incoming solar radiation,

and σ is the Stefan-Boltzmann constant. For reasons of readability, we omit

the latitude coordinateφ in the following. We diagnose the EBM parameters

α, H, or ε from our GCM results to obtain the surface temperature according

to Eq. (2.1). The zonally averaged temperature changes can then be attributed

to one ofα, H, or ε, while keeping the other two fixed (Figure2.6). For ex-

ample, to estimate the warming caused by the MIOC360 planetary albedoα,

we leaveH andε as they are in CTRL. The surface temperature difference can

then be attributed to differences of the planetary albedoα. Individual curves in

each plot of Figure2.6correspond to the individual contribution ofα, H, andε
to surface temperature changes; their sum corresponds to the total temperature

change. The difference between the surface temperature calculated by Eq. (2.1)

and the surface temperature obtained from the GCM is only marginal and mean

deviations are smaller than 0.25 K.

The high latitude warming in MIOC360 is caused by a smaller longwave

emissivity, meaning that less longwave radiation is emitted at the top of the at-

mosphere. In the northern high latitudes, this warming is also accomplished by

a reduced planetary albedo. In the southern midlatitudes, the warming is mainly

caused by a reduced planetary albedo that corresponds to less cloud-cover over

this region (Figure2.2c). The reduced cloud cover over the tropics, especially

in MIOC480 and MIOC720, leads to enhanced warming, as the peak of α near

the equator also reveals. The increased export of heat effectively cools the trop-

ics. The temperature change induced by the heat flux divergenceH is therefore

negative.

Longwave emissivityε largely contributes to the CO2-induced warming in

MIOC480 and MIOC720. The reduction ofε is in line with the increased water

vapour content of the atmosphere (Table2.2). The atmosphere in MIOC480

and MIOC720 contains 15 % and 30 % more water vapour than in MIOC360.
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Figure 2.6: Contribution ofα, ε, and H to changes in the zonally aver-
aged surface temperatureTsurf according to Eq. (2.1). Temperature increase in
(a) MIOC360 compared to CTRL, (b) MIOC480 compared to MIOC360, and
(c) MIOC720 compared to MIOC480.

A decreased longwave emissivityε in MIOC480 and MIOC720 means that the

greenhouse effect is stronger.

In all experiments, the changes due to albedo changes are nearly com-

pensated by the meridional heat flux divergence. This is specially evident in

MIOC720, whereα andH are of opposite sign at all latitudes.
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Atmospheric and ocean heat transport

We will now focus on the dynamics of the poleward heat transport that is

determined by the heat flux divergence termH and on the partitioning between

ocean and atmospheric heat transport.

2.4 Atmospheric and ocean heat transport

Changes in the orography alter the large-scale circulationof the atmosphere.

Lower and displaced mountain regions deflect low level winds, for example

over Greenland, Asia, or western North America (Figure2.7). Low level winds

in MIOC480 remain generally unaltered compared to MIOC360 (Figure2.7b).

Only in MIOC720, the circulation changes, mainly over the ocean (Figure2.7c).

Over the Western Pacific, the trades are stronger, while theyare weaker over the

Eastern Pacific. Over the North Pacific, the low level winds increase.

Orographic differences also influence the circulation in the upper tropo-

sphere, for example midlatitude winter storms (Figure2.8). Winter storms are

defined as deviations from the 2.5–6 days bandpass-filtered 500 hPa geopotential

height during the winter season [Blackmon 1976]. In MIOC360, they intensify

over the Pacific, penetrate inland into the North American continent, and nearly

connect with the centre over the Atlantic. Here, they are slightly less intense

compared to CTRL. In MIOC480, winter storm activity decreases over the Pa-

cific, while it slightly increases over the Atlantic. In MIOC720, the midlatitude

storm activity generally increases.

Midlatitude storm tracks are an efficient way to transport moisture and heat

from low to high latitudes, and they largely contribute to the poleward heat trans-

port. The total atmospheric poleward heat transport (ahtr)is the zonal and verti-

cal integral of latent heat (Lq) and dry static energy (cpT + gz).

ahtr =
1
g

∫∫

(cpT + gz + Lq) v dx dp (2.2)

Each term in Eq. (2.2) can be further decomposed into mean meridional, station-

ary eddy, and transient eddy heat transport (Figure2.9g–m). The heat transport

by midlatitude storms can then be identified with the transient eddy terms.

The heat transport of moist transient eddies increases in the Northern Hemi-

sphere especially in MIOC720. It also increases in the Southern Hemisphere.
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Figure 2.7: Low level wind field in (a) CTRL (black arrows) andthe difference
to MIOC360 (red arrows), (b) MIOC360 and the difference to MIOC480, and
(c) MIOC480 and the difference to MIOC720. The lower right reference arrows
correspond to a velocity of 6 m s−1.

A closer look reveals that the Southern Hemisphere transport maximum shifts

poleward, while the northward maximum shifts equatorward.Storm tracks are

expected to shift poleward in a warming climate. As it has been shown consis-

tently for all IPCC AR4 models, midlatitude circulation is largely driven by a

rise of the tropopause that causes a poleward shift of the storm tracks in both
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Figure 2.8: Winter storm tracks defined as deviations of the 2–6 days bandpass-
filtered 500 hPa geopotential height from December to March for (a) CTRL,
(b) MIOC360, (c) MIOC480, and (d) MIOC720 (in gpm). Contour interval is
every 10 gpm. Stippled regions indicate mean deviations that are larger than
50 gpm.

hemispheres [Yin 2005]. The equatorward shift of the Northern Hemisphere

storm tracks is, therefore, in contrast to what one would expect. Because the

only difference between MIOC360 and a modern climate lies inthe applied to-

pography, we account this asymmetric response to the warming to the Middle

Miocene topography.
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Figure 2.9: Northward heat transport by (a) the global ocean, (b) atmosphere,
and (c) ocean+atmosphere (in PW). The (implied) ocean heat transport in (a)
is based on net surface energy budgets. (d) Total advective ocean heat transport
according to Eq. (2.3) and the transports by (e) the MOC and (f) horizontal gyres.
Here, dashed lines show the heat transport in the Atlantic Ocean. Atmospheric
heat transport in (b) is calculated according to Eq. (2.2) and decomposed into
(g,k) mean meridional, (h,l) transient eddy, and (j,m) stationary eddy transport.

In MIOC360 and MIOC480, differences of poleward heat transport are small

compared to MIOC720. Thus, poleward heat transport does notbring more heat

to the higher latitudes to flatten the equator-to-pole temperature gradient. At

mid- and high latitudes atmospheric eddies are the dominantdrivers of poleward

heat transport. However, if eddy heat transport increases,the results show that
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Large-scale ocean circulation

the payoff is a decreased ocean heat transport. The advective ocean heat trans-

port (ohtr) of the potential temperatureθ is

ohtr = cp

∫∫

ρ θ v dx dz (2.3)

and can be decomposed into contributions by the meridional overturning and the

horizontal gyre circulation (Figure2.9d–f).

Bjerknes compensation

This compensation between ocean and atmosphere heat transport reflects the so-

called Bjerknes compensation. It states that if the heat fluxes at the top of the

atmosphere and the ocean heat storage do not vary much, then the total heat

transport will not vary much [Bjerknes 1964]. Anomalies of atmospheric and

ocean heat transport thus compensate and are of opposite sign. Our results show

that Bjerknes compensation does not only apply to temporal differences. To

some extent, it applies to the different mean climates, because the total heat

transport differences are relatively small. For example, the increase of the total

heat transport in MIOC720 compared to CTRL has a maximum of only about

0.6 PW in the southern midlatitudes (Figure2.9c). The ocean heat transport in

MIOC360 induces a warming of the Southern Ocean between 30 and 60°S (Fig-

ure2.3a) that is mainly caused by a reduced MOC heat transport (Figure 2.9e).

In contrast to today, the Atlantic meridional overturning circulation (AMOC)

moves heat southward south of the equator.

The ocean heat transport in MIOC720 is significantly alteredbecause of the

severe slow down of the AMOC (Figure2.10). The immediate effect of the

reduced northward transport of heat is a drop in the surface temperature (Fig-

ure 2.3c). However, this decrease is compensated for by an increasein atmo-

spheric heat transport.

2.5 Large-scale ocean circulation

The large-scale ocean circulation in the Middle Miocene is affected by open

ocean gateways like the Panama Seaway and the Tethys. Furthermore, the ocean
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Figure 2.10: Meridional overturning circulation in the Atlantic Ocean for
(a) CTRL, (b) MIOC360, (c) MIOC480, and (d) MIOC720 (in Sv). Contour
interval is 2 Sv. Red corresponds to clockwise circulation;blue corresponds to
anti-clockwise circulation. The rectangular boxes indicate the Middle Miocene
ocean gateways: Panama Seaway at ~10°N and Tethys Throughflow at ~35°N.
Note the subsided Greenland-Scotland Ridge for the Middle Miocene experi-
ments.

bathymetry is altered in regions where deepwater is formed,for example the

subsidence of the Greenland-Scotland Ridge.

Horizontal circulation

The horizontal circulation is affected by open ocean gateways and changes of the

surface wind. In the eastern Atlantic, large water masses from the Indian Ocean

enter the Atlantic through the Tethys. This strong westwardflow affects the sub-

tropical gyre, reducing its meridional extent (Figure2.11). However, the strength

of the subtropical gyre is comparable in CTRL, MIOC360, and MIOC480. The

subpolar gyre is also of comparable strength to CTRL, but hasa larger extent

due to the subsided Greenland-Scotland Ridge, which acts asa natural boundary
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Figure 2.11: Horizontal ocean circulation in the Atlantic Ocean in terms of
the barotropic stream function for (a) CTRL, (b) MIOC360, (c) MIOC480, and
(d) MIOC720 (in Sv).

for the water masses in CTRL. In the equatorial current system of the Atlantic,

Tethys inflow supports a stronger northern cell that dominates and suppresses

the southern cell. Its remains are restricted to a weak western boundary current.

The southward shift of Australia (~8°) has no effect on the Southern Ocean.

The Antarctic Circumpolar Current has a similar structure and is of similar

strength in all experiments.

Open ocean gateways

Lateral flow through open ocean gateways changes the water mass properties of

the adjacent oceans. Besides the eastward inflow of Indian Ocean water through

the Tethys, water from the Pacific enters the Atlantic through the Panama Sea-

way. These connections allow for a large-scale mixing between the oceans

and, therefore, affect their water mass composition (Figure 2.12). Through the
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Figure 2.12: TS-diagram for the water masses below 150 m in the vicinity of
(a)–(b) the Panama Seaway and (c)–(d) the Mediterranean/Tethys for CTRL and
MIOC360. Black crosses represent Atlantic Ocean water masses, blue crosses
Pacific and Indian Ocean water, and red crosses Mediterranean/Tethys water.
The in-line plots show the region for which the TS-pairs are obtained. (e)–(f) The
freshwater flux through the Panama Seaway (blue), GibraltarStrait (red), and at
30°S into the Atlantic Ocean relative to a salinity of 35.5 psu. Freshwater flux
at each depth is weighted with the corresponding level thickness; the vertical
sum equals the total freshwater flux. Note the different tickmarks for the upper
500 m.

Panama Seaway, Atlantic deepwater enters the Pacific; Pacific deepwater be-

comes saltier and denser (Figure2.12b). Near the surface, on the other hand,

relatively fresh water is moved from the Pacific into the Atlantic, freshening the

Atlantic at the surface (Figure2.12f).

The mixing due to the eastern inflow of Indian Ocean water through the

Strait of Gibraltar is well reflected in the composition of Tethys water, it is lo-

cated between the water masses of Atlantic and Indian Ocean in the TS-diagram

(Figure2.12d). Tethys water originates from the Indian Ocean. Along theway

28



Large-scale ocean circulation

into the Atlantic, surface water evaporates and becomes saltier and denser than

its original Indian Ocean source. Because the Tethys is not an enclosed basin

like the Mediterranean, the deep outflow water is not as denseas in CTRL

(Figure 2.12e and f). Upper Tethys inflow water through the Gibraltar Strait

increases the surface salinity of the Atlantic Ocean, whilesubsurface water is

slightly fresher than the Atlantic.

Water from the Southern Ocean that enters the upper AtlanticOcean in

MIOC360 is relatively salty compared to CTRL and balances the freshening

through the Panama Seaway (Figure2.12e and f). As a result the salinity con-

trast between Pacific and Atlantic increases (contours in Figure2.13). This is

contrary to other studies with an open Panama Seaway, where the salinity con-

trast is reduced and, therefore, leads to a weaker AMOC [Maier-Reimer et al.

1990, Lunt et al. 2007]. Instead, the AMOC in MIOC360 is as strong as in

CTRL (Figure2.10). Supportive for the AMOC is the sill depth of the Caribbean

plateau that is shallower than the deep western boundary current. The deepwater

thus returns into the South Atlantic (not shown). That NorthAtlantic deepwa-

ter formation occurred before the closure of the Panama Seaway has also been

shown in a sensitivity study for different sill depths of thegateway [Nisancioglu

et al. 2003].

Atlantic meridional overturning circulation

A necessary condition for deepwater formation in the Atlantic Ocean is the en-

hanced surface salinity compared to the Pacific Ocean. The salinity contrast

between Pacific and Atlantic is determined by the freshwatertransport from the

Atlantic into the Pacific [Zaucker and Broecker 1992]. Moisture transport across

Central America acts as a positive feedback on deepwater formation in the North

Atlantic [Leduc et al. 2007]. We diagnose the moisture transport from the hor-

izontal velocity fieldv and the relative humidityq as vertical integral over all

pressure levels

Tq =
1
g

∫

q v dp. (2.4)

Because of the lower Andes in the Miocene setup, moisture transport from

the Atlantic into the Pacific increases, further enhances the surface salinity con-
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Figure 2.13: Surface salinity for all experiments as contours (in psu). Overlaid
as arrows is the vertically integrated moisture transport according to Eq. (2.4) (in
kg/(m s)).

trast between the basins, and strengthens the freshwater–overturning feedback

(Figure2.13).

In that sense, the Middle Miocene ocean gateway configuration supports

deepwater formation that drives the AMOC. Because of the subsided Greenland-

Scotland Ridge, the AMOC in MIOC360 extends more northward than in CTRL

(Figure2.10a and b). Even at 80°N, more than 4 Sv of Atlantic Ocean water is

converted into deep water.

The warming under high CO2 in MIOC720 leads to a collapse of the AMOC.

Large parts of the North Atlantic become relatively fresh (Figure2.13) although

precipitation decreases (Figure2.4). Larger runoff at the North American East

Coast as well as at the North Sea spreads into the North Atlantic, where the

surface ocean freshens (not shown) and the ocean stratification increases. Deep-

water formation—an important mechanism that drives the AMOC—is inhibited,

and the circulation slows down to about 4 Sv. This slow down explains the de-
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crease of the poleward heat transport in the Northern Hemisphere mentioned

earlier (Figure2.9).

In a follow-up study, we will assess the uncertainty of oceanbathymetry

and investigate how a modern Greenland-Scotland Ridge or a shallow eastern

Tethys alter the meridional overturning circulation of theMiddle Miocene At-

lantic Ocean.

2.6 Comparison to proxy data

We compare the modelled palaeo temperatures to proxy-basedreconstructions

for the Middle Miocene. We use terrestrial reconstructionsto evaluate land sur-

face temperatures, and marine reconstructions to evaluatesea surface tempera-

tures. The sites of the marine proxies are spread all over theoceans, while ter-

restrial proxies are mainly recovered from the Northern Hemisphere, especially

over Europe, East Asia and the coasts of North America (Figure 2.14h).

Terrestrial proxies

Terrestrial climate reconstructions based on the coexistence approach estimate

the lower and the upper mean annual temperature from plant fossils [Mosbrug-

ger and Utescher 1997]. We use terrestrial temperature data from the 2010

NECLIME data set [Utescher et al. 2011]. The data span the period ranging

from 16.4 to 11.2 million years ago (Torsten Utescher, personal communication).

The data set is also available from PANGAEA,http://www.pangaea.de. We

compare reconstructed land surface temperatures obtainedfrom the coexistence

approach to our modelled land surface temperatures (Figure2.14d–f).

Most of the proxy data cover the midlatitudes between 30 and 55°N/S. For

low latitude proxies, MIOC360 matches better than MIOC480 or MIOC720.

Midlatitude proxies compare well with all experiments. Theproxy data con-

firm that land temperatures were much warmer than today. Warmer high latitude

temperatures as in MIOC720 are in better agreement with these proxy recon-

structions. The midlatitudes are captured by all palaeo simulations, but cooler

than present-day low latitudes and warmer than present-dayhigh latitudes cannot

be captured together within one single experiment.
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Table 2.4: References of marine proxy SST reconstructions.

source reference

DSDP 55 Douglas and Savin[1971]
DSDP 167 Savin et al.[1975]
DSDP 279A and 281 Shackleton and Kennett[1975]
ODP 903 and 905 van der Smissen and Rullkötter[1996]
DSDP 588, 608, and ODP 730Pagani et al.[1999]
DSDP 588, 608, and ODP 883Ennyu[2003]
ODP 1170 and 1172 Ennyu and Arthur[2004]
ODP 1170 and 1171 Shevenell et al.[2004]
ODP 1092 Kuhnert et al.[2009]
ODP 747 Majewski[2010]
bivalvia shells Oleinik et al.[2008]
bivalvia shells Ennyu[2003]

Marine proxies

The isotopic composition of seawater, obtained by eitherδ 18O or Mg/Ca ratios,

facilitates a proxy for ocean temperatures [Emiliani and Edwards 1953, Hastings

et al. 1998]. Using the calcite shells of fossil planktonic foraminifera deposited

in the ocean sediments, sea surface temperatures (SSTs) forpast times can be

obtained.

We take Middle Miocene SST reconstructions from several Ocean Drilling

Project (ODP) and Deep Sea Drilling Project (DSDP) sites (Table 2.4). Mid-

latitude SSTs agree well in all three simulations (Figure2.14b). MIOC360

and MIOC480 match (at least one) proxy-SST for low and high latitudes. The

warmer-than-present high latitude SSTs are better captured in MIOC720, but

low latitude SSTs are largely overestimated.

Model–data agreement

To evaluate the model–data agreement, we compare the distribution of model-

to-data temperature ratios for each grid box (Figure2.14g). Both terrestrial and

marine data sets are compared individually for low, mid-, and high latitudes.
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Comparison to proxy data

While for terrestrial proxies MIOC480 and MIOC720 reveal a better agreement,

MIOC360 and MIOC480 reveal a better agreement for marine proxies. However,

in neither of the experiments do we achieve the desired flatter equator-to-pole

temperature gradient. High latitude temperatures are generally too cold and low

latitude temperatures are generally too warm.
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Figure 2.14: Comparison of model output with (a)–(c) terrestrial and (d)–(f) ma-
rine temperature reconstructions. The low latitudes are defined to be between
the equator and 30°N/S, midlatitudes are between 30 and 55°N/S, and high lati-
tudes are poleward of 55°N/S. (g) Box plot of model-to-data temperature ratios
for each grid box, separated for marine and terrestrial proxies as well as for low,
mid-, and high latitudes. Values near 1 correspond to a good agreement, while
values greater (smaller) than 1 show that the model is too warm (cold). The red
line corresponds to the mean of the distribution. (h) The location of the proxies.
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2.7 Discussion

We present the first fully coupled simulations of the warm Middle Miocene cli-

mate using the general circulation model MPI-ESM. The Middle Miocene to-

pography induces a global warming of 0.7 K compared to today.The continental

warming is larger because topography affects the continents, but does not affect

the ocean surface. Uncertainties in the applied topographycan, therefore, signif-

icantly alter surface temperatures. Especially mountain regions like the Andes,

Rocky Mountains, and Himalayas are subject to errors in elevation [seeHerold

et al. 2008, Tables 1 and 2 for details].

If we increase atmospheric CO2 to 480 and 720 ppm as in MIOC480 and

MIOC720, we obtain a global warming of 2.8 and 4.9 K. A stronger greenhouse

effect and the associated water vapour feedback lead to a more humid climate

with an enhanced hydrological cycle. The warming obtained by a doubling of

CO2 is 4.0 K and much larger than in previous studies, which is 2.0K in You

et al.[2009] and 2.3 K inTong et al.[2009]. The larger value may be explained

by a higher climate sensitivity of MPI-ESM compared to the model used byYou

et al. andTong et al.. However, our sensitivity is within the range of the model

sensitivities obtained fromHenrot et al.[2010], although their hydrological cycle

is more sensitive.

Our experiments could not reproduce the flatter equator-to-pole temperature

gradient that has been reconstructed for sea surface and land surface tempera-

tures [Nikolaev 2006, Bruch et al. 2007]. A comparison to proxy data shows

that the low-latitude temperatures are too high and that thehigh-latitude tem-

peratures are too low. Although sparser, marine proxies aremore widely spread

than terrestrial proxies, which are hardly available in theSouthern Hemisphere,

for example in Africa or in Australia. To improve model–datavalidation, we

need more low and high-latitude terrestrial proxies.

As Stewart et al.[2004] have shown, well-preserved foraminifera reveal

lower tropical temperatures than previously stated. Thus,estimates from older

reconstructions could underestimate tropical sea surfacetemperatures. It is also

known that sea surface temperature reconstructions for theEocene are biased

toward colder temperature [Pearson et al. 2007]. A revision of the low-latitude
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2. The modelled Middle Miocene climate

marine proxies, especially those from older reconstructions, would be appropri-

ate.

Although open ocean gateways support large-scale mixing between the ad-

jacent ocean basins, against expectations, the AMOC in our model is insensi-

tive to these water mass composition changes. In MIOC360 andMIOC480, the

AMOC is as strong as today. It extends to high latitudes, because the absent

Greenland-Scotland Ridge cannot act as a barrier. The flow through the Panama

Seaway is directed from the Pacific into the Atlantic, confirming the results of

an idealised study for the early Miocene [von der Heydt and Dijkstra 2006].

Instead of a reduced salinity contrast between Pacific and Atlantic Ocean, we

find a stronger salinity contrast. The inflow of relatively fresh Pacific surface

water is overcompensated by an increased moisture transport from the Atlantic

into the Pacific. This enhanced salinity contrast supports ameridional overturn-

ing circulation that is as strong as today. Previous model studies for an open

Panama Seaway, reflecting the Pliocene period, report a collapse of the AMOC

[Maier-Reimer et al. 1990], or a very weak overturning circulation [Lunt et al.

2007]. In a recent review paper,Molnar [2008] discussed evidence from recon-

structions and from model studies and concluded that the closing of the Panama

Seaway “seems no more than a bit player in global climate change.” Of course,

the situation in our simulations is different, because of the open Tethys. We find

that Tethys water is somewhat “neutral” regarding the freshwater transport and

does not significantly contribute to the enhanced salinity contrast between At-

lantic and Pacific Ocean. However,Molnar is right in the sense that open ocean

gateways alone do not explain the Middle Miocene warming.

In our warmest climate MIOC720, the AMOC severely slows downto about

4 Sv. The surface ocean of the North Atlantic is fed by runoff into the North

Sea and from the North American East Coast. Ocean stratification increases and

inhibits North Atlantic deepwater formation. In comparison to global warming

scenarios where the ECHAM5/MPI-OM model shows a reduction of only 30 %

in the A1B scenario, the Miocene setup is apparently more sensitive [Jungclaus

et al. 2006].

Because the AMOC also transports heat from low to high latitudes, any

changes alter global poleward heat transport. However, as storm tracks intensify
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in a warmer climate, the associated moist transient eddy transport compensates

for the decreased ocean heat transport. We claim that this compensation can

be compared to the Bjerknes compensation, though not for deviations from the

mean state but for different mean states of the climate system. A similar com-

pensating effect has also been found for the Late Miocene climate [Micheels

et al. 2011]. They show that ocean heat transport decreases because of the open

Panama Seaway. On the contrary, we show that ocean heat transport only de-

creases if the AMOC collapses as in MIOC720.

Just like the ocean circulation, the atmospheric circulation reorganises.

Ocean and atmospheric heat transport change, but the total heat transport re-

mains nearly unchanged because oceanic and atmospheric heat transport com-

pensate. A reduction of the equator-to-pole temperature gradient is, therefore,

unlikely caused by a reorganised ocean circulation, as it has been claimed earlier

[Pagani et al. 1999]. Instead, we find that changes in the local energy balance,

for example due to a smaller surface albedo, a lower topography, or higher CO2,

explain the warmer high latitudes.

Larger high-latitude temperatures and higher atmosphericCO2 levels pro-

vide good conditions for plant growth. Because our model includes a dynamic

vegetation module, we can simulate the interactions and feedbacks between the

vegetation and the climate system. We find that boreal forests expand northward

into high latitudes, which is in line with vegetation reconstructions [Wolfe 1985,

Williams et al. 2008]. In contrast, the desert cover of the Saharan region dis-

agrees with reconstructions [Senut et al. 2009]. The problem is that we have to

prescribe soil properties, as the vegetation model in JSBACH does not include

a dynamic soil model. To overcome this, globally or zonally averaged values

would be a more appropriate choice and allow a “level playingfield.” A recent

model study shows that a dynamic background albedo scheme for JSBACH im-

proves rainfall over the Sahel/Sahara region, which, applied to the mid Holocene

(6000 years ago), leads to higher vegetation variability [Vamborg et al. 2011]. In

a sensitivity study for the Late Miocene,Micheels et al.[2009] showed that

a modern Sahara leads to a cooling in northern high latitudes. We, therefore,

expect a further high-latitude warming if North Africa is covered by vegetation.

Because the dense vegetation in our simulations requests warmer temperatures
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2. The modelled Middle Miocene climate

and higher CO2 levels, we assume that the warm Middle Miocene climate de-

pends on higher than present-day CO2 levels. However, the warming due to

high-latitude vegetation feedbacks is restricted by the maximum of possible veg-

etation cover. A recent study showed that boreal afforestation in a pre-industrial

setup leads to a global warming of only 0.25 K [Bathiany et al. 2010]. High lati-

tude feedbacks, namely the ice-albedo and the vegetation feedback are too weak

to decrease the equator-to-pole temperature gradient.

2.8 Conclusions

To conclude, we propose that full ocean dynamics cannot be held responsible for

a global redistribution of heat to higher latitudes becauseof the complex ocean–

atmosphere interactions. The total poleward heat transport changes only a little

because of a Bjerknes-compensation-like mechanism that makes high latitude

warming difficult. Furthermore, high-latitude feedbacks are too weak and cannot

significantly contribute to a flatter equator-to-pole temperature gradient. The

mismatch between model and proxy data leads to the conclusion that we do not

fully understand how feedback mechanisms may work in a warmer climate. For

the Middle Miocene, we conclude that the topographic boundary conditions are

not sufficient to explain at least the global warming and thata warmer Middle

Miocene climate without an enhanced greenhouse effect cannot be reproduced

with our model.
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3 The El Niño–Southern Oscillation

in the Middle Miocene climate

Correct simulation does not guarantee

correct understanding.

The El-Niño Southern Oscillation

Phenomenon

E.S. SARACHIK and M.A. CANE

Abstract

We investigate the El Niño–Southern Oscillation (ENSO) fordiffer-

ent models of the Middle Miocene climate. The setup considers Mid-

dle Miocene boundary conditions that affect the tropical Pacific, namely

the wider Indonesian Throughflow at the western and the open Panama

Seaway in the eastern Pacific. Under low and moderate atmospheric

CO2 levels, ENSO is rather irregular and more random, but teleconnec-

tions strengthen to high latitudes because of a more effective “atmospheric

bridge.” A simple ENSO oscillator model reveals that the Bjerknes feed-

back is disrupted between tropical Pacific thermocline and sea surface tem-

perature. Atmospheric deep convection over the western Pacific warm pool

enhances variability of zonal currents in the Pacific and thus disturbs air–

sea interaction that are essential for ENSO dynamics. In a CO2 doubling

scenario the Bjerknes feedback is strong enough to overcomethese pertur-

bations and to restore a more regular ENSO.
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3.1 Introduction

The El Niño–Southern Oscillation (ENSO) is the largest and most prominent

interannual climate mode. ENSO is a complex interaction between ocean and

atmosphere in the tropical Pacific. The key feature of ENSO isa positive feed-

back between trade winds and the zonal sea surface temperature (SST) gradient,

which is known as Bjerknes feedback [Bjerknes 1969]. Westward blowing trade

winds pile up warm surface water toward the west, tilting thethermocline down-

ward from east to west. The deep thermocline at the west is known as western

Pacific “warm pool.” Coastal upwelling and equatorial upwelling due to Ekman

drift produce the “cold tongue” at the eastern Pacific. The circulation that is

driven by the zonal temperature gradient between the warm pool and the cold

tongue is called Walker circulation. Warm and moist air rises over the western

Pacific warm pool and leads to low surface pressure. The rising air reaches the

tropopause and returns eastward, where it subsides. The eastern Pacific high

pressure reinforces the trade winds and completes the Walker circulation.

Although the term ENSO includes the word oscillator, the phenomenon

needs not necessarily be understood as oscillating betweenpositive and nega-

tive phases. Analysis of real climate ENSO showed that ENSO behaves more

like a series of single events rather than a cycle [Kessler 2002].

There is evidence for persisting ENSO variability during past warm climates.

3–5 million years old corals from the tropical Pacific resemble interannual vari-

ability on ENSO time scales [Watanabe et al. 2011]. This proxy record seems to

end the long-lasting debate about the “permanent El Niño” during the Pliocene

[e.g.,Molnar and Cane 2002, Fedorov et al. 2006]. For the Late Miocene (~5.6

million years ago) an evaporite varve record has been recently found to re-

semble the modern spectrum of ENSO [Galeotti et al. 2010]. Located in the

Mediterranean, the authors assigned the variability to thetropical Pacific be-

cause of ENSO teleconnections, which might have been stronger during the Late

Miocene due to a reduced meridional temperature gradient. ALate Miocene

record from giant clams, 10–13 million years ago, also showsENSO-like inter-

annual variability [Batenburg et al. 2011]. Another recent study for the Eocene

“hothouse” climate shows that shells from long-living bivalves as well as drift-

wood from Antarctica reflect interannual variability on ENSO time scales [Ivany
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et al. 2011]. Evidence of palaeo ENSO activity cannot only be drawn fromproxy

records, but is also supported by several palaeo modelling studies, for example

of the Pliocene [Haywood et al. 2007], the early Miocene [Von Der Heydt and

Dijkstra 2011], or the Eocene [Huber and Caballero 2003].

We present results from Middle Miocene experiments that also show ENSO

variability in concert with previous studies. The aim of thestudy is twofold:

Because of different continental boundary conditions compared to present day

and the uncertainties in atmospheric CO2 for the Middle Miocene, we ask:

(1) What is the effect of the Middle Miocene boundary conditions

on ENSO strength and periodicity?

To answer this question, we compare modelled ENSO events forpresent-day and

Middle Miocene climate. We further investigate the interplay between thermo-

cline recharge/discharge and sea surface temperature anomalies using a simple

oscillator model approach.

Today, ENSO influences large parts of the global climate system via telecon-

nections, causing droughts and enhanced precipitation that affect ecosystems

far-off the tropical Pacific. Because of the different Middle Miocene climate we

expect a different response to tropical variability and ask:

(2) What are the characteristics of ENSO teleconnection patterns for

the modelled Middle Miocene climate?

To answer this question, we investigate the effect of ENSO onthe global cli-

mate using linear regression techniques. Global teleconnections associated with

ENSO may also guide us to potential locations from where temporally high-

resolved proxies can be obtained as has been done for the LateMiocene and the

Eocene [Galeotti et al. 2010, Ivany et al. 2011].

The study is organised as follows. In the next section, we briefly describe

our experimental design. In Section3.3 we do an ENSO time-series analysis

and use a simple recharge/discharge oscillator to describeENSO in the different

model setups. We focus on ENSO events and their evolution within the equato-

rial Pacific in Section3.4. The effect of ENSO on the Middle Miocene climate

is investigated in Section3.5where we show how ENSO teleconnections change

for different CO2 forcings. We discuss our results and conclude in Section3.6.
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3. The El Niño–Southern Oscillation in the Middle Miocene climate

Figure 3.1: Regions where the different ENSO indices are defined. Present-day
continent positions are shown as contour lines, the Middle Miocene continents
are shaded in grey. In this study, we use Nino3.4 as ENSO index(solid box).

3.2 Experimental design

We analyse the set of Middle Miocene experiments previouslypresented [Krapp

and Jungclaus 2011]. The model is Max Planck Institute Earth System Model

(MPI-ESM), consisting of the atmosphere model ECHAM5 (T42L19) with

a horizontal resolution of ~2.8° and 19 levels in the vertical [Roeckner et al.

2003]. ECHAM5 includes the land-surface model JSBACH that incorporates

a dynamic vegetation module [Raddatz et al. 2007, Brovkin et al. 2009]. The

ocean model MPI-OM (TP10L40) has a horizontal resolution of~1° and 40

layers in the vertical. ECHAM5/JSBACH and MPI-OM are coupled once per

day via OASIS [Valcke 2006].

The setup consists of four experiments: one present-day experiment (CTRL)

with a prescribed CO2 level of 360 ppm, and three Middle Miocene experiments

with prescribed CO2 level of 360, 480, and 720 ppm (MIOC360, MIOC480,

MIOC720). For MIOC360, MIOC480, and MIOC720, a reconstructed Middle

Miocene topography has been applied to ocean, atmosphere, and land surface

[Herold et al. 2008]. Figure 3.1 shows the continental outline of the Middle

Miocene tropical Pacific region where an open Panama Seaway and a wider In-

donesian Throughflow region are the main characteristics. Further west, an open

Tethys Seaway connects the Indian Ocean and the Atlantic. All experiments are

run into quasi-equilibrium, and for the analysis we use the output of the last 100

years.
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3.3 ENSO as a simple oscillator

In this section, we analyse ENSO variability in two independent ways. First, we

investigate the characteristics of ENSO as a time series analysis of the Nino3.4

index. Afterwards, we describe ENSO with a simple oscillator model and diag-

nose the feedback mechanisms driving ENSO.

ENSO time series analysis

We define the ENSO time series as monthly SST anomalies over the Nino3.4

region in the tropical Pacific (Figure3.1). Nino3.4 time series for the control

experiment and for the three Middle Miocene experiments areshown in Fig-

ure3.2. The variability of the time series in MIOC360 and MIOC480 issmaller

compared to CTRL, and is largest in MIOC720. In MIOC360 and MIOC480,

Nino3.4 time series are also more skewed towards positive anomalies in contrast

to CTRL and MIOC720 (Table3.1).

Nino3.4 variability is more random in MIOC360 and MIOC480. To measure

the randomness, we compare the autocorrelation function ofeach time series to

the estimates from a fitted first-order stationary autoregressive process AR(1).

The AR(1) process is an archetypal random process that is widely used in geo-

physical research [e.g.,von Storch and Zwiers 1999] and is

Xt = φ Xt−1+ εt

whereφ is the autoregressive coefficient (|φ | < 1) andεt is (temporally uncor-

related) white noise. In a certain wayφ represents the “memory” of the process

that can be expressed via the autocorrelation functionρ . For an AR(1) process

the autocorrelation function at lagk is ρk = φk and decreases exponentially for

positiveφ .

The autocorrelation function of the Nino3.4 time series with the fitted AR(1)

process are shown in Figure3.2b. Nino3.4 behaves almost as an AR(1) process;

consecutive ENSO events are uncorrelated and the system hasless memory. In

contrast, CTRL and MIOC720 reveal the periodic behaviour ofENSO as can be

seen from the time series.
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Figure 3.2: (a) Time series of Nino3.4 for CTRL, MIOC360, MIOC480, and
MIOC720 (11-point Trenberth-filtered) and corresponding (b) autocorrelation
function, and (c) spectral density. Dashed red lines in (a) mark one standard
deviation of Nino3.4. Thick red lines in (b) and (c) represent a fitted AR(1)
process, and thin red lines in (c) shows the confidence interval at the 95% level.
The estimator of the spectral density has been Daniell-smoothed with 5 data
points.

The spectral power densityS( f ) which is the Fourier transform of the auto-

correlation function shows how the variance is distributedamong all frequencies

or periods (Figure3.2c). For an AR(1) processS( f ) only depends on the AR

coefficientφ ,

S( f ) =
σ2

1+φ +cos2π f

with varianceσ2 of the time seriesX. The spectrum of the fitted AR(1) process

is highlighted in Figure3.2c as red line. CTRL has a distinct peak between 2.5
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Table 3.1: Statistics of the Nino3.4 index in CTRL, MIOC360,MIOC480, and
MIOC720.

standard deviation skewness

CTRL 1.11 0.09
MIOC360 0.85 0.47
MIOC480 0.87 0.23
MIOC720 1.82 0.10

and 3.6 years, while MIOC720 shows a relatively broad band between 2.5 and 7

years with two maxima at 3.6 and 6.5 years. MIOC360 has a smallpeak at ~4

years, and MIOC480 does not show any variance at interannualtime scales.

From the time series analysis we can distinguish two types ofENSO. ENSO

is periodic under present-day conditions and under very warm Middle Miocene

conditions, although strong CO2 forcing in the Middle Miocene setup causes

stronger and longer ENSO events. On the other hand, for moderate CO2 levels

in the Middle Miocene, there is no sign of regular ENSO events. Also, El Niño is

usually stronger than La Niña.

Simple recharge/discharge oscillator diagnostics

To answer the question why two different types of ENSO occur—random events

as in MIOC360 and MIOC480 and periodic events as in CTRL and MIOC720—

we use a simple oscillator model [Clarke et al. 2007]. It consists of two variables:

the 20°C thermocline-depth anomaly (Z20) and the SST anomaly (SST). Both

variables can be obtained from our model results. Unlike previous models, this

approach takes into account the effect of wind stress curl ondischarge processes

in the western central Pacific. Hence, anomalies are averaged over the region

of strong ENSO air–sea interactions, that is the western central Pacific, while

previous models incorporate the eastern Pacific region where ENSO variability

is largest.

To obtain the anomaliesZ20 andSST, we define the region of large air-sea

interaction as the region where the linear regression coefficients of wind stress
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3. The El Niño–Southern Oscillation in the Middle Miocene climate

Table 3.2: Diagnostics from the simple recharge/dischargeoscillator Eq. (3.1), ν
in K/(yr m), µ in in m/(yr K), andT, lag, and phase shift in months. Theoretical
phase lags (lagtheor) from the linear oscillator are one quarter of the periodT.
Actual lags (lagccf) are calculated from the cross-correlation betweenZ20 and
SSTwith leadingZ20. The phase shifts then correspond to the nearest root of
the cross-correlation function at lag zero.

lon-lat box ν µ T lagtheor lagccf phase shift

CTRL 175°W–135°W 0.16 23.9 38 10 11 0
MIOC360 180°E–125°W 0.13 22.1 44 11 9 -3
MIOC480 180°E–135°W 0.14 17.6 47 12 14 0
MIOC720 135°E–150°W 0.095 17.3 59 15 26 +11

onto Nino3.4 exceeds 0.005 Pa/K. Regions over which we averageSSTandZ20

are given in Table3.2. Equations of the ENSO oscillator model forZ20 andSST

are similar to a linear harmonic oscillator,

d
dt

Z20= −µ SST, (3.1a)

d
dt

SST= ν Z20 (3.1b)

with positive constantsµ andν.

An example for Eq. (3.1a): Positive sea surface temperature anomalies

(SST> 0) over the western Pacific warm pool enhance atmospheric deep con-

vection, which generates westerly wind stress anomalies. Because they decrease

poleward, wind stresscurl anomalies discharge water from the western Pacific

warm pool (ddtZ20 < 0). The meaning of Eq. (3.1a) is that sea surface tem-

perature anomalies drive changes in the thermocline depth.For Eq. (3.1b), we

assume a constant mixed layer in which the thermocline is displaced upward

(Z20 < 0). We also assume mass conservation, and therefore, non-mixing re-

gions beneath and above the thermocline must diverge horizontally. Water be-

low the mixed layer is thus colder and causes anomalous heat flux down through

the bottom of the mixed layer which will slowly decrease surface temperatures

( d
dtSST< 0). The meaning of Eq. (3.1b) is that thermocline depth anomalies

lead to sea surface temperature changes. For details, seeClarke et al.[2007].
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We estimateµ andν according toClarke et al.as the ratio of the standard

deviations of Trenberth-filteredddtZ20 andSST, and d
dtSSTandZ20. The Tren-

berth filter increases the signal-to-noise ratio using a weighted moving average

low-pass filter that removes fluctuations with periods of less than 8 months but

includes all others [Trenberth 1984]. The periodT of the interannual oscilla-

tions from Eq. (3.1) is then 2π/
√µ ν. Linear oscillator theory also states that

Z20 andSSThave a phase lag of 90°, meaning that for a four-year ENSO pe-

riod, sea surface temperature anomalies maximise one year after a thermocline

discharge.

The diagnosed values forµ, ν, andT from our experiments are also shown in

Table3.2. A largerν can be interpreted as a stronger coupling between thermo-

cline heat content and sea surface temperature response, whereasµ represents

the effectiveness of heat transfer from the ocean surface into the thermocline.

Periods calculated from the ENSO oscillator are between 3 and 5 years, and are

in good agreement with the dominant period of the Nino3.4 spectrum. We add

the ENSO periods obtained from the simple oscillator as greyvertical lines to

the spectral power density in Figure3.2c.

We now evaluate how good the simple oscillator represents the relationship

of thermocline depth and sea surface temperature anomaliesin the different ex-

periments. We calculate the cross-correlation between theleft hand side and the

right hand side of Eq. (3.1a) and Eq. (3.1b) usingµ andν as diagnosed from

the model output and compare the two cases “SSTdrivesZ20” and “Z20 drives

SST” (Figure 3.3). Alternatively, we can think of how well the time derivative

of SST(Z20) predictsZ20 (SST). Black curves in Figure3.3 are data obtained

from MPI-ESM, and red curves show the predictions accordingto Eq. (3.1).

The linear oscillator is a good assumption for CTRL and correlations co-

efficients for both relationships of Eq. (3.1) are almost equal, about 0.66. The

root of the cross-correlation function is near lag 0 (not shown), which means

that there is no additional phase shift betweenSSTandZ20. For MIOC360 and

MIOC480 the correlation coefficient is large for the case that Z20 drivesSST

(0.54 and 0.60), but small for the reverse case,SSTdriving Z20 (0.35 and 0.37).

We thus conclude that the simple oscillator is not appropriate for MIOC360 and

MIOC480, and that the intercation: positive (negative) SSTanomalies→ en-
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Figure 3.3: Simple recharge/discharge oscillator diagnostics from 20°C thermo-
cline and SST anomalies.

hanced (reduced) atmospheric deep convection→ stronger (weaker) wind stress

curl anomalies→ thermocline discharge (recharge) is disrupted.

As we just showed for the Nino3.4 time series, periodicity inMIOC720 re-

turns, and the feedback betweenZ20 andSSTis re-established. MIOC720 is,

however, special because the correlation coefficient is relatively low compared

to CTRL, but one can guess by eye that the oscillator has an additional phase

shift. In fact,Z20 leads by about 8–10 months, and the lagged correlation coef-

ficient of now about 0.75 is larger than for CTRL. We may speculate about the

physical implication of this addition phase shift. It couldbe related to a prema-

ture discharge (recharge) of the thermocline, for example,due to strong random

forcing or due to more inertia of the system (by larger amounts of heat stored in

the thermocline).

48



Modelled ENSO events and the equatorial Pacific Ocean

The simple oscillator model provides additional insight into ENSO dynam-

ics. The periodic behaviour of ENSO is reproduced for CTRL and MIOC720,

but both setups show a slightly different dynamic response,namely an addi-

tional phase shift between thermocline discharge and SST increase. The oscil-

lator model also reveals that feedback processes between SST and thermocline

depth anomalies are disrupted in MIOC360 and MIOC480. Causes for the dis-

ruption are analysed in the following.

3.4 Modelled ENSO events and the equatorial

Pacific Ocean

We focus on the driving mechanisms for ENSO events accordingto the Bjerk-

nes feedback. The major ingredients are zonal wind stress, thermocline depth,

or, equivalently, sea surface height, and SST and outgoing longwave radiation

as indicator of deep convection over the western Pacific warmpool. The time

evolution of these variables along the equator resembles a series of ENSO events

(Figure3.4).

In CTRL almost every positive (negative) wind stress anomaly causes an El

Niño (La Niña) in the eastern Pacific. For example, consider the wind stress

anomaly between 180 and 120°W in year 56 (subsequent numbering in Fig-

ure3.4a). The weaker trade winds cause a thermocline discharge that propagates

eastward and is reflected by a positive sea surface height anomaly. An El Niño is

initiated, and westward propagating positive SST anomalies further weaken the

Walker Circulation due to the Bjerknes feedback. As a result, the region of deep

convection in the western Pacific shifts toward the east, while the surface ocean

to the west takes up more heat, recharging the thermocline.

All Middle Miocene experiments show a larger variability over the west-

ern Pacific warm pool compared to CTRL, for example, outgoinglongwave

radiation— indicating atmospheric deep convection—as well as zonal wind

stress (Figure3.4b–d). Zonal wind stress anomalies exert momentum anoma-

lies on the upper ocean, thereby enhancing variability of the equatorial current

system. Zonal velocity variability in the upper western equatorial Pacific is
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m

1.

2. 3. m
4.

b) MIOC360

Figure 3.4: 25 years of zonal wind stress, sea surface height, sea surface temper-
ature, and outgoing longwave radiation anomalies along theequatorial Pacific.
The data are Trenberth (1984) filtered and the units are Wm−2, mPa, cm, and K.
To highlight ENSO events, Nino3.4 time series are attached to each plot. Subse-
quent numbers in CTRL exemplify a typical ENSO event. To be continued.

larger for the Middle Miocene experiments, despite a similar structure of the

mean zonal velocity field (Figure3.5). A reason for the larger variability in the

western Pacific could be the wider Indonesian through-flow (Figure3.1). Proto-

New Guinea is located further to the south, and more open water is exposed to

evaporation and, hence, more atmospheric deep convection occurs (not shown).

Assuming that enhanced deep convection is in line with larger variability, atmo-
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) MIOC480

d) MIOC720

Figure 3.4: Continued.

spheric forcing over the western Pacific is generally stronger. On interannual

time scales this additional atmospheric “noise” influencesENSO dynamics.

Atmospheric noise due to enhanced deep convection events may explain the

more random ENSO in MIOC360 and MIOC480. A lagged cross-correlation be-

tween Nino3.4 and SST, and between Nino3.4 and thermocline depth, shows that

an ENSO event in MIOC480 is related to a long-persisting temperature anomaly

in the western Pacific (Figure3.6c). The bulge between 120 and 150°E starting

at lag month−18 can be distinguished from the eastern Pacific anomaly that

propagates westward. We assume that the long-persisting anomaly is the sum of
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) d)

Figure 3.5: Mean zonal ocean velocity along the equatorial Pacific. Negative
(positive) values indicate eastward (westward) motion. Contour lines correspond
to standard deviations of the zonal velocity with intervalsof 0.05 m/s.

a westward propagating SST anomaly and a local western Pacific SST anomaly.

As a side note, the 150°E longitude is also the eastern boundary of the western

Pacific deep convection and wind stress anomalies (compare Figure3.4).

In summary, we find that anomalous deep convection events andthe associ-

ated wind stress anomalies in the western Pacific affect the upper ocean and in-

hibit a basin-wide ENSO mode. Western Pacific wind stress anomalies add to the

more central Pacific wind stress anomalies and, thus, end up in a more random at-

mospheric forcing that influences the thermocline recharge/discharge processes

on interannual time scales. Westward propagating ENSO events are exposed

to the atmospheric “noise” that interupts the Bjerknes feedback in MIOC360

and MIOC480. In contrast, the ENSO mode in MIOC720 is strong enough

to overcome the perturbations at the western Pacific, so thatperiodicity is re-

established.
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d)
Figure 3.6: Lagged cross-correlation along the equator of (left) sea surface tem-
perature (SST) and (right) 20°C-thermocline (Z20) anomalies onto the Nino3.4
index. Nino3.4 leads when lags are positive, SST and Z20 leadfor negative lags.

3.5 Teleconnection patterns

In this section, we focus on the effect of ENSO on global climate for the Middle

Miocene experiments. We use linear regression analysis to determine telecon-

nection patterns, and describe how they shift and strengthen under different CO2
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Figure 3.7: Linear regression of the Nino3.4 index onto the monthly sea surface
temperature anomalies. Regression coefficients exceedingthe 95% significance
level are coloured. Contour lines show the explained variance at intervals of 10,
30, 50, and 70 %.

forcings. We then investigate the strength of the “atmospheric bridge” that con-

nects the tropics and the extratropics [Liu and Alexander 2007], and also how

ENSO influences the large-scale atmospheric circulation inthe extratropics.

Linear regression analysis

SST anomalies regressed onto Nino3.4 reveal that the teleconnection pattern in

MIOC360 and MIOC480 is slightly shifted westward and its meridional extent

is larger compared to CTRL (Figure3.7). The correlation to the Indian Ocean is

larger and ENSO explains more variance for all Miocene experiments due to the

wider Indonesian through-flow connecting Indian and PacificOcean. At higher

CO2 levels, teleconnections become stronger and teleconnection patterns grow

larger. In MIOC720, the pattern shifts westward and resembles a more central-
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Figure 3.8: Linear regression of the Nino3.4 index onto (a) monthly 2 m air tem-
perature, (b) sea level pressure, and (c) zonal wind stress anomalies. Regression
coefficients exceeding the 95% significance level are coloured. Contour lines
show the explained variance at intervals of 10, 30, 50, and 70%.

Pacific ENSO, a type of ENSO that is also expected to occur morefrequently in

projections of future global warming [Yeh et al. 2009].

The linear regression of 2 m air temperature shows an increased response to

ENSO phases in mid- and high latitudes while the structure ofthe teleconnec-

tion patterns remains the same (Figure3.8a). In MIOC720, ENSO explains on

average 25–40% of the tropical variability between 10°S and10°N.

Sea level pressure regression resembles the tropical Pacific pressure system

of the Walker circulation, with low pressure over the eastern and high pressure

over the western Pacific during the positive phase of ENSO (Figure3.8b). ENSO
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also effects the low pressure system over the North Pacific. Although, the tele-

connection is weak, it has consequences for midlatitude storm tracks. Again, in

the Middle Miocene experiments the teleconnections intensify, and the response

to ENSO is largest in MIOC720. ENSO also dominates the sea level pressure

over the Indian Ocean which, in turn, largely determines theAsian monsoon

system. In all Middle Miocene experiments, we find a larger impact on the Arc-

tic pressure system, and, for MIOC480 and MIOC720, also on the Antarctic

pressure system.

In CTRL, the centre of action for the zonal wind stress anomaly is located

over the central Pacific at 150°W (Figure3.8c). In MIOC360 and MIOC480

the pattern remains at this position, but in MIOC720 it shifts westward to about

180°E. Also in MIOC720, zonal wind stress increases during El Niño in the

westerly regions.

All teleconnection patterns intensify under Middle Miocene boundary con-

ditions, although the global distribution of teleconnections remains similar to

present day. Of course, we have to consider that ENSO variability is smaller in

MIOC360 and MIOC480. However, despite the nature of ENSO itself we find

a stronger response in the mid- and high latitudes, where ENSO explains more

variance. We, therefore, propose that the “atmospheric bridge” is stronger for the

Middle Miocene. In the following, we evaluate the effect of ENSO variability

on the atmospheric bridge.

Atmospheric bridge

Warming of the tropical Pacific during El Niño enhances deep convection and

causes warm air to rise. The thermally induced circulation that converts incom-

ing solar radiation into vertical motion of air can be described by the meridional

Hadley circulation. Positive (negative) equatorial Pacific SST anomalies during

El Niño (La Niña) intensify (weaken) the equatorial upward branch of the Hadley

circulation (Figure3.9). Anomalous heating is balanced by vertical motion and

divergence in the upper troposphere, generating atmospheric Rossby waves that

propagate to the extratropics. This mechanism is termed “atmospheric bridge”

[Liu and Alexander 2007].
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Figure 3.9: Time mean of zonal mean meridional stream function and
its El Niño-/La Niña-composite for all experiments. Contour intervals are
20×109kg/s for the time mean and 4×109kg/s for the composite differences.

Rossby waves propagate to preferred regions where quasi-stationary anoma-

lies develop, for example over the North Pacific. If Rossby waves from the

tropics penetrate into the midlatitudes, they can alter heat and momentum flux

of midlatitude eddies, thereby changing the structure and amplitude of the wave

trains that correspond to midlatitude storms. As the midlatitude storms prop-

agate eastward, so does information about ENSO events in thetropical Pacific

Ocean.
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Figure 3.10: Time mean of storm tracks (defined as deviationsof the 2–6 days
bandpass-filtered 500 hPa geopotential height) and their ElNiño-/La Niña-
composites for all experiments. Contour interval is 10 gpm for climatology and
2 gpm for composites. Regions where the deviations exceed 40gpm are cross-
hatched.

To visualise the strength of the atmospheric bridge, we compute El Niño-

and La Niña-composites of the mean meridional circulation as well as of the

midlatitude storm tracks which we compare to the mean state (Figures3.10and

3.9).

In CTRL, changes of the mean meridional circulation during ENSO events

are confined to the tropics (Figure3.9). The circulation is enhanced during El

Niño and weaker during La Niña. In MIOC360 and MIOC480 the tropical re-

sponse is stronger in the southern- and weaker in the northern-hemispheric cell
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during both phases of ENSO, in contrast to CTRL. ENSO events are stronger in

MIOC720 and, thus, have a larger impact on the meridional circulation reaching

as far north as the Ferrel cell, a thermally indirect circulation that is a by-product

of midlatitude eddies. In MIOC720 the tropical and extratropical response to

ENSO is strongest both for storm track shifts and for the meanmeridional cir-

culation. The response is enhanced over the Northern Hemisphere for warmer

climates (MIOC480 and MIOC720) because of a stronger land-sea contrast in

a warming climate due to larger Northern Hemisphere land masses.

To summarise, we find that ENSO teleconnections under MiddleMiocene

boundary conditions are stronger than today. Teleconnection patterns in the Mid-

dle Miocene experiments have an almost similar structure astoday, but ENSO

teleconnections reach further into the high latitudes. We attribute this merid-

ional extension to a strengthening of the atmospheric bridge, which means that

information about ENSO events is more easily transported tothe extratropics.

3.6 Discussion and conclusions

In this study, we analyse ENSO variability for Middle Miocene simulations

forced with different atmospheric CO2 levels. Under relatively low and mod-

erate CO2 forcing (MIOC360, MIOC480), ENSO variability decreases, but in-

creases again under stronger CO2 forcing (MIOC720). Our findings of stronger,

longer-lasting, but less frequent ENSO events are confirmedby a recent model

study where idealised ocean geometries representing the Early Miocene, 20 mil-

lion years ago, and CO2 levels of 710 ppm have been applied [Von Der Heydt

and Dijkstra 2011].

Despite the smaller variability in the moderate forcing scenarios MIOC360

and MIOC480, teleconnections become stronger and more widespread. A more

effective atmospheric bridge facilitates a stronger connection between the trop-

ics and the extratropics, although we do not know why the atmospheric bridge

is stronger. ENSO alters midlatitude storm tracks that, in turn, influence mid-

latitude climate. The effect of ENSO is larger under Middle Miocene boundary

conditions than today. However, in a similar model (ECHAM5/MPI-OM) under
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warming conditions like the IPCC SRES A1B scenario, stronger ENSO telecon-

nection are more likely conditioned by changes of the tropical Pacific mean state

[Müller et al. 2008].

Using a simple oscillator model, we show that the Bjerknes feedback is dis-

rupted under moderate CO2 levels and re-established as ENSO gets stronger.

The stronger ENSO amplitude with a reduced period has also been found in

a study that investigated the delayed oscillator model [Eccles and Tziperman

2004]. However, whether real-climate ENSO is a cycle or a series of single

events is still under debate [Kessler 2002].

Although simulating ENSO has improved over the last years, comparison

to real-climate indicates limitations in our ability to model ENSO events [e.g.,

Guilyardi et al. 2009]. ENSO variability is too strong in our present-day control

simulation compared to observations. For example, for the HadISST1 data set

[Rayner et al. 2003] σ = 0.8 K, compared to the relatively largeσ = 1.1 K in

CTRL. Furthermore, current coupled comprehensive GCMs show a bias that

puts the cold tongue too far west [Guilyardi et al. 2009]. ENSO events occur

too regular compared to HadISST1 for the 20th century (not shown), but this has

already been an issue for a previous version of the MPI-ESM [Jungclaus et al.

2006].

Several aspects of ENSO might be related to the altered Middle Miocene

topography. For example, weaker trade winds in the Middle Miocene are a re-

sult of lower topography (see Figure2.7, Chapter2), and it has been shown that

lower topography shifts the western Pacific warm pool further to the East [Kitoh

2007]. In our study, ENSO becomes stronger, more regular, and hasa longer pe-

riod with lower mountains, which is contrasting our resultsfor MIOC360 where

we find a more irregular and weaker ENSO. WhileKitoh applied present-day

boundary conditions, we apply Middle Miocene boundary conditions that affect

large-scale ocean circulation [Krapp and Jungclaus 2011]. Another example is

the wider Indonesian through-flow (ITF) that influences the tropical ocean cir-

culation in the Pacific. As has been shown, a more open ITF weakens ENSO,

which also becomes more irregular [Jochum et al. 2009]. While this is true for

our moderate Middle Miocene experiments MIOC360 and MIOC480, it does not

explain the stronger ENSO in MIOC720. Whether a transition between these
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two different states exists would be worthwile to answer in asensitivity study

exploring the CO2 range between 480–720 ppm.

Referring to the questions we raise in the introduction, we conclude that (1)

Middle Miocene boundary conditions make ENSO more random, though (2)

teleconnections strengthen due to a more effective atmospheric bridge. ENSO

events are recognised even at higher latitude, and ENSO variability has a larger

effect on the extratropical climate than today.
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4 Northern Component Water

formation and its effect on the

Atlantic meridional overturning

circulation

It’s always easier to come up with a theory

when you know what the answer has to be.

W. KESSLER

Abstract

We investigate the formation of Northern Component Water during the

Middle Miocene in a set of experiments where we change ocean topogra-

phy (1) to a modern Greenland-Scotland Ridge and (2) to a shallow eastern

Tethys ocean gateway. Atlantic meridional overturning circulation is sen-

sitive to altered sources of Northern Component Water and slows down by

one quarter in (1) and by one third in (2). Interactions between subtropi-

cal and subpolar gyre in the form of an intergyre only occur for a modern

Greenland-Scotland Ridge suggesting a control mechanism by ridge over-

flows.
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4.1 Introduction

The oceans transport large amounts of heat and moisture fromlow to high lati-

tudes, thereby regulating the global climate system [e.g.,Ganachaud and Wun-

sch 2000]. An important feature of the global large-scale ocean circulation is

sinking of cold and dense water at high latitudes. For example, Antarctic Bottom

Water, which forms in the Wedell and Ross Sea around Antarctica, is the densest

water mass in the deep ocean. Its northern-hemisphere counterpart, the North

Atlantic Deep Water (NADW), consists of relatively warm andsaline subtropi-

cal water that, while being transported northward, loses heat to the atmosphere,

but not its salt. This makes it dense enough to become convectively unstable and

to overturn. High latitude ventilation, accompanied by lowlatitude vertical mix-

ing that heats the deep ocean and reduces its density, drivesthe Atlantic Ocean

branch of the global thermohaline circulation, the Atlantic meridional overturn-

ing circulation [AMOC;Hansen et al. 2004].

Present-day NADW has two sources of dense and cold deep water: (1) over-

flow from the Greenland and Norwegian Seas across the Greenland-Scotland

Ridge (GSR) and (2) convective overturning in the Labrador Sea. Formation of

Northern Component Water (NCW), the predecessor of today’sNADW, is an an-

cient feature of the North Atlantic that can be dated back to the Middle Miocene,

about 15 million years ago [Wright and Miller 1996], although for times before

12 million years, these reconstructions are not robust [Poore et al. 2006]. On the

other hand, early Oligocene (~35 million years ago) deposits in the Southeast

Faroer Drift suggest a southerly flow regime of deep water even earlier [Davies

et al. 2001]. Our study from Chapter2 showed that AMOC strength in the Mid-

dle Miocene climate is insensitive to open lateral gatewayssuch as the Panama

Seaway and the Tethys and is nearly as strong as today [Krapp and Jungclaus

2011]. Now the question that arises is:

(1) Why is the AMOC in the Middle Miocene as strong as today?

We expect that NCW forms in a similar way as NADW, which controls the

thermohaline circulation in the Atlantic. Furthermore, overflows from the

Greenland-Norwegian Sea cannot contribute to NCW formation in the Middle
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Miocene North Atlantic as the Greenland-Scotland Ridge is absent in the applied

topography, which leads us to the question:

(2a) What is the effect of a modern Greenland-Scotland Ridgefor

NCW formation during the Middle Miocene?

Topographic reconstructions become more difficult the further we go back

in time [Crowley and Burke 1998]. The Tethys Ocean closure was initiated by

the northward drift of India during the Late Eocene and is considered to have

ended between 14 and 15 million years ago [Rögl 1998]. Such plate tectonic

events may even have triggered the Middle Miocene climatic transition between

17 and 11 million years [Hüsing et al. 2009]. Another example concerns Tethys

outflow water (TOW), a warm and saline Tethys Ocean water mass, that has

been hypothesised to penetrate into the Atlantic between 20and 13 million years

ago [Ramsay et al. 1998]. In Chapter2, we showed that a westward flow of

water originating in the Indian Ocean enters the Atlantic Ocean through the open

Tethys, but the modelled TOW is relatively fresh. We addressthe uncertainty of

the eastern Tethys closure associated with water masses that enter the Atlantic

Ocean and ask:

(2b) What is the effect of a shallow eastern Tethys for NCW forma-

tion during the Middle Miocene?

In the second part of this study, we analyse the dynamic response of large-

scale ocean circulation to altered topographic boundary conditions. A question

that arises from uncertainties regarding the two describedtectonic events is:

(3) What is the effect of a shallow eastern Tethys or a modern

Greenland-Scotland Ridge on the meridional overturning and hor-

izontal gyre circulation?

The proposed Middle Miocene scenarios may, thereby, also serve as a testbed for

the sensitivity of large-scale ocean circulation to underlying topographic bound-

ary conditions. The Greenland-Scotland Ridge experiment,for example, adds

to our understanding of NCW/NADW formation and its effect onocean circula-

tion. To the best of our our knowledge, so far, no study relates the dynamics of

the subpolar gyre to the Greenland-Scotland Ridge.
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The study is organised as follows. In the Section4.2 we describe our ex-

perimental design with the changed ocean topography. Section 4.3 describes

the formation of Northern Component Water and its distribution in the Atlantic

Ocean for the two sensitivity experiments: modern Greenland-Scotland Ridge

and shallow eastern Tethys. Afterwards, we analyse the effect of the topography

on the meridional overturning circulation as well as the horizontal gyre circula-

tion in Section4.4. We discuss our results in Section4.5, give an outlook into

potential future studies in Section4.6, and conclude in Section4.7.

4.2 Experimental design

We use the comprehensive Earth-System Model MPI-ESM that consists of

the atmosphere–land surface model ECHAM5/JSBACH [Roeckner et al. 2003,

Raddatz et al. 2007] and the ocean model MPI-OM [Marsland et al. 2003].

ECHAM5 is used with T42 truncation, which corresponds to a horizontal grid

spacing of 2.8° and has 19 levels in the vertical, the uppermost being at 10 hPa.

MPI-OM uses a tripolar curvilinear grid with a quasi-homogeneous horizontal

grid spacing of about 1° and has 40 levels in the vertical, which are unequally

spaced. MPI-OM incorporates a dynamic-thermodynamic sea-ice model that

follows the descriptions of Hibler and Semtner [Hibler 1979, Semtner 1976].

MPI-OM and ECHAM5 exchange momentum flux, heat flux, and freshwater

flux, as well as sea surface temperatures, sea-ice thickness, sea-ice area fraction,

and snow cover on sea ice once per day via OASIS [Valcke 2006].

We define the Middle Miocene climate scenarios with prescribed CO2 of

480 ppm from Chapter2as the baseline experiment for the subsequent sensitivity

studies and call it MCTL. In MCTL, we apply a reconstructed Middle Miocene

topography based on a rotated global plate tectonics model [Herold et al. 2008].

For the first sensitivity experiment, we change the bathymetry in the Nordic

Seas to a modern Greenland-Scotland Ridge, but without Iceland (Figure4.1);

this experiment will be called MGSR. For the second sensitivity experiment, we

apply a shallow eastern Tethys gateway; this experiment will be called MTET.

Although the turnover time of the ocean is much longer, both experiments are

run for 500 years to quasi-equilibrium, because the appliedtopographic changes
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flat GSR

modern GSR

open E.Tethys

Panama Seaway

shallow E.Tethys

Figure 4.1: Ocean bathymetry of the North Atlantic as applied in PCTL, MCTL,
MGSR, and MTET (in m).

only restrict the ocean circulation rather shutting it off,which would require a

longer integration. Whenever helpful, we compare the threeMiddle Miocene

experiments to the same present-day control simulation as in Chapter2, because

here, a Greenland-Scotland Ridge is also included. The present-day control ex-

periment is called PCTL. We use the last 100 years of each experiment for our

analysis.

4.3 Formation of Northern Component Water

Northern Component Water (NCW) forms due to deep convectionand overflows

in the Nordic Seas and is distributed within the Atlantic Ocean. We distinguish

between (1) the effect of the Greenland-Scotland Ridge (GSR) in the Nordic

Seas and (2) the effect of the eastern Tethys closure at midlatitudes on NCW
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formation and its distribution across the Atlantic Ocean. For (1) we compare

MCTL and MGSR, whereas for (2) we compare MCTL and MTET.

The role of a modern Greenland-Scotland Ridge

Regions of deep water formation in the northern hemisphere can be diagnosed

from the winter mixed layer depth, representing the reducedstable stratification

of the ocean surface due to overturning of dense and convectively unstable sur-

face water (Figure4.2). The Labrador Sea is the major deep water formation

region in MCTL. The Norwegian Current brings warm and relatively saline wa-

ter onto the Barents Shelf. Due to strong cooling, dense water forms that spills

over into the North Atlantic between 70 and 75°N (Figure4.2b). In MGSR,

most deep convection occurs in the now isolated Greenland Sea (Figure4.2c),

and Barents Shelf water is no longer dense enough to compete with Greenland

Sea Deep Water (GSDW). The GSR shields the Greenland Sea fromwarm inter-

mediate water that otherwise would penetrate into the high latitudes.

If dense and cold surface water becomes convectively unstable, it sinks and

mixes with surrounding water to form NCW. Figure4.3 shows different North

Atlantic water masses that form NCW in a TS-diagram. Labrador Sea water

(LSW) is relatively fresh (34.2–34.5 psu) but colder than NCW by about 3 K;

subtropical Atlantic water is warmer (15–20°C) but more saline (>35.5 psu) than

NCW. In MGSR, Greenland Sea Deep water (GSDW) is the densest water that

contributes to NCW (Figure4.3c). Overflows entrain surrounding water as they

rush downward after crossing the GSR. Although deep water formation shifts

from the Labrador Sea to the Greenland Sea—both characterised by different

deep water masses—the resulting NCW is almost identical.

After sinking, NCW returns southward and overlays the colder and denser

Antarctic Bottom Water. A vertical cross section along ~30°W (Figure 4.4)

starting at the coast of Antarctica across the Southern Ocean, Atlantic Ocean,

ending in the Nordic Seas shows the distribution of different water masses and

their potential temperature, salinity, and potential density (Figure4.5). GSDW

replaces large parts of NCW north of the GSR and fills the Greenland Sea in

MGSR. Downward sloping isopycnals at about 60°N show overflows that mix
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Figure 4.2: March mixed layer depth in the North Atlantic as indicator of deep
water formation in (a) PCTL, (b) MCTL, (c) MGSR, and (d) in MTET (in m).

with LSW to form NCW. However, the distribution of NCW withinthe At-

lantic basin is similar in MCTL and MGSR. Interestingly, NCWis deeper at

about 30°N to circumvent Tethys outlow but ascends again south of the western

Tethys.

Closing of the eastern Tethys gateway: a modern

Mediterranean

The strong westward flow from the Indian Ocean into the Atlantic found for

MCTL is suppressed in the shallow eastern Tethys scenario MTET (Table4.1).
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Figure 4.3: TS-diagram for water masses that form Northern Component Water
(NCW) in the North Atlantic during winter (March) between 420 and 5170 m
(temperature in °C and salinity in psu). Abbreviations are:AABW: Antarc-
tic Bottom Water—ABW: Arctic Bottom Water—AW: Atlantic Water—GSDW:
Greenland Sea Deep Water—LSW: Labrador Sea Water—NADW: North At-
lantic Deep Water—MOW: Mediterranean Outflow Water—TOW: Tethys Out-
flow Water.

70



Formation of Northern Component Water

SPG

STG

Figure 4.4: Pathway of vertical cross section as black line.Blue (black) stars
denote approximate coordinates for suptropical- and subpolar-gyre index for the
Middle Miocene (present day).

Because the shallow eastern Tethys does not completely shutoff the Indian from

the Atlantic Ocean, a net westward flow of about 1.9 Sv remains(Table4.1).

However, a considerable amount of upper ocean Atlantic water enters the Tethys

(not shown). Here, surface water is exposed to enhanced evaporation and hence

becomes saltier. Warm and saline water sinks and returns into the Atlantic Ocean

at intermediate depth of about 1500 m. This Tethys Outflow Water (TOW) has

a salinity larger than 35.4 psu and is thus dense enough to cause deep convec-

tion during winter (Figure4.2d). TOW can be easily distinguished in the verti-

cal cross section of the Atlantic (Figure4.5). While being advected northward,

TOW entrains suptropical water which is warmer and denser asit enters the

Nordic Seas, compared to MCTL or MGSR (Figure4.3). Due to the shallow

eastern ocean gateway, the Tethys turns into an evaporativebasin comparable to

the present-day Mediterranean.

NCW Formation and strength of Atlantic meridional

overturning circulation

The Labrador Sea is the major source region of NCW formation in MCTL, but

Barents shelf overflows are also an important source of NCW. The Greenland

Sea in MGSR dominates deep water formation due to the modern GSR on the

expense of convection in the Labrador Sea. In MTET, NCW formsfrom Barents

shelf overflows and also partly in the Labrador Sea and in the Tethys, but deep
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4. Northern Component Water formation and its effect on the AMOC

a)
b)

)

Figure 4.5: Vertical cross section across the Southern and Atlantic Ocean for (a)
temperature (in °C), (b) salinity (in psu), and (c) potential density (in kg m−3).
Hashed regions indicate NCW and AABW, and cross-hatched regions indicate
GSDW (TOW) in MGSR (MTET). The vertical bar at ~35°N marks thelocation
and depth of the Gibraltar Strait.
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Table 4.1: Net volume transport into the Atlantic Ocean through the Panama
Seaway and through the Strait of Gibraltar as well as transport of subtropical
gyre (STG), subpolar gyre (SPG), and Atlantic meridional overturning circula-
tion (AMOC) at 40°N/1000 m. All values +/- one standard deviation (in Sv).

net volume transport PCTL MCTL MGSR MTET

Panama Seaway — 1.5±3.1 -0.1±3.0 9.5±3.6
Strait of Gibraltar -0.07±0.06 11.0±2.0 10.8±1.9 1.9±0.5

STG 57.7±5.3 39.8±7.4 38.5±7.5 44.0±7.6
SPG 34.8±4.8 50.6±5.5 33.2±3.7 48.0±4.7
AMOC 20.3±2.4 19.9±1.7 14.6±1.8 12.7±1.6

water formation generally decreases compared to MCTL. Although NCW in all

Middle Miocene experiments comprises of deep water that hasdifferent sources,

water mass properties of NCW are almost identical as shown inthe TS-diagram.

However, deep water formation in PCTL and MCTL is more enhanced than in

MTET and MGSR (Figure4.2). Because the rate of NCW formation determines

the strength of the Atlantic meridional overturning circulation (AMOC), it is

of comparable strength in PCTL (20.3 Sv) and MCTL (19.9 Sv), but weaker by

about one quarter in MGSR (14.6 Sv) and by about one third in MTET (12.7 Sv)

(Table4.1and Figure4.6).

4.4 Role of ocean gateways for meridional

overturning and horizontal gyre circulation

We now focus on the dynamics of the meridional overturning circulation and

the horizontal gyre circulation. We show how both interact with each other and

influence heat transport in the Atlantic Ocean.

AMOC variability

The structure of the Atlantic overturning cell is similar inall experiments despite

the different sources of NCW, although it is extended northward in the MCTL
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Figure 4.6: Atlantic Meridional Overturning Circulation (in Sv).

and MTET (Figure4.6). Because deep water formation in the different source

regions depends on different processes, for example excessive evaporation in the

Tethys or overflows across the GSR, different time scales maydetermine the

variability of the meridional overturning. We show monthlyAMOC anomalies

along the Atlantic Ocean at ~1000 m depth—that is, where the stream function

has its maximum—in Figure4.7. AMOC variations in PCTL are limited to lati-

tudes south of the GSR, whereas the AMOC also shows high latitude variations

in MCTL and MTET. Variations between 70 and 80°N are even larger than

at midlatitudes. Low-latitude AMOC variations are also larger in the Middle

Miocene experiments compared to present-day.

In all Miocene experiments, AMOC anomalies propagate northward and

southward starting at ~45°N, while in PCTL, anomalies propagate only south-

ward. The 45°N-latitude corresponds to the front between subtropical and sub-

polar gyre. Newly formed deep water entrains northward-moving water masses

and feed back on AMOC anomalies on their way northward. Further south

at about 45°N, variations propagate southward along ocean-interior pathways

on advection time scales as has been shown for the present-day North Atlantic
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Figure 4.7: Latitude-time plot of normalised AMOC anomalies along the At-
lantic Ocean. The AMOC index at each latitude is the 1020 m-depth value. Data
are detrended and smoothed with a 18-month running average filter. Dashed
lines show the latitude of Panama Seaway (Pan), Strait of Gibraltar (Gib), and
Greenland-Scotland Ridge (GSR). The lower panels show the standard deviation
(s.d.) of the monthly mean AMOC anomalies at each latitude (in Sv).

[Zhang 2010]. As soon as AMOC anomalies attach to the deep western bound-

ary current, they propagate southward with coastal Kelvin wave speed.

We estimate the time scales of AMOC variability by calculating the variance

spectrum of AMOC anomalies at each latitude (Figure4.8). The variance spec-

trum reveals frequencies or periods for which variations are largest, expressed

by the power of variance.

Decadal variability on time scales of ~20 years and more is smaller in all

Middle Miocene experiments compared to PCTL, but we have to acknowledge

that results may not be robust for the short interval under consideration. Vari-

ability of Barents-shelf overflows, an important source of deep water in MCTL

and MTET, dominates on interannual time scales of 4–10 yearsbetween 75 and

80°N, but is less pronounced in MTET. In MGSR, no such variability occurs at

high latitudes, because GSDW formation outweighs Barents shelf overflows. At

latitudes of LSW formation between 50 and 60°N, AMOC varies on time scales
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Figure 4.8: Variance spectrum of the AMOC anomalies (taken from Figure4.7)
along the Atlantic Ocean. The spectral estimator has been Daniell-smoothed
with 5 data points. Note the logarithmic scale of the contours. Hashed regions
indicate values that are statistically significant at the 5%level compared to a red
noise spectrum.

of about 10 years in MCTL and MGSR, but not in MTET. While for today, the

variance is smaller north of the GSR at about 60°N, it is largest beyond 60°N in

MCTL and MTET, where the GSR is absent (Figure4.8). Due to the advection

of heat, high latitude AMOC variability also induces heat transport anomalies

that, in turn, affect high latitude climate, as we show below.

Subtropical and subpolar gyre variability

The subpolar gyre (SPG) and the subtropical gyre (STG) are the dominant

large-scale circulation patterns in the North Atlantic (Figure4.9). To estimate

their variability, we define a gyre-strength index as monthly anomalies of the

barotropic stream function at its STG/SPG local extremum (Figure 4.10). Ap-

proximate coordinates of the gyre centres are shown in Figure4.4. STG strength
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Figure 4.9: Correlations between barotropic stream function anomalies and its
first principal components (explained variance gives the upper right percentage).
Coloured regions indicate correlation coefficients that are statistically significant
at the 5% level. Contours show the mean barotropic gyre circulation with solid
(dashed) lines for anti-cyclonic (cyclonic) circulation in intervals of 5 Sv (zero
line is omitted).

variations are larger in the Middle Miocene experiments than in PCTL because

of lateral throughflow via open ocean gateways. Transport through the Panama

Seaway, for example, is highly variable and can also reversesign (Table4.1).

In all Middle Miocene experiments, STG is weaker due to largewestward

flow through Tethys into Atlantic, but it moderately recovers in MTET, where

the shallow eastern Tethys suppresses strong westward flow (Table4.1). SPG

is of equal strength in PCTL and MGSR (~33–35 Sv) and also in MCTL and

MTET (~48–51 Sv), indicating that the GSR limits the strength of high-latitude

gyre circulation as we will show in the following.
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Figure 4.10: 100-years time series of (a) STG index and (b) SPG index (in
Sv). Gray curves show unfiltered anomalies and black curves show anomalies
smoothed data with a 18-month running mean.

Lateral water mass transport through open ocean gateways influences the

structure of the STG, and induces STG variability on intraseasonal time scales.

A modern Greenland-Scotland Ridge controls the strength ofthe subpolar gyre

because it acts as a natural boundary for horizontal transport. The ridge also adds

more persistence to the subpolar gyre and suppresses small scale fluctuations.

We hypothesise a control mechanism of the Greenland-Scotland Ridge on the

North Atlantic gyre circulation which we describe below.
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Interactions between subpolar gyre, subtropical gyre, and

AMOC

The meridional overturning circulation (MOC) is linked to poleward heat trans-

port, because warm tropical surface water moves poleward while colder deep

water moves equatorward. MOC associated heat transport is also the largest

contributor to global poleward heat transport in the tropics [e.g.,Trenberth and

Solomon 1994]. The total advective ocean heat transport is determined bythe

meridional velocityv of sea water having potential temperatureθ , densityρ and

heat capacitycp

htro=

∫∫

cpv(ρ θ)dxdz.

Contributions to the total heat transport can be decomposedinto MOC and gyre

heat transport
[
ρθ v

]
=

[
ρθ

][
v
]

︸ ︷︷ ︸

MOC

+
[
(ρθ)∗v∗

]

︸ ︷︷ ︸

gyre

where square brackets denote zonal averages and stars denote deviations from

zonal average.

The temporal evolution of heat transport anomalies is associated with MOC

and horizontal gyre transport (Figure4.11). In PCTL and MGSR—both exper-

iments include a modern GSR—large gyre heat transport variability occurs at

about 45°N. We estimate the dominant temporal variability pattern of the hor-

izontal gyre circulation from the first principal componentof the barotropic

stream function anomalies. The time series is then regressed onto barotropic

stream function anomalies to estimate the spatial variability pattern of the hori-

zontal circulation which resembles the “intergyre” (Marshall et al.[2001]; Fig-

ure4.9). We see that the intergyre is a circulation feature in PCTL and MGSR,

but not in MCTL and MTET.

AsMarshall et al.[2001] showed, intergyre dynamics are linked to the North-

ern Atlantic Oscillation (NAO), one of the most prominent patterns of atmo-

spheric circulation variability, where a simultaneous strengthening (weakening)

of the Icelandic low and Azores high leads to stronger (weaker) westerlies [e.g.,

Hurrell et al. 2003]. NAO, thereby, also drives an anomalous heat transport

across the intergyre [Marshall et al. 2001]. Therefore, we assume that larger gyre
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4. Northern Component Water formation and its effect on the AMOC

Figure 4.11: Anomalies of the advective northward heat transport (MOC and
gyre) in the Atlantic (in PW). Data are detrended and smoothed with a 18-month
running average filter. Overlaid contours show AMOC anomalies as in Fig-
ure4.7.
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heat transport variability at midlatitudes, as for PCTL andMGSR (Figure4.11),

reflects the ocean–atmosphere interactions related to the wind-driven circulation

anomalies and NAO, and the coupling between atmosphere and ocean.

To summarise, we find that the GSR determines (1) the strengthof the subpo-

lar gyre and its variability (Figure4.10) and (2) the intergyre as dominant pattern

of variability in the North Atlantic (Figure4.9).

4.5 Discussion

We analyse the formation of Northern Component Water (NCW),the prede-

cessor of modern North Atlantic Deep Water in a set of experiments where

we changed the bathymetry of the North Atlantic (MGSR) and ofthe east-

ern Tethys Ocean gateway (MTET). Although deep water formation changes

from convective-overturning dominance to overflow dominance if we introduce

a modern GSR, the distribution of Northern Component Water (NCW) in the

Atlantic Ocean hardly changes. NCW retains its water mass properties, despite

different NCW source regions and pathways, for example Tethys outflow water

or Greenland Sea deep water (GSDW). Barents shelf overflows dominate high

latitude variability of the Atlantic meridional overturning circulation (AMOC)

if the GSR is absent; otherwise, GSDW substitutes Barents shelf overflows. We

conclude from the set of Middle Miocene experiments that NCWformation is a

robust feature of the Middle Miocene North Atlantic.

Deep water formation decreases due to the applied topographic changes and

hence the AMOC slows down by one quarter (MGSR) to one third (MTET)

compared to the Middle Miocene control experiment MCTL. A shallow eastern

Tethys also limits the strong inflow into the Atlantic and thecontracted subtrop-

ical gyre recovers in its zonal extent, but becomes only slightly stronger than

in MCTL. For the GSR, we find that overflows control the dynamics and time

scales of the horizontal gyre circulation and their associated heat transport. For

example, a weaker (stronger) subpolar gyre develops if a Greenland-Scotland

Ridge is present (absent) (Table4.1). Furthermore, an intergyre, as proposed by

Marshall et al.[2001], exists in the experiments where overflows can form due

to the GSR.
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Concerning the role of the GSR and associated overflows in controlling the

subpolar gyre, we propose the following: The direct effect of wind stress on

overflows is less important than thermohaline forcing [e.g., Hansen and Øster-

hus 2000]. Assuming that wind stress anomalies refer to short-time variations

and thermohaline forcing to longer oceanic time scales, we hypothesise that

overflows introduce more low frequency variability in the sense ofHasselmann

[1976] due to their integral response to small-scale fluctuations. A box-model

approach for Denmark Strait overflows byKäse[2006] also showed that the

overflow response to stochastic forcing is red noise.

A recent study with a coarse-resolution model showed that the subpolar gyre

is sensitive to overflows through baroclinic adjustments [Born et al. 2009]. That

overflows affect subpolar gyre strength has also been shown in a high-resolution

model study, where stronger Nordic Sea overflow leads to a contracted subpolar

gyre [Zhang et al. 2011].

To summarise, the Greenland-Scotland Ridge and its associated overflows

control the horizontal gyre circulation and the air–sea coupling strength.

We examine the role of overflows and deep convection in the North Atlantic

large-scale ocean circulation. Although topography can alter the strength of the

AMOC, we do not find a severe slow-down of the AMOC as has been shown

for the Pliocene period, where the Panama Seaway was still open [Lunt et al.

2007]. We propose the following: If we assume that the Antarctic Circumpo-

lar Current (ACC) and the associated wind-driven upwellingis the first-order

driving mechanism for the global thermohaline circulationand the northward

transport of Atlantic water is a nearly passive consequence[Wunsch 2002], a

stable Middle Miocene AMOC is simply an implication of the ACC, which is as

strong as today in the Middle Miocene experiments (not shown). A recent proxy

study also provides evidence that the modern ocean structure is a consequence of

ACC development during early Oligocene [Katz et al. 2011]. This supports our

findings that NCW formation resembles present-day conditions and that the dis-

tribution of NCW is similar to the modern distribution of NADW. Because water

mass formation is robust for different topographic boundary conditions, we pro-

pose that deep water formation not necessarily coincide with to the development

of the Greenland-Scotland Ridge separating the Greenland-Norwegian Sea from

the North Atlantic as has been stated earlier [e.g,Via and Thomas 2006].
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4.6 Outlook

We propose three possible directions for future studies.

1. We show that the topography of the Nordic Seas has implications for heat

transport at high latitudes. Anomalous heat transport, especially at high

latitudes, may alter conditions for sea-ice growth on intraseasonal and in-

terannual time scales. An open question is how Nordic Seas topography

influences the susceptibility of seasonal or perennial sea-ice cover to vari-

ations in poleward heat transport anomalies. Researchers have already

found evidence for Arctic sea-ice and icebergs at ~14 Ma based on in-

creased abundance of dropstones and sand [Moran et al. 2006].

2. We showed in Chapter2 that the AMOC slows down under strong

CO2 forcing (experiment MIOC720). A question that naturally arises

is whether changed topographic boundary conditions can stabilise the

AMOC and prevent its slow-down. In a follow-up study, we willinves-

tigate the AMOC response to increased atmospheric CO2 for both MGSR

and MTET and analyse the dependence on the choice of boundarycondi-

tions.

3. Finally, to the best of our knowledge, no study relates the“intergyre” cir-

culation we discussed in Section4.4 to the Greenland-Scotland Ridge.

Therefore, we propose a present-day study with a flattened Greenland-

Scotland Ridge, to test if the intergyre is a consequence of Nordic Seas

overflows.

4.7 Conclusions

To conclude this study, we answer the research questions stated in the intro-

duction. (1) The Atlantic meridional overturning circulation is by no means as

strong as today, because the associated deep water formation is sensitive to the

applied topography. (2) Northern Component Water—the predecessor of mod-

ern North Atlantic Deep Water—forms either due to convective overturning in
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the Labrador Sea and Barents shelf overflows if the Greenland-Scotland Ridge

is absent, or alternatively due to overflows across the Greenland-Scotland Ridge.

Despite its different source, Northern Component Water is similarly distributed

across the Atlantic Ocean. (3) Horizontal and meridional circulation is generally

sensitive to changes in Atlantic bathymetry both in strength and variability. In

particular, a modern Greenland-Scotland Ridge controls horizontal gyre circula-

tion and the strength of air–sea coupling via the intergyre.
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5 Conclusions

We simulate the climate under Middle Miocene boundary conditions using the

comprehensive Earth System Model MPI-ESM. In a set of sensitivity exper-

iments, where we address uncertainties in atmospheric CO2 and topographic

boundary conditions, we analyse the variability of atmosphere–ocean interac-

tions and large-scale ocean circulation. We conclude the thesis by revisiting the

research questions posed in the introduction.

(1) Can a dynamic ocean contribute to a warm Middle Miocene

climate and reduce the equator-to-pole temperature gradient?

The dynamic ocean cannot be held responsible for a global redistribution of

heat to higher latitudes. Although the large-scale ocean circulation changes due

to Middle Miocene ocean gateway reconfigurations, the overall warming is too

small. The reduction of the equator-to-pole temperature gradient, as suggested

by marine and terrestrial proxies, is marginal because high-latitude feedbacks

are too weak. We learn that the agreement with proxy data doesnot necessar-

ily improve in our comprehensive model, because of its sensitivity to boundary

conditions that need to be prescribed with present-day values. For future palaeo

studies we thus propose that all present-day boundary conditions have to be con-

sidered.

(2) Can we model the warm Middle Miocene climate under mod-

ern atmospheric CO2 and what is the effect of higher CO2?

The warming under modern atmospheric CO2 forcing is too small and we thus

conclude that higher than modern atmospheric CO2 levels are required to drive
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the warmer Middle Miocene climate. Polar amplification slightly reduces the

equator-to-pole temperature gradient but high-latitude feedbacks are still too

weak. In fact, complex atmosphere-ocean interactions counteract high lati-

tude warming and compensation between atmospheric and ocean heat transport

makes high-latitude warming difficult.

(3) What is the effect of Middle Miocene boundary conditions

on the El Niño–Southern Oscillation, in particular open ocean

gateways and higher CO2 levels?

The Western Pacific Warm Pool region in the Middle Miocene is more sensi-

tive to atmospheric fluctuations than today, generating more irregular responses

of the El Niño–Southern Oscillation (ENSO). However, why a more regular

ENSO returns under stronger CO2 forcing remains unanswered. Teleconnec-

tions strengthen under Middle Miocene boundary conditionsdue to a more ef-

fective atmospheric bridge. We conclude that the extratropics are more sensitive

to tropical variability in the Middle Miocene than today.

(4) What is the effect of ocean gateways and ridges on deep water

formation and on large-scale ocean circulation in the Atlantic?

Deep water formation is a robust feature for the Middle Miocene North Atlantic,

but large-scale ocean circulation is generally sensitive to changes in the North

Atlantic and eastern Tethys bathymetry. However, we conclude that the Atlantic

meridional overturning circulation is likely a feature of the Middle Miocene

ocean, despite the different topographic boundary conditions, and we find evi-

dence that the Greenland-Scotland Ridge controls the horizontal gyre circulation

due to Nordic Sea overflows.

F 8 f
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