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Abstract

We present simulations with a coupled atmosphere—oceaspitere model for
the Middle Miocene 15 million years ago. The model is moreststent than
previous models because it captures the essential intaradtetween ocean and
atmosphere and between atmosphere and vegetation. Insefic§iexperiments,
we investigate processes that lead to a warmer Middle M®cémate. Under
present-day C@levels the simulated warming is too small. Applying higher
than present-day CQeads to warming comparable to the Middle Miocene cli-
mate. A denser vegetation cover that is in line with fossibres provides fur-
ther evidence that higher than present-day, G®els are necessary to drive the
warm Middle Miocene climate. However, we do not find a flatteart present-
day equator-to-pole temperature gradient that has begesteyl by marine and
terrestrial proxies. Instead, a compensation betweensgthasic and ocean heat
transport makes high-latitude warming difficult. Inclugifull ocean dynamics,
therefore, does not solve the problem of the flat temperaadient during the
Middle Miocene.

Using the same set of experiments, we investigate the EIH8dathern Os-
cillation (ENSO) in the tropical Pacific, where geographi@aieges apply to a
wider Indonesian Throughflow at the western and an open ParSsaway in
the eastern Pacific. Under low and moderate atmosphericl@@ls, ENSO is
rather irregular, because the feedback between equatibeahocline and sea
surface temperature is disrupted, whereas in a @Qubling scenario, a more
regular ENSO reappears.

We investigate the formation of Northern Component WateZ\(ly during
the Middle Miocene in another set of experiments where wegbacean to-
pography (1) to a modern Greenland-Scotland Ridge and @3¥ballow eastern
Tethys ocean gateway. Even though deep-water formatiotogation change,
NCW remains a core water mass of the deep North Atlantic. Hewéhe merid-
ional overturning circulation in the Atlantic is sensititeealtered NCW sources
and slows down by one quarter in (1) and by one third in (2)erbattions be-
tween subtropical and subpolar gyre in the form of an intexgyccur only for
a modern Greenland-Scotland Ridge, suggesting a contrchamésm by ridge
overflows.
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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 EarterBy&tiences
as they provide a testbed for the description of the globalate system un-
der boundary conditions that are different from today. Tigtwout Earth’s his-
tory the climate has undergone significant changes rangamgvarm a “green-
house” state to the current “icehouse” states| ]2 If we trust in
future climate projections, we have to understand the uyidgrdriving mech-
anisms for climate change. To this end, validation of clenatodels against
observations and geological climate reconstructionsssrésal.

Simulating the climate of the past considerably dependshenchoice of
boundary conditions. For example, incorporating time exalf Earth-orbital
changes, natural variations in atmospheric,C@ tectonic activity that are of
order 1¢ to 10 years is beyond feasibility for general circulation modet®se
time scales range from hours to millenia. Any process aatimdonger time
scales, therefore, needs to be prescribed as boundantioorfdr the time slice
of interest [e.qg.; |5

The long-term cooling trend throughout the Cenozoic erat, iththe last 65
million years (Ma), is driven by tectonic events and a largelithe in atmo-
spheric CQ [ ]1 However, the long-term cooling trend was
interrupted by periods of gradual warming, for exampleniyithe Early Eocene
at ~50 Ma, the Late Oligocene at ~25Ma, and the Middle Miocanel5 Ma.



1. Introduction

During the Middle Miocene, midlatitude temperatures weré & warmer than

today [ ) ]othe climate was more
humid | ]l and the equator-to-pole temperature gradient was re-
duced both over land and ocean/{ ; J. Atthe same
time, atmospheric C®was relatively low compared to previous warm periods
[ J0Because of the warm climate under relatively low
CO,, the Middle Miocene has been described as a period in whichaD@® tem-
perature were decoupled ]38 However, estimates of atmo-
spheric CQ are highly uncertain for the Middle Miocene and range fromdo
than pre-industrial values’f ]%to up to twice the pre-industrial
values | I

During the last two years, the Middle Miocene warm climateieeed more
attention in the palaeoclimate modelling community eitthee to uncertainties
in atmospheric CQ| ¢ }, ocean gateway config-
urations, continental elevation, or vegetati¢ie| ] Until now,
no climate model was able to reproduce the flatter equatpote temperature
gradient, and the lack of a dynamic ocean model led rese@rtheonclude that
oceanic control has to be important in regulating the rebtigion of heat from
low to high latitudes [e.g/; ) ]? 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 grétlie

For the first time, we shed light on the role of the ocean for Nhddle
Miocene climate in a set of experiments with the coupled aphere—ocean—
biosphere model MPI-ESM (Max Planck Institute Earth Syskéodel). In our
basic experimental setup, we apply a realistic Middle Mimctopography that
accounts for several ocean gateways that were open dugrigitidle Miocene,
for example, Panama Seaway and Tethys Océsaid E Asis
traditional, we simulate the climate mean state, but we @aignt to constrain
uncertainties of atmospheric G@econstructions, which leads us to our second
research question:



(2) Can we model the warm Middle Miocene climate under mod-
ern atmospheric C£and what is the effect of higher G@

It is not necessarily true that the spatial and temporalcsire of cou-
pled ocean—atmosphere modes is independent of the climgatal mean state
[ ],land few studies exist that thoroughly describe the
natural variability of the ocean—atmosphere system fagmatlimates. Because
our model provides more than just information about the mdamnate state,
namely also about climate variability, we investigate thestrprominent mode
of climate variability, the El Nilo—Southern OscillatioBENSO) phenomenon,
in a case study for the Middle Miocene. Our next researchtopregherefore,
is:

(3) What is the effect of Middle Miocene boundary conditions
on the El Nifio—Southern Oscillation, in particular open ace
gateways and higher GQevels?

Palaeoclimate modelling for deep times requires apprtgtétonic bound-
ary conditions due to the long time scales of tectonic evé&r®-10 years),
which cannot be resolved by current coupled climate modevercome un-
certainties of underlying topographic boundary condgiogensitivity experi-
ments test the effect on the climate system [é:g( F
The Middle Miocene, as the time slice of interest, involwee geological fea-
tures whose appearance may alter the ocean circulationeiitiantic: (1)
the Greenland-Scotland Ridge that separates the Nordgf&ea the Atlantic
Ocean and (2) the shallow eastern Tethys Ocean gatewayahag¢cts the At-
lantic and Indian Ocean. In particular, the stability of Atantic Ocean circula-
tion under different climate conditions has been widelydisd [e.g.)

], leading us to our final research question:

(4) What is the effect of ocean gateways and ridges on deegr wat
formation and on large-scale ocean circulation in the Aitzh

With our last study, we address the sensitivity of Atlantice@n circulation to
topographic boundary conditions with a reintegration ef@reenland-Scotland
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Ridge into the Nordic Seas, as well as with a shallowing ofaastern Tethys
Ocean gateway.

Understanding the climate of the past may help us to undeftstee mech-
anisms that drive future global warming. Although warmemeltes surely ex-
isted, time scales of C{variations were much longer back then, and that makes
the small but profound difference: There is no analogue irtEahistory that
can be compared to the warming we are facing.

1.1 Thesis outline

We address the posed research questions in three indiadapters written in
the style of journal publications. Each of the chapters @arebd self-contained
and includes an introduction, experimental design, resatld discussion sec-
tion.

In Chapter2, we investigate the Middle Miocene mean climate under dif-
ferent atmospheric CQevels, referring to research question (1) and (2). Here,
we also describe the basic setup with Middle Miocene bouyndanditions for
topography and atmospheric @Qvhich the other chapters are partly based on.
Experiments from Chaptet are further analysed in Chapt8y focussing on
the variability of the coupled ocean—atmosphere systerhartropical Pacific,
in particular the El Niflo—Southern Oscillation addressiegearch question (3).
Chapter4 addresses research question (4) and presents implicatiaiffer-
ent topographic boundary conditions on Atlantic Oceanutation. Finally, we
conclude the thesis in Chaptewith our major findings.

While Chapte® has been published @limate of the Pastand is reproduced
here with editorial modifications, Chaptéand Chapte# are in preparation for
submissiof3,

Krapp, M. and Jungclaus, J. H.: The Middle Miocene climatenaglelled in an
atmosphere—ocean—biosphere mo@m. Past 7, 1169-1188, 2011.

2Krapp, M. and Jungclaus, J. H.: The EI Nifio—Southern Osigtiain the Middle
Miocene climatePaleoceanographyin preparation.

3Krapp, M. and Jungclaus, J. H.: Northern Component Watendtion during the
Middle Miocene and its effect on the Atlantic Meridional @tgning Circulation,Pa-
leoceanographyin preparation.



2 The Middle Miocene climate as
modelled in an
atmosphere—ocean-biosphere
model

I may not have gone where | intended to
go, but I think I have ended up where |
needed to be.

The Long Dark Tea-Time of the Soul
DouGLAS ADAMS

Abstract

We present simulations with a coupled atmosphere—oceasptiére
model for the Middle Miocene 15 million years ago. The modédhsofar
more consistent than previous models as it captures thateddaterac-
tions between ocean and atmosphere and between atmospberegata-
tion. The Middle Miocene topography, which alters both ¢éasgale ocean
and atmospheric circulation, causes a global warming oK@@mpared
to present day. Higher than present-day,d€vels of 480 and 720 ppm
cause a global warming of 2.8 and 4.9 K. The associated watspur
feedback enhances the greenhouse effect which leads t@aagroplifi-
cation of the warming. These results suggest that higher phesent-day
CO, levels are necessary to drive the warm Middle Miocene clpnalso

5
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because the dynamic vegetation model simulates a densstatieg which

is in line with fossil records. However, we do not find a flattean present-
day equator-to-pole temperature gradient, as has beerstiegdoy marine
and terrestrial proxies. Instead, a compensation betwmeospheric and
ocean heat transport counteracts the flattening of the tetuype gradient.
The acclaimed role of the large-scale ocean circulatioredistributing

heat cannot be supported by our results. Including full nadmamics,
therefore, does not solve the problem of the flat temperafxadient dur-
ing the Middle Miocene.

2.1 Introduction

The climate of the Middle Miocene was the warmest period elést 25 million
years, contrasting the Cenozoic long term coolirig ]1 Ac-
cording to reconstructions based on terrestrial and mamiogies, the equator-
to-pole temperature gradient was reduced both over lanceeadn |

) J. The climate in Europe was warmer and more humid
[ , ] Even in the Sahara region, conditions
were humid, and desert regions were far less extended tday {6

]. The continents were densely wooded; evergreen foreganeled to at
least 45N, and boreal forest expanded northward as far as the Arotitec
[ ; k

Reconstructions for atmospheric g€Qevels estimate values between
180 ppm and 550 ppmf ) ,

]. Translated into radiative forcing, the uncertainty agus for about

2.6 W2 for the direct effect of C@ only [ E Inare-
cent model study, the possible range of atmospherig @@els for the Middle
Miocene was suggested to be between 460 and 580 ppmd i

Previous modelling studies for the Middle Miocene used aphere gen-
eral circulation models (GCMs) with either prescribed sgdase temperatures
(SSTs) or a mixed-layer oceati{ C ,

]. Except for [ ] who prescribed SSTs based on proxy
data, none of these models was able to reproduce the flattatageio-pole tem-
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perature gradient. What these studies have in common ishiatack the dy-
namics of an ocean GCM. Atmospheric GCMs can take into at¢degtonic
changes such as mountain uplift, but they cannot accountfanic gateway re-
configurations and associated changes in circulation, badtfreshwater trans-
port. For the last 25 million years, when atmospheric,@@s relatively low,
both mountain uplift and oceanic gateway re-configuratimay have triggered
large-scale shifts in climate’f ]1 In a more advanced setup,

[ ] forced their model with sea surface temperatures obtained
from Middle Miocene ocean GCM experimenis | ]. However,
interactions between atmosphere and ocean could not btigated.

Our study presents an additional step forward by using & fotlupled
atmosphere—ocean—biosphere GCM. We test if the resulbsthat full ocean
dynamics are consistent with previous modelling studied,ibwe can improve
the meridional temperature gradient mismatch. Therefoeedo a series of
experiments and investigate how topography and ocean gg$egontribute to
a warm Middle Miocene climate, and how higher than presegt@Q, levels
contribute to a warm Middle Miocene climate.

The paper is organised as follows. Sectib@ describes the setup of our
GCM and the experimental design. The results for the Middiedgne mean
climates appear in Sectiéh3. The dynamics behind the ocean and atmospheric
heat transports are discussed in Sec#ighand changes of the large-scale ocean
circulation are the matter of interest in Secti@h. In Section2.6, we compare
our results to marine and terrestrial temperature recoctsdtns. Sectior?.7
gives a summary and a discussion on our main findings. We wdach Sec-
tion 2.8.

2.2 Model setup and experimental design

We use the atmosphere—ocean—biosphere general circutatidel MPI-ESM.
It is a comprehensive Earth-System Model that has beenajeselat the Max-
Planck Institute for Meteorology in Hamburg. The dynamiade of the atmo-
sphere model ECHAMS is formulated in spherical harmoni¢sd]
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]. We use ECHAMS5 in a T42 truncation, which corresponds to &-ho
zontal grid spacing of 2.8°. ECHAMS5 has 19 levels in the oatti the upper-
most being at 10 hPa. ECHAMS5 incorporates the land surfacdehtSBACH
that includes a dynamic vegetation module] )

]. In JISBACH, each grid cell is divided into tiles, which arevered with
eight plant functional types (PFTs). These PFTs are tropiazad-leaf ever-
green, tropical broad-leaf deciduous, extra-tropicatgneen, extra-tropical de-
ciduous, rain-green shrubs, deciduous shrubs, C3 grag€;4grass. The veg-
etation dynamics in JSBACH are based on the assumption iifettetit PFTs
compete in terms of their annual net primary productioniy tha&tural, and their
disturbance-driven mortality [for details, see }. JSBACH can,
therefore, account for temporal and spatial changes ofaihé-$surface albedo
determined by the modelled PFTs. The ocean model MPI-Oilst §

] uses a tripolar curvilinear grid with a quasi-homogendomszontal grid
spacing of about 1°. MPI-OM has 40 levels in the vertical,chhare unequally
spaced. The upper 150 m are resolved within ten levels. MRIk@orporates
a dynamic-thermodynamic sea-ice model that follows therigtsons of Hibler
and SemtnerH ) T MPI-OM and ECHAMS5 exchange
momentum flux, heat flux, and freshwater flux, as well as seacitemper-
atures, sea-ice thickness, sea-ice area fraction, and somev on sea ice once
per day via OASISY ]

The first two experiments differ in their applied topogragfygure 2.1).
The palaeotopography is based on a global plate rotatiorelnaad the palaeo-
bathymetry is reconstructed using an age-depth relatipfighthe oceanic crust
with overlaid sediment thicknessesd E Uncertainties for this
reconstructed topography are largest in the mountain megib the Andes, the
Rocky Mountains, and the Tibetan Plateau. Furthermoreséadoor is rela-
tively smooth compared to present day due to the lack of gecdbddata [for
details, see F In contrast to present day, several ocean gate-
ways connect the major ocean basins, for example, the opgmiRzaSeaway,
the Tethys, and a wider Indonesian Through-flow. The atmargpleirculation
is also affected by the topography because large mountgion® like the An-
des, the Himalayas, the Rocky Mountains, and the Alps ared@empared to
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Figure 2.1: (a) The present-day topography we use in CTRd {lathe Middle
Miocene topography we use in MIOC360, MIOC480, and MIOC7aa0x).

present day. We remove the Greenland Ice Sheet in all Middezdhe ex-
periments, because glaciation of Greenland had startexddating the Pliocene
[ J: We refer to the experiment with the Middle Miocene topgima
as MIOC360 and to the experiment with present-day topograghCTRL. In
both CTRL and MIOC360 we prescribe present-day,CGels of 360 ppm.

Even though present-day climate is in a transient state ruimdeeasing
greenhouse gas concentration, we choose to do a contrgratin with
360 ppm for two reasons. First, we compare the model perfocsmavith a
stand-alone version of ECHAMS5 validated against re-anglgiata |

}. The root mean square errors (RMSE) for temperature, geapo
tial height, and sea level pressure with respect to ERA-4éhedysis datall
Jare shown in Table.1. Compared to a stand-alone version of
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Table 2.1: Root mean square errors (RMSE) with respect to-BRAL979—
1993) for temperaturé@ (in °C), geopotential heighZ (in dam), zonal windJ
(in ms1) at pressure levels 200, 500, and 850 hPa, and sea levelipeisP
(in hPa). RMSEs fromi [ ] are for ECHAMS in T42L19
(same resolution as used here) with respect to ERA-15. Th8RMfferences
between ERA-15 and ERA-40 are taken from Table R [ ]

variable  T200 T500 T850 Z200 Z500 Z850 SLP U200 U500 U850

CTRL 647 113 246 798 441 208 399 471 261 210
Roeckner 5.12 100 202 7.04 325 193 255 448 237 192
ERA-40 068 040 108 083 067 056 125 073 085 0.61

ECHAMS that is forced with sea surface temperatures, the R348 CTRL are
larger. CTRL is based on the fully coupled MPI-ESM that imida an ocean
and a vegetation model. Because of this increased comyléxé& sources for
errors mightincrease. Second, previous modelling studies already hinted at
higher than pre-industrial atmospheric £levels for the Middle Miocene

, i

In the last two experiments we assess the uncertainties nobsgtheric
CO, and prescribe higher than modern atmospherig &els for the Middle
Miocene. The experiment where we prescribe g Gel of 480 ppm will be
called MIOC480. The experiment where we prescribe g &el of 720 ppm
will be called MIOC720. All experiments share the same pneslay concen-
tration of methane (650 ppb) and nitrous oxide (270 ppb) it@Irbarameters are
also kept at their present-day values.

CTRL is integrated for 2100 years to reach quasi-equilifiMlOC360 for
2300years. Based on MIOC360, MIOC720 is then integrate®@®0 years.
After this integration we decrease the £@vel to 480 ppm and run the sim-
ulation for another 1000years to reach equilibrium in MI@G4 We cal-
culate the maximum drift of deep ocean temperatures to astirnow well
each experiment is equilibrated. For temperatures beld® 2Q the drift is
0.2mKyrtin CTRL, —0.1 mKyr-1in MIOC360,—1.5mK yr-!in MIOC480,
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and 0.9mKyr! 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 gaaisation of both
atmosphere and ocean circulation. Mountain regions affeztatmosphere,
ocean gateways and bottom topography affect the ocean.eHigan present-
day CQ alters the radiation balance, which determines the toprobgphere
heat flux and therefore the poleward heat transport, &l€b alters surface tem-
peratures as well as the hydrological cycle, both beingfadhat determine the
vegetation.

In the following, we compare our results to previous modetss for the
Middle Miocene according to their model sensitivity to a bimg of COp.
Therefore, we briefly describe the setups of these previgperaments keep-
ing the experiment names as in the respective stualy. [ ] performed
atmospheric GCM experiments in which they prescribed a omdiSM) and
a high (SH) meridional sea surface temperature gradieneadh of these SM
and SH experiments, atmospheric £@as prescribed with 350 ppm (SM_350
and SH_350) and 700 ppm (SM_700 and SH_700). [ ] per-
formed atmospheric GCM experiments coupled to a slab océhrpwescribed
atmospheric C@of 355 ppm (MidCQ) and 700 ppm (HighC§&).

[ ] performed atmospheric GCM experiments forced by Middled¢ne
SSTs from an ocean modéi( Jin which CO, was prescribed to
200, 280, and 500 ppm (MM3, MM2, MM4), and in which a modellediie
Miocene vegetation was taken into account (MM4-veq).

Global changes

The global annual mean temperature changes only slightgnvepplying the
Middle Miocene topographic boundary conditions (Tabid. In MIOC360, the
annual mean temperature is 15.0°C, 0.7 K higher comparedl8C in CTRL.
Although the zonal mean temperatures differences haray sip (Figure?.2a),

11
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Table 2.2: Global mean climate parameters for all experimelsea ice pa-
rameters are calculated for the Northern Hemisphere. Gbidsert cover just
accounts regions between 55°S—55°N.

climate parameter CTRL MIOC360 MIOC480 MIOC720
2m 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 mmat 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? 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 $&xm? 14.9 14.3 11.7 9.9
sea ice area (Sep) in 4km? 6.7 4.6 1.2 0.17
sea ice volume (Mar) in fkm® 35.9 21.7 13.3 8.4
sea ice volume (Sep) in ¢&@m3  16.1 4.6 0.4 0.07
global forest cover in 10km? 57.9 59.5 63.4 63.7
global desert cover in P&xkm? 17.0 15.3 14.5 16.4

they can be very large on the regional scale (FiguBa). Many of the warming
patterns can be attributed to the Middle Miocene land elendhat is on average
150 m lower than today. Because of the lower elevation, thémmental warming
is much larger than the warming over the ocean, 1.2 K over tammdpared to

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

in MIOC360 are larger than today, for example up to 15K ovezdbtand, 2 to
4K over Antarctica, or up to 7 K over the South African plateassuming the
global lapse rate to vary between the environmental lage®f#®.5 K knt* and
the dry adiabatic lapse rate of 9.8 Kk the lower elevation of 150 m would
account for a warming between 1.0 and 1.5 K, which agreesthlcontinental
warming of 1.2 K. The warming in MIOC360 can, therefore, bplaied by the
generally lower continents.
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Figure 2.2: (a) Zonally averaged 2 m air temperature (in {k)Zonally aver-
aged convective precipitation, large-scale precipitatsmow fall, and evapora-
tion (in mma?). (c) Zonally averaged cloud cover. (d) Zonally averagedlto
water vapour content of the atmosphere (in kefin

The warming in MIOC360 is presumably too small, especiailyhie ocean.
Therefore, and due to the uncertainty in the reconstrudtadspheric CQ, we
apply higher than present-day g@vels of 480 and 720 ppm in MIOC480 and
MIOC720. The CQ-induced warming in MIOC480 and MIOC720 is more ho-
mogeneous than the localised topographic effects (Figdteand c). Global an-
nual mean temperatures in MIOC480 and MIOC720 are 17.1°Q&r&iC, cor-
responding to a warming of 2.8 K and 4.9 K compared to CTRL i@al®). Ex-
cept for the high latitudes, warming is more pronounced & than over the
ocean in all experiments. Polar amplification is alreadyaaded in MIOC360
but intensifies under stronger greenhouse-gas forcingiceéeaover is reduced
in all Miocene experiments and the reduction is strongeshduoreal sum-
mer (Table2.2). Ice—albedo feedback amplifies the warming at high lagisud
because more shortwave radiation is absorbed that can warsutface ocean.
Furthermore, less summer sea ice amplifies the warming gitin& following
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Figure 2.3: Differences in 2 m air temperature between ()@®©B60 and CTRL,
(b) MIOC480 and MIOC360, and (c) between MIOC720 and MIOC4B8K).

cold season, because the missing sea ice cannot act as @tangur the ocean
that loses its heat to the atmosphere.

According to the Clausius-Clapeyron relation, a warmeiceapmere can hold
more water vapour. The atmospheric water vapour contergngisantly larger
in MIOC480 and MIOC720 compared to MIOC360 and CTRL (Figdrgd,
Table2.2). The hydrological cycle enhances; the annual mean ptatigm in
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Figure 2.4: Differences in total precipitation betweenNHPC360 and CTRL,
(b) MIOC480 and MIOC360, and (c) between MIOC720 and MIOC4iB0
mmal).

MIOC480 and MIOC720 increases by 21 and 49 mrheompared to CTRL,
whereas in MIOC360 the annual mean precipitation of 1080 mhisacompa-
rable to 1082 mmat in CTRL. In MIOC360, however, the precipitation pattern
changes are more diverse than due to the &€n MIOC480 (Figure.4). Over
Eurasia, rainfall increases in MIOC360, while it decrease= Africa and over
the Americas. The increase over Europe is in agreement wabnistructions

15
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of the mean annual precipitatioi ]» Over the equatorial Pa-
cific, precipitation decreases between 10°S and 10°N, lméases poleward
of 10°S/N. The overall decrease over the Southern Hemisphenainly due to
a reduction in convective precipitation (Figuze). In MIOC480, precipita-
tion increases over large parts of the Southern Ocean; lipestincrease occurs
over the western Pacific warm pool. Precipitation decreases the Panama
Seaway region, over the Indian Ocean, and over Australia SEme patterns
of precipitation change evolve in MIOC720, although furtamplified. Precip-
itation decreases over the tropics in both MIOC480 and MI@due to less
cloud cover (Figur&.Zc), whereupon an overall reduction is in line with a future
global warming | I

Land cover changes

The important factors that determine the vegetation coreradiation, precip-
itation, and atmospheric GO Changes in these climate parameters lead to re-
sponses of the vegetation cover that affect the climatesyst terms of surface
albedo, roughness length, moisture and heat fluxes, orfruhofour experi-
mental setups, we intentionally change the topography eegtpbe higher than
present atmospheric GQevels. While the topography changes the local radi-
ation balance and shifts precipitation patterns, an erdthhgdrological cycle
and a stronger greenhouse effect can be attributed to htfbger

Vegetation starts to occupy regions where the land ice hes bEmoved,
for example over Greenland (Figu&e5). High-latitude warming and higher
COs levels support a northward expansion of boreal forests. I@GA80 and
MIOC720, global forest cover is largest (Takle, Figure2.5c and d). The large
forest cover and the northward extension of forest is in Vi vegetation re-
constructions[ ]. Unfortunately, the vegetation module in JSBACH
cannot account for changes in soil properties, like fieldacap or background
albedo. They have to be prescribed with present-day valdspecially in to-
day’s extreme regions like the Sahara, vegetation growtheésefore, restricted
or inhibited. Desertification of the Sahara is assumed te B&arted later during
the late Miocene 8—7 Ma agG:§ ]© Although the high latitudes
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Figure 2.5: Forest cover fraction for (a) CTRL, (b) MIOC3§6) MIOC480,
and (d) MIOC720. Cross-hatched areas represent deseshsegncluding land
ice, that cover more than 75 % of a grid cell.

are more densely wooded in MIOC720 than in MIOC480, averagddtitude
temperatures of more than 30°C lead to a retreat of tropaafarest. At its
expense, deserts expand. The global desert cover hadotiegi@ minimum in
MIOC480 (Table2.2).

Comparison to previous modelling studies

The warming due to increased @@ stronger than in previous Middle Miocene
model studies. Because the experimental setup differd preious studies,
we compare the model sensitivity to a doubling of £@ terms of tempera-
ture increase or, if possible, in terms of precipitationbf€2.3). Our model
sensitivity (MIOC720 minus MIOC360) in terms of the globakam surface
temperature is 4.0K. It is larger compared to 2.0 K obtainmethf

[ ] and 2.2 K obtained fromi [ ]. However, it is comparable to
the model sensitivity of 2.6—4.9 K obtained frdit [ ]. Interms

17
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Table 2.3: Model sensitivity to a doubling of atmospheric 3ar global mean
temperaturd (in °C) and precipitatio® (in mma 1). The equilibrium climate
sensitivity and transient climate response accordingedBCC AR4 report is
3.4K and 2.2 K for ECHAM5/MPI-OM, and 2.7 K and 1.5 K for CCSMBhe

average climate sensitivity of all IPCC models is 3.2K.7K | 1.
Tom  Tsurt P

MIOC720-MIOC360, this study 42 40 51
SM_700-SM_350; [ ] 2.0
SH_700-SH_350y [ ] 2.0
HighCO,—MidCOy, [ ] 22 17
MM4-MM2, [ ] 2.6 53
MM4-MM3, [ ] 4.4 87
MM4-veg—MM2, [ ] 31 72
MM4-veg—-MM3, [ ] 4.9 106

of precipitation, our model is less sensitive than the mdaeh

[ ] but more sensitive than the model from [ ]. The equilib-
rium climate sensitivity and transient climate responssoeding to the IPCC
AR4 report is 3.4K and 2.2K for ECHAM5/MPI-OM, and 2.7 K an® K for
CCSM3 | ]. ECHAM5/MPI-OM is the IPCC-model preceding the
MPI-ESM; the model used in [ ] and [ ]is the land
and atmosphere model of CCSM3. The average climate setysdghall IPCC
models is 3.2 Kt 0.7 K.

Climate sensitivity in the Miocene setup appears to be sdraelarger than
for present-day conditions, although we acknowledge thatIPCC require-
ments for sensitivity calculations are a slab ocean setdmastepwise increase
of CO,. However, as shown by [ ], ECHAMS5/MPI-OM applied
to the Paleocene/Eocene has an even higher climate sepsiti®.5 K. A higher
sensitivity may, therefore, also apply to other past warimaies.

A simple one-dimensional energy balance model

We now apply a simple one-dimensional energy balance m&@BM{ to quan-

titatively analyse the causes for the temperature diffsenfollowing the ap-
18
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proach of [ ]. In radiative equilibrium, Earth’s surface tem-
peratureTg,f is determined by the longwave emissiviythe planetary albedo
a, and the meridional heat flux divergenidevia the energy balance

(@) [1 — a(@)] — H(9) = &(¢) 0Tai(®), (2.1)

where g is the latitude is the latitudinally varying incoming solar radiation,
and o is the Stefan-Boltzmann constant. For reasons of reatiabile omit
the latitude coordinate in the following. We diagnose the EBM parameters
a, H, or € from our GCM results to obtain the surface temperature adcQr
to Eq. €.1). The zonally averaged temperature changes can then britst

to one ofa, H, or €, while keeping the other two fixed (Figu&e6). For ex-
ample, to estimate the warming caused by the MIOC360 planetaedoa,
we leaveH ande¢ as they are in CTRL. The surface temperature difference can
then be attributed to differences of the planetary albedindividual curves in
each plot of Figure.6 correspond to the individual contribution af H, ande

to surface temperature changes; their sum corresponds tottdl temperature
change. The difference between the surface temperatuel@ad by Eq.4.1)
and the surface temperature obtained from the GCM is onlgimarand mean
deviations are smaller than 0.25K.

The high latitude warming in MIOC360 is caused by a smallegieave
emissivity, meaning that less longwave radiation is emitethe top of the at-
mosphere. In the northern high latitudes, this warmingss alccomplished by
a reduced planetary albedo. In the southern midlatitutesyarming is mainly
caused by a reduced planetary albedo that correspondsstoléesi-cover over
this region (Figure2.2c). The reduced cloud cover over the tropics, especially
in MIOC480 and MIOC720, leads to enhanced warming, as thke pka near
the equator also reveals. The increased export of heatieéfigccools the trop-
ics. The temperature change induced by the heat flux diveed¢rns therefore
negative.

Longwave emissivitye largely contributes to the C&nduced warming in
MIOC480 and MIOC720. The reduction efis in line with the increased water
vapour content of the atmosphere (TaBl€). The atmosphere in MIOC480
and MIOC720 contains 15 % and 30 % more water vapour than inQ3KD.

19



2. The modelled Middle Miocene climate

20

a) MIOG360, ‘
surf.
4.0
o
2
©
L 20
€
o
2 ]
S 0.0
t 4
=)
[
2.0 =
T T T T T T T
90S 458 30S 155 0 15N 30N 45N 90N
b) 10C480 ‘

surface temperature

-2.0 r
T T T T T T T
90S 458 30S 158 0 15N 30N 45N 90N

IOC720‘

(@]
~

surface temperature

VW =

T T T T T T T
90S 458 30S 158 0 15N 30N 45N 90N

Figure 2.6: Contribution ofa, €, and H to changes in the zonally aver-
aged surface temperatufg, according to Eq.4.1). Temperature increase in
(a) MIOC360 compared to CTRL, (b) MIOC480 compared to MIOC3&nd
(c) MIOC720 compared to MIOC480.

A decreased longwave emissivityin MIOC480 and MIOC720 means that the
greenhouse effect is stronger.

In all experiments, the changes due to albedo changes arly oem-
pensated by the meridional heat flux divergence. This isialhe@vident in
MIOC720, wherea andH are of opposite sign at all latitudes.



Atmospheric and ocean heat transport

We will now focus on the dynamics of the poleward heat trarnsghat is
determined by the heat flux divergence tdfimand on the partitioning between
ocean and atmospheric heat transport.

2.4 Atmospheric and ocean heat transport

Changes in the orography alter the large-scale circulatiotihe atmosphere.
Lower and displaced mountain regions deflect low level wirfds example
over Greenland, Asia, or western North America (Figaird. Low level winds
in MIOC480 remain generally unaltered compared to MIOC3&Qyre2.7b).
Only in MIOC720, the circulation changes, mainly over thea (Figure?.7c).
Over the Western Pacific, the trades are stronger, whiledreweaker over the
Eastern Pacific. Over the North Pacific, the low level windsease.

Orographic differences also influence the circulation ia tlpper tropo-
sphere, for example midlatitude winter storms (Figir@. Winter storms are
defined as deviations from the 2.5-6 days bandpass-filt@@HdBa geopotential
height during the winter seasof|f | In MIOC360, they intensify
over the Pacific, penetrate inland into the North Americamioent, and nearly
connect with the centre over the Atlantic. Here, they arghsly less intense
compared to CTRL. In MIOC480, winter storm activity decresmsver the Pa-
cific, while it slightly increases over the Atlantic. In MIQQO0, the midlatitude
storm activity generally increases.

Midlatitude storm tracks are an efficient way to transporisture and heat
from low to high latitudes, and they largely contribute te pgoleward heat trans-
port. The total atmospheric poleward heat transport (&hthe zonal and verti-
cal integral of latent heat.¢) and dry static energycfT +g2).

ahtr = é // (cpT + gz + Lg) vdxdp (2.2)

Each term in Eq.4.2) can be further decomposed into mean meridional, station-
ary eddy, and transient eddy heat transport (Figuég—m). The heat transport
by midlatitude storms can then be identified with the tramsgéeldy terms.

The heat transport of moist transient eddies increaseiN¢nthern Hemi-
sphere especially in MIOC720. It also increases in the Smathlemisphere.
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Figure 2.7: Low level wind field in (a) CTRL (black arrows) atiek difference
to MIOC360 (red arrows), (b) MIOC360 and the difference tooMi480, and
(c) MIOC480 and the difference to MIOC720. The lower rigtference arrows
correspond to a velocity of 6 nT$.

A closer look reveals that the Southern Hemisphere tranhspaximum shifts
poleward, while the northward maximum shifts equatorw&atbrm tracks are
expected to shift poleward in a warming climate. As it hashb&®own consis-
tently for all IPCC AR4 models, midlatitude circulation &r¢ely driven by a
rise of the tropopause that causes a poleward shift of thendiacks in both
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Figure 2.9: Northward heat transport by (a) the global oc@anatmosphere,
and (c) ocean+atmosphere (in PW). The (implied) ocean haasort in (a)

is based on net surface energy budgets. (d) Total adveaaancheat transport
according to Eqg.4.3) and the transports by (e) the MOC and (f) horizontal gyres.
Here, dashed lines show the heat transport in the Atlantea@®cAtmospheric
heat transport in (b) is calculated according to Ey2)(and decomposed into
(9,k) mean meridional, (h,l) transient eddy, and (j,m)ietery eddy transport.

In MIOC360 and MIOC480, differences of poleward heat tramsare small
compared to MIOC720. Thus, poleward heat transport doelsrimagg more heat
to the higher latitudes to flatten the equator-to-pole taaipee gradient. At
mid- and high latitudes atmospheric eddies are the domarargrs of poleward
heat transport. However, if eddy heat transport increabes;esults show that



Large-scale ocean circulation

the payoff is a decreased ocean heat transport. The advectan heat trans-
port (ohtr) of the potential temperatufes

ohtr = cp/ pOvdxdz (2.3)

and can be decomposed into contributions by the meridioreatarning and the
horizontal gyre circulation (Figur2.Sd—f).

Bjerknes compensation

This compensation between ocean and atmosphere heatdraredjects the so-
called Bjerknes compensation. It states that if the heaefiwat the top of the
atmosphere and the ocean heat storage do not vary much,htaeatal heat
transport will not vary muchk J: Anomalies of atmospheric and
ocean heat transport thus compensate and are of oppositéxigresults show
that Bjerknes compensation does not only apply to tempaft@rences. To
some extent, it applies to the different mean climates, Umsedhe total heat
transport differences are relatively small. For examie,ibcrease of the total
heat transport in MIOC720 compared to CTRL has a maximum bf about
0.6 PW in the southern midlatitudes (Figuték). The ocean heat transport in
MIOC360 induces a warming of the Southern Ocean between®6@ts (Fig-
ure 2.3a) that is mainly caused by a reduced MOC heat transport (Eigyde).
In contrast to today, the Atlantic meridional overturningcalation (AMOC)
moves heat southward south of the equator.

The ocean heat transport in MIOC720 is significantly altdrecause of the
severe slow down of the AMOC (Figur210. The immediate effect of the
reduced northward transport of heat is a drop in the surfacgerature (Fig-
ure 2.3c). However, this decrease is compensated for by an incieaseno-
spheric heat transport.

2.5 Large-scale ocean circulation

The large-scale ocean circulation in the Middle Miocenefiscted by open
ocean gateways like the Panama Seaway and the Tethys. fruotiee the ocean

25



2. The modelled Middle Miocene climate

26

depth

308 0 30N 60N

Figure 2.10: Meridional overturning circulation in the atfic Ocean for
(a) CTRL, (b) MIOC360, (c) MIOC480, and (d) MIOC720 (in Sv).odour
interval is 2 Sv. Red corresponds to clockwise circulatiolng corresponds to
anti-clockwise circulation. The rectangular boxes intkdhe Middle Miocene
ocean gateways: Panama Seaway at ~10°N and Tethys Througtife85°N.
Note the subsided Greenland-Scotland Ridge for the Middleckhe experi-
ments.

bathymetry is altered in regions where deepwater is formfadexample the
subsidence of the Greenland-Scotland Ridge.

Horizontal circulation

The horizontal circulation is affected by open ocean gaysvaad changes of the
surface wind. In the eastern Atlantic, large water massss the Indian Ocean
enter the Atlantic through the Tethys. This strong westwian affects the sub-
tropical gyre, reducing its meridional extent (Figaré1). However, the strength
of the subtropical gyre is comparable in CTRL, MIOC360, andk1480. The
subpolar gyre is also of comparable strength to CTRL, butehl@sger extent
due to the subsided Greenland-Scotland Ridge, which aetsatural boundary
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Figure 2.11: Horizontal ocean circulation in the Atlanticgan in terms of
the barotropic stream function for (a) CTRL, (b) MIOC360), k41OC480, and
(d) MIOC720 (in Sv).

for the water masses in CTRL. In the equatorial current systethe Atlantic,
Tethys inflow supports a stronger northern cell that donemaind suppresses
the southern cell. Its remains are restricted to a weak webtaundary current.

The southward shift of Australia (~8°) has no effect on thatS8ern Ocean.
The Antarctic Circumpolar Current has a similar structunel & of similar
strength in all experiments.

Open ocean gateways

Lateral flow through open ocean gateways changes the wats pnaperties of
the adjacent oceans. Besides the eastward inflow of Indiaaf©water through
the Tethys, water from the Pacific enters the Atlantic thiotlge Panama Sea-
way. These connections allow for a large-scale mixing betw#he oceans
and, therefore, affect their water mass composition (Egut?). Through the
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Figure 2.12: TS-diagram for the water masses below 150 mdrvitinity of
(a)—(b) the Panama Seaway and (c)—(d) the MediterranggsTr CTRL and
MIOC360. Black crosses represent Atlantic Ocean water esassue crosses
Pacific and Indian Ocean water, and red crosses Meditemérethys water.
The in-line plots show the region for which the TS-pairs damed. (e)—(f) The
freshwater flux through the Panama Seaway (blue), Gibr&ttart (red), and at
30°S into the Atlantic Ocean relative to a salinity of 35.6 pEreshwater flux
at each depth is weighted with the corresponding level tiesk; the vertical
sum equals the total freshwater flux. Note the differenttiakks for the upper
500 m.

Panama Seaway, Atlantic deepwater enters the Pacific; ®dedipwater be-
comes saltier and denser (FigutelZb). Near the surface, on the other hand,
relatively fresh water is moved from the Pacific into the Atle, freshening the
Atlantic at the surface (Figure 1%).

The mixing due to the eastern inflow of Indian Ocean waterughothe
Strait of Gibraltar is well reflected in the composition oftiies water, it is lo-
cated between the water masses of Atlantic and Indian Oodhe iTS-diagram
(Figure2.1). Tethys water originates from the Indian Ocean. Alongwiag



Large-scale ocean circulation

into the Atlantic, surface water evaporates and becomésrsahd denser than
its original Indian Ocean source. Because the Tethys is m@nalosed basin
like the Mediterranean, the deep outflow water is not as dassen CTRL
(Figure2.1Z%2 and f). Upper Tethys inflow water through the Gibraltar iBtra
increases the surface salinity of the Atlantic Ocean, wéulbsurface water is
slightly fresher than the Atlantic.

Water from the Southern Ocean that enters the upper Atl&@tiean in
MIOC360 is relatively salty compared to CTRL and balances ftleshening
through the Panama Seaway (FigdréZ and f). As a result the salinity con-
trast between Pacific and Atlantic increases (contoursgurgi2.13. This is
contrary to other studies with an open Panama Seaway, whegatinity con-
trast is reduced and, therefore, leads to a weaker AMQQ

) I. 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 boundamrtuirhe deepwater
thus returns into the South Atlantic (not shown). That Ndktlantic deepwa-
ter formation occurred before the closure of the Panama 8eghas also been
shown in a sensitivity study for different sill depths of tjateway [

1

Atlantic meridional overturning circulation

A necessary condition for deepwater formation in the Atta@icean is the en-
hanced surface salinity compared to the Pacific Ocean. Tihetgaontrast
between Pacific and Atlantic is determined by the freshwiséssport from the
Atlantic into the Pacific EMoisture transport across
Central America acts as a positive feedback on deepwataatorn in the North
Atlantic [ ]/ We diagnose the moisture transport from the hor-
izontal velocity fieldv and the relative humiditg as vertical integral over all
pressure levels

Tg = é/qup. (2.4)

Because of the lower Andes in the Miocene setup, moistunsp@t from
the Atlantic into the Pacific increases, further enhancesthiface salinity con-
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Figure 2.13: Surface salinity for all experiments as corddin psu). Overlaid
as arrows is the vertically integrated moisture transpmroveding to Eq.2.4) (in
kg/(m s)).

trast between the basins, and strengthens the freshwagertiming feedback
(Figure2.13.

In that sense, the Middle Miocene ocean gateway configuraigports
deepwater formation that drives the AMOC. Because of theideld Greenland-
Scotland Ridge, the AMOC in MIOC360 extends more northwhashtin 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 C£n MIOC720 leads to a collapse of the AMOC.
Large parts of the North Atlantic become relatively frestg(ffe2.13) although
precipitation decreases (Figu?ed). Larger runoff at the North American East
Coast as well as at the North Sea spreads into the North AtJambere the
surface ocean freshens (not shown) and the ocean stratifigatreases. Deep-
water formation—an important mechanism that drives the ABAQs inhibited,
and the circulation slows down to about 4 Sv. This slow dowplars the de-
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crease of the poleward heat transport in the Northern Hdmargpmentioned
earlier (Figure2.9).

In a follow-up study, we will assess the uncertainty of oceéathymetry
and investigate how a modern Greenland-Scotland Ridge ballow eastern
Tethys alter the meridional overturning circulation of t&dle Miocene At-
lantic Ocean.

2.6 Comparison to proxy data

We compare the modelled palaeo temperatures to proxy-vasedstructions

for the Middle Miocene. We use terrestrial reconstructitmevaluate land sur-
face temperatures, and marine reconstructions to evadeatsurface tempera-
tures. The sites of the marine proxies are spread all ovesdbans, while ter-

restrial proxies are mainly recovered from the Northern kspimere, especially
over Europe, East Asia and the coasts of North America (Eigtirh).

Terrestrial proxies

Terrestrial climate reconstructions based on the coaxst@pproach estimate
the lower and the upper mean annual temperature from plasii$d

}17 We use terrestrial temperature data from the 2010
NECLIME data set ([ ]1 The data span the period ranging
from 16.4 to 11.2 million years ago (Torsten Utescher, pgasoommunication).
The data set is also available from PANGAEAtp://www.pangaea.de. We
compare reconstructed land surface temperatures obtoradhe coexistence
approach to our modelled land surface temperatures (Fiyudd—f).

Most of the proxy data cover the midlatitudes between 30 &NES. For
low latitude proxies, MIOC360 matches better than MIOC48MMbOC720.
Midlatitude proxies compare well with all experiments. Tv@xy data con-
firm that land temperatures were much warmer than today. &fanigh latitude
temperatures as in MIOC720 are in better agreement withethesxy recon-
structions. The midlatitudes are captured by all palaeakitions, but cooler
than present-day low latitudes and warmer than presentidayatitudes 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 [1971]
DSDP 167 [1979

DSDP 279A and 281 1975
ODP 903 and 905 994
DSDP 588, 608, and ODP 730 [1999

DSDP 588, 608, and ODP 883 [200]

ODP 1170 and 1172 {2004
ODP 1170 and 1171 [ ]

ODP 1092 [2009

ODP 747 [2014

bivalvia shells [ ]

bivalvia shells [ ]

Marine proxies

The isotopic composition of seawater, obtained by eitH€0 or Mg/Ca ratios,
facilitates a proxy for ocean temperatures_ ;

}. Using the calcite shells of fossil planktonic foramindedeposited
in the ocean sediments, sea surface temperatures (SSTgdbtimes can be
obtained.

We take Middle Miocene SST reconstructions from severala@d@rilling
Project (ODP) and Deep Sea Drilling Project (DSDP) sitebl@a.4). Mid-
latitude SSTs agree well in all three simulations (Figdré4). MIOC360
and MIOC480 match (at least one) proxy-SST for low and higituldes. The
warmer-than-present high latitude SSTs are better captiaréIOC720, but
low latitude SSTs are largely overestimated.

Model-data agreement

To evaluate the model-data agreement, we compare thebdigtn of model-
to-data temperature ratios for each grid box (Figuelg). Both terrestrial and
marine data sets are compared individually for low, mid-g &igh latitudes.
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While for terrestrial proxies MIOC480 and MIOC720 revealadtbr agreement,
MIOC360 and MIOC480 reveal a better agreement for maringi@so However,

in neither of the experiments do we achieve the desired rflatjgator-to-pole
temperature gradient. High latitude temperatures arergiyéoo cold and low

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

We present the first fully coupled simulations of the warm dde@Miocene cli-
mate using the general circulation model MPI-ESM. The Medslliocene to-
pography induces a global warming of 0.7 K compared to todlhg. continental
warming is larger because topography affects the consnent does not affect
the ocean surface. Uncertainties in the applied topograghytherefore, signif-
icantly alter surface temperatures. Especially mountgions like the Andes,
Rocky Mountains, and Himalayas are subject to errors inatienw [see
> Tables 1 and 2 for details].

If we increase atmospheric GQo 480 and 720 ppm as in MIOC480 and
MIOC720, we obtain a global warming of 2.8 and 4.9 K. A strangreenhouse
effect and the associated water vapour feedback lead to @ mwnid climate
with an enhanced hydrological cycle. The warming obtaingé lbloubling of
CO; is 4.0K and much larger than in previous studies, which iK2i®

[ ]and 2.3K in [ ]. The larger value may be explained
by a higher climate sensitivity of MPI-ESM compared to thed@laised by

and . However, our sensitivity is within the range of the model
sensitivities obtained fror [ ], although their hydrological cycle
IS more sensitive.

Our experiments could not reproduce the flatter equat@ete-temperature
gradient that has been reconstructed for sea surface addlaface tempera-
tures [ ; J. A comparison to proxy data shows
that the low-latitude temperatures are too high and thahte-latitude tem-
peratures are too low. Although sparser, marine proxiesnare widely spread
than terrestrial proxies, which are hardly available in3o&ithern Hemisphere,
for example in Africa or in Australia. To improve model-datidation, we
need more low and high-latitude terrestrial proxies.

As [ ] have shown, well-preserved foraminifera reveal
lower tropical temperatures than previously stated. Thasmates from older
reconstructions could underestimate tropical sea sutéanperatures. It is also
known that sea surface temperature reconstructions foEtieene are biased
toward colder temperaturé&’{ ].7A revision of the low-latitude
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marine proxies, especially those from older reconstrastiavould be appropri-
ate.

Although open ocean gateways support large-scale mixihgdsan the ad-
jacent ocean basins, against expectations, the AMOC in @aehis insensi-
tive to these water mass composition changes. In MIOC36(VMHQXC480, the
AMOC is as strong as today. It extends to high latitudes, beedhe absent
Greenland-Scotland Ridge cannot act as a barrier. The fimugh the Panama
Seaway is directed from the Pacific into the Atlantic, coniignthe results of
an idealised study for the early Mioceneo] ).
Instead of a reduced salinity contrast between Pacific ateh#i¢ Ocean, we
find a stronger salinity contrast. The inflow of relativelgsh Pacific surface
water is overcompensated by an increased moisture trarfspor the Atlantic
into the Pacific. This enhanced salinity contrast supponteadional overturn-
ing circulation that is as strong as today. Previous modeliss for an open
Panama Seaway, reflecting the Pliocene period, report apsallof the AMOC
[ ]Dor a very weak overturning circulation ([

]. In a recent review papel/ [ ] discussed evidence from recon-
structions and from model studies and concluded that trendaf the Panama
Seaway “seems no more than a bit player in global climategdai©f course,
the situation in our simulations is different, because efdgpen Tethys. We find
that Tethys water is somewhat “neutral” regarding the fnegtbr transport and
does not significantly contribute to the enhanced saliniiytiast between At-
lantic and Pacific Ocean. Howeveéf; 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 deavabout
4 Sv. The surface ocean of the North Atlantic is fed by runofbithe North
Sea and from the North American East Coast. Ocean straiicaicreases and
inhibits North Atlantic deepwater formation. In companso global warming
scenarios where the ECHAM5/MPI-OM model shows a reductiaimty 30 %
in the A1B scenario, the Miocene setup is apparently morsites |

}.

Because the AMOC also transports heat from low to high ld¢isy any

changes alter global poleward heat transport. Howevetpas sracks intensify
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in a warmer climate, the associated moist transient edagp@t compensates
for the decreased ocean heat transport. We claim that thipeosation can
be compared to the Bjerknes compensation, though not foatievs from the
mean state but for different mean states of the climate syste similar com-
pensating effect has also been found for the Late Miocemeatdi [

]. They show that ocean heat transport decreases becauseajen
Panama Seaway. On the contrary, we show that ocean hegtdransly de-
creases if the AMOC collapses as in MIOC720.

Just like the ocean circulation, the atmospheric circofatreorganises.
Ocean and atmospheric heat transport change, but the edalttansport re-
mains nearly unchanged because oceanic and atmospherittdmesgport com-
pensate. A reduction of the equator-to-pole temperatuadignt is, therefore,
unlikely caused by a reorganised ocean circulation, asibean claimed earlier
[ 19 Instead, we find that changes in the local energy balance,
for example due to a smaller surface albedo, a lower topbgrap higher CQ,
explain the warmer high latitudes.

Larger high-latitude temperatures and higher atmospti&gg levels pro-
vide good conditions for plant growth. Because our modduithes a dynamic
vegetation module, we can simulate the interactions arabseks between the
vegetation and the climate system. We find that boreal feegiand northward
into high latitudes, which is in line with vegetation rectmstions | )

} In contrast, the desert cover of the Saharan region dis-
agrees with reconstructions ¢ ]1© The problem is that we have to
prescribe soil properties, as the vegetation model in J3BAGes not include
a dynamic soil model. To overcome this, globally or zonallgraged values
would be a more appropriate choice and allow a “level playielg.” A recent
model study shows that a dynamic background albedo scherdSBACH im-
proves rainfall over the Sahel/Sahara region, which, adpb the mid Holocene
(6000 years ago), leads to higher vegetation variabilityj JLIn
a sensitivity study for the Late Miocené) [ ] showed that
a modern Sahara leads to a cooling in northern high latitutiés, therefore,
expect a further high-latitude warming if North Africa isvared by vegetation.
Because the dense vegetation in our simulations requestsevéemperatures
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and higher CQ levels, we assume that the warm Middle Miocene climate de-
pends on higher than present-day £lévels. However, the warming due to
high-latitude vegetation feedbacks is restricted by theimam of possible veg-
etation cover. A recent study showed that boreal afforesta a pre-industrial
setup leads to a global warming of only 0.25K4] ]2 High lati-
tude feedbacks, namely the ice-albedo and the vegetagdb#ek are too weak

to decrease the equator-to-pole temperature gradient.

2.8 Conclusions

To conclude, we propose that full ocean dynamics cannot loerésponsible for
a global redistribution of heat to higher latitudes becaafsbe complex ocean—
atmosphere interactions. The total poleward heat trahspanges only a little
because of a Bjerknes-compensation-like mechanism thiaesriaigh latitude
warming difficult. Furthermore, high-latitude feedbacks &o weak and cannot
significantly contribute to a flatter equator-to-pole tenapare gradient. The
mismatch between model and proxy data leads to the conaoltisad we do not
fully understand how feedback mechanisms may work in a wadtimate. For
the Middle Miocene, we conclude that the topographic boondanditions are
not sufficient to explain at least the global warming and thatarmer Middle
Miocene climate without an enhanced greenhouse effectotd®reproduced
with our model.
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3 The El Nino—Southern Oscillation
In the Middle Miocene climate

Correct simulation does not guarantee
correct understanding.

The EI-Nifilo Southern Oscillation
Phenomenon
E.S. \RACHIK and M.A. CANE

Abstract

We investigate the El Nifio—Southern Oscillation (ENSO) ddfer-
ent models of the Middle Miocene climate. The setup considéid-
dle Miocene boundary conditions that affect the tropicatifta namely
the wider Indonesian Throughflow at the western and the operaRa
Seaway in the eastern Pacific. Under low and moderate atragsph
CO; levels, ENSO is rather irregular and more random, but teleec-
tions strengthen to high latitudes because of a more eféee@tmospheric
bridge.” A simple ENSO oscillator model reveals that therijes feed-
back is disrupted between tropical Pacific thermocline aadssirface tem-
perature. Atmospheric deep convection over the westeiifi¢aarm pool
enhances variability of zonal currents in the Pacific and tfisturbs air—
sea interaction that are essential for ENSO dynamics. In ado0bling
scenario the Bjerknes feedback is strong enough to overtioese pertur-
bations and to restore a more regular ENSO.
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3.1 Introduction

The El Nifilo—Southern Oscillation (ENSO) is the largest amastyprominent
interannual climate mode. ENSO is a complex interactiombeh ocean and
atmosphere in the tropical Pacific. The key feature of ENS®pssitive feed-
back between trade winds and the zonal sea surface teme{&&iT) gradient,
which is known as Bjerknes feedback § } Westward blowing trade
winds pile up warm surface water toward the west, tiltingttitermocline down-
ward from east to west. The deep thermocline at the west iwkras western
Pacific “warm pool.” Coastal upwelling and equatorial upvngj due to Ekman
drift produce the “cold tongue” at the eastern Pacific. Theutation that is
driven by the zonal temperature gradient between the wawhaual the cold
tongue is called Walker circulation. Warm and moist airgisger the western
Pacific warm pool and leads to low surface pressure. Thegraimreaches the
tropopause and returns eastward, where it subsides. Therre&sacific high
pressure reinforces the trade winds and completes the Watkelation.

Although the term ENSO includes the word oscillator, the rimeenon
needs not necessarily be understood as oscillating betpestive and nega-
tive phases. Analysis of real climate ENSO showed that EN&l@aves more
like a series of single events rather than a cytleq )%

There is evidence for persisting ENSO variability duringtpgarm climates.
3-5 million years old corals from the tropical Pacific resémbterannual vari-
ability on ENSO time scaled/ 1.1This proxy record seems to
end the long-lasting debate about the “permanent El Nifioihduhe Pliocene
[e.q., ) ]6 For the Late Miocene (~5.6
million years ago) an evaporite varve record has been rgcénmind to re-
semble the modern spectrum of ENSOg| ]) Located in the
Mediterranean, the authors assigned the variability tottbyeical Pacific be-
cause of ENSO teleconnections, which might have been strahuging the Late
Miocene due to a reduced meridional temperature gradienLat@ Miocene
record from giant clams, 10-13 million years ago, also shBNSO-like inter-
annual variability [ ]2 Another recent study for the Eocene
“hothouse” climate shows that shells from long-living bixes as well as drift-
wood from Antarctica reflect interannual variability on ERl8me scales!}
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]. Evidence of palaeo ENSO activity cannot only be drawn fapoxy
records, but is also supported by several palaeo modeliirties, for example
of the Pliocenelf ]/ the early Miocene[

], or the Eocenel I
We present results from Middle Miocene experiments that siteow ENSO
variability in concert with previous studies. The aim of ttedy is twofold:
Because of different continental boundary conditions carag to present day
and the uncertainties in atmospheric £f0r the Middle Miocene, we ask:

(1) What is the effect of the Middle Miocene boundary corafi
on ENSO strength and periodicity?

To answer this question, we compare modelled ENSO evenpsdeent-day and
Middle Miocene climate. We further investigate the integpbetween thermo-
cline recharge/discharge and sea surface temperatureatissmsing a simple
oscillator model approach.

Today, ENSO influences large parts of the global climatessystia telecon-
nections, causing droughts and enhanced precipitatidnaffect ecosystems
far-off the tropical Pacific. Because of the different Middlliocene climate we
expect a different response to tropical variability and ask

(2) What are the characteristics of ENSO teleconnectiote pet for
the modelled Middle Miocene climate?

To answer this question, we investigate the effect of ENSQ@henglobal cli-
mate using linear regression techniques. Global telecatioms associated with
ENSO may also guide us to potential locations from where teally high-
resolved proxies can be obtained as has been done for thdi@atene and the
Eocene{ { ]

The study is organised as follows. In the next section, weflgrdescribe
our experimental design. In Secti@3 we do an ENSO time-series analysis
and use a simple recharge/discharge oscillator to dedENSEO in the different
model setups. We focus on ENSO events and their evolutidnimiihe equato-
rial Pacific in SectiorB.4. The effect of ENSO on the Middle Miocene climate
is investigated in Sectiod.5where we show how ENSO teleconnections change
for different CQ forcings. We discuss our results and conclude in Se¢ién
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Figure 3.1: Regions where the different ENSO indices arenddfi Present-day
continent positions are shown as contour lines, the Middieckhe continents
are shaded in grey. In this study, we use Nino3.4 as ENSO ifsidéix box).

3.2 Experimental design

We analyse the set of Middle Miocene experiments previopisggentedi
1.1 The model is Max Planck Institute Earth System Model

(MPI-ESM), consisting of the atmosphere model ECHAMS (T4Q) with
a horizontal resolution of ~2.8° and 19 levels in the velt|c&

]. ECHAMS includes the land-surface model JSBACH that ipooates
a dynamic vegetation modulé&{ ) }. The
ocean model MPI-OM (TP10L40) has a horizontal resolutior-df and 40
layers in the vertical. ECHAM5/JSBACH and MPI-OM are couplance per
day via OASIS | ]

The setup consists of four experiments: one present-dagrienent (CTRL)
with a prescribed C®level of 360 ppm, and three Middle Miocene experiments
with prescribed CQ level of 360, 480, and 720 ppm (MIOC360, MIOC480,
MIOC720). For MIOC360, MIOC480, and MIOC720, a reconsteacMiddle
Miocene topography has been applied to ocean, atmosphetdamld surface
[ | Figure 3.1 shows the continental outline of the Middle
Miocene tropical Pacific region where an open Panama Seawhg wider In-
donesian Throughflow region are the main characteristieghEr west, an open
Tethys Seaway connects the Indian Ocean and the Atlantiexperiments are
run into quasi-equilibrium, and for the analysis we use thiguot 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 indepemdvays. First, we
investigate the characteristics of ENSO as a time seridgsasaf the Nino3.4
index. Afterwards, we describe ENSO with a simple oscillatodel and diag-
nose the feedback mechanisms driving ENSO.

ENSO time series analysis

We define the ENSO time series as monthly SST anomalies ogeNitin3.4
region in the tropical Pacific (Figurg.1). Nino3.4 time series for the control
experiment and for the three Middle Miocene experimentssamvn in Fig-
ure3.2. The variability of the time series in MIOC360 and MIOC48Gisaller
compared to CTRL, and is largest in MIOC720. In MIOC360 andDXa#80,
Nino3.4 time series are also more skewed towards positmales in contrast
to CTRL and MIOC720 (Tabl&.1).

Nino3.4 variability is more random in MIOC360 and MIOC48@ Measure
the randomness, we compare the autocorrelation functieadf time series to
the estimates from a fitted first-order stationary autoiegve process AR(1).
The AR(1) process is an archetypal random process that slyvigsed in geo-
physical research [e.g¢s Jandis

X=X 1+ &

whereg is the autoregressive coefficienip( < 1) andg; is (temporally uncor-
related) white noise. In a certain wgyrepresents the “memory” of the process
that can be expressed via the autocorrelation fungioRor an AR(1) process
the autocorrelation function at ldgis px = ¢* and decreases exponentially for
positive@.

The autocorrelation function of the Nino3.4 time serieswite fitted AR(1)
process are shown in FigugeZb. Nino3.4 behaves almost as an AR(1) process;
consecutive ENSO events are uncorrelated and the systeledsamemory. In
contrast, CTRL and MIOC720 reveal the periodic behaviolENEO as can be
seen from the time series.
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Figure 3.2: (a) Time series of Nino3.4 for CTRL, MIOC360, MI®30, and
MIOC720 (11-point Trenberth-filtered) and correspondiby dutocorrelation
function, and (c) spectral density. Dashed red lines in (aj)knone standard
deviation of Nino3.4. Thick red lines in (b) and (c) represarfitted AR(1)

process, and thin red lines in (c) shows the confidence ialtaivthe 95% level.
The estimator of the spectral density has been Daniell-imedowith 5 data
points.

The spectral power densig f) which is the Fourier transform of the auto-
correlation function shows how the variance is distribitetbng all frequencies
or periods (Figure3.2c). For an AR(1) procesS(f) only depends on the AR

coefficientg,

o2

1+ ¢+ cos 2rf

Xf) =

with varianceo? of the time serieX. The spectrum of the fitted AR(1) process
is highlighted in Figure3.2c as red line. CTRL has a distinct peak between 2.5



ENSO as a simple oscillator

Table 3.1: Statistics of the Nino3.4 index in CTRL, MIOC380l0C480, 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 bamtgédren 2.5 and 7
years with two maxima at 3.6 and 6.5 years. MIOC360 has a geak at ~4
years, and MIOC480 does not show any variance at interatimekcales.

From the time series analysis we can distinguish two typ&NSO. ENSO
is periodic under present-day conditions and under verynadiddle Miocene
conditions, although strong GQorcing in the Middle Miocene setup causes
stronger and longer ENSO events. On the other hand, for rmated@Q levels
in the Middle Miocene, there is no sign of regular ENSO eveAlso, El Nifio is
usually stronger than La Nifia.

Simple recharge/discharge oscillator diagnostics

To answer the question why two different types of ENSO ocaardom events
as in MIOC360 and MIOC480 and periodic events as in CTRL an@®120—
we use a simple oscillator model|f |7 It consists of two variables:
the 20°C thermocline-depth anomal20) and the SST anomal$§T). Both
variables can be obtained from our model results. Unlikgipts models, this
approach takes into account the effect of wind stress cutissharge processes
in the western central Pacific. Hence, anomalies are avérager the region
of strong ENSO air—sea interactions, that is the westertraleRacific, while
previous models incorporate the eastern Pacific regionevBBISO variability
is largest.

To obtain the anomalies20 andSST, we define the region of large air-sea
interaction as the region where the linear regression cosifis of wind stress
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Table 3.2: Diagnostics from the simple recharge/dischasgélator Eq. 8.1), v

in K/(yrm), i inin m/(yr K), andT, lag, and phase shift in months. Theoretical
phase lags (lagso) from the linear oscillator are one quarter of the periad
Actual lags (lagc) are calculated from the cross-correlation betwggf and
SSTwith leadingZ20. The phase shifts then correspond to the nearest root of
the cross-correlation function at lag zero.

lon-lat box v U T lagheor lagees phase shift
CTRL 175°W-135°W 0.16 239 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 ge&&TandZ20
are given in Tabl&.2. Equations of the ENSO oscillator model 620 andSST
are similar to a linear harmonic oscillator,

%zzo: —uSST (3.1a)
%SST: vZ20 (3.1b)

with positive constantg andv.

An example for Eqg. §.19: Positive sea surface temperature anomalies
(SST> 0) over the western Pacific warm pool enhance atmospherir clae
vection, which generates westerly wind stress anomaliesalse they decrease
poleward, wind stressurl anomalies discharge water from the western Pacific
warm pool &ZZO < 0). The meaning of Eq.3(19 is that sea surface tem-
perature anomalies drive changes in the thermocline défthEqg. 3.1, we
assume a constant mixed layer in which the thermocline lated upward
(220 < 0). We also assume mass conservation, and therefore, nongme-
gions beneath and above the thermocline must diverge imalthyp Water be-
low the mixed layer is thus colder and causes anomalous lkeatdivn through
the bottom of the mixed layer which will slowly decrease aod temperatures
(%SST< 0). The meaning of Eq.3(1b is that thermocline depth anomalies
lead to sea surface temperature changes. For details) see [ ].



ENSO as a simple oscillator

We estimateu andv according to as the ratio of the standard
deviations of Trenberth-filtereff Z20 andSST, and $ SSTandZ20. The Tren-
berth filter increases the signal-to-noise ratio using ated moving average
low-pass filter that removes fluctuations with periods o$ l#gn 8 months but
includes all othersT| }. The periodT of the interannual oscilla-
tions from Eq. 8.1) is then 21/,/fiv. 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 fteaaghermocline
discharge.

The diagnosed values for, v, andT from our experiments are also shown in
Table3.2. A largerv can be interpreted as a stronger coupling between thermo-
cline heat content and sea surface temperature responsegasp represents
the effectiveness of heat transfer from the ocean surfacetle thermocline.
Periods calculated from the ENSO oscillator are betweerd®arears, and are
in good agreement with the dominant period of the Nino3.£8pes. We add
the ENSO periods obtained from the simple oscillator as gestical lines to
the spectral power density in Figugec.

We now evaluate how good the simple oscillator represemtsdiationship
of thermocline depth and sea surface temperature anonvalies different ex-
periments. We calculate the cross-correlation betweetethkand side and the
right hand side of Eq.3(19 and Eqg. 8.1 usingu andv as diagnosed from
the model output and compare the two caseSTdrivesZ20” and ‘Z20 drives
SST (Figure 3.3). Alternatively, we can think of how well the time derivagiv
of SST(Z20) predictsZ20 (SST). Black curves in Figur&.3 are data obtained
from MPI-ESM, and red curves show the predictions accortrigq. 3.1).

The linear oscillator is a good assumption for CTRL and dati@ns co-
efficients for both relationships of EQ3.() are almost equal, about 0.66. The
root of the cross-correlation function is near lag 0 (notvalmp which means
that there is no additional phase shift betw&3irandz20. For MIOC360 and
MIOC480 the correlation coefficient is large for the casd #20 drivesSST
(0.54 and 0.60), but small for the reverse c&®Tdriving Z20 (0.35 and 0.37).
We thus conclude that the simple oscillator is not appro@ifiar MIOC360 and
MIOC480, and that the intercation: positive (negative) $®bmalies— en-
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Figure 3.3: Simple recharge/discharge oscillator diagec®fom 20°C thermo-
cline and SST anomalies.

hanced (reduced) atmospheric deep convectiostronger (weaker) wind stress
curl anomalies— thermocline discharge (recharge) is disrupted.

As we just showed for the Nino3.4 time series, periodicityfilfOC720 re-
turns, and the feedback betwe2R0 andSSTis re-established. MIOC720 is,
however, special because the correlation coefficient aively low compared
to CTRL, but one can guess by eye that the oscillator has atiaud phase
shift. In fact,Z20 leads by about 8-10 months, and the lagged correlatidn coe
ficient of now about 0.75 is larger than for CTRL. We may spatihbout the
physical implication of this addition phase shift. It coddd related to a prema-
ture discharge (recharge) of the thermocline, for exantjle,to strong random
forcing or due to more inertia of the system (by larger amswhheat stored in
the thermocline).
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The simple oscillator model provides additional insighbiENSO dynam-
ics. The periodic behaviour of ENSO is reproduced for CTRH &HOC720,
but both setups show a slightly different dynamic responsenely an addi-
tional phase shift between thermocline discharge and S&€ase. The oscil-
lator model also reveals that feedback processes betweEmar@bthermocline
depth anomalies are disrupted in MIOC360 and MIOC480. Gaimsehe 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 accordiriige Bjerk-
nes feedback. The major ingredients are zonal wind striesanbcline depth,
or, equivalently, sea surface height, and SST and outgoingwave radiation
as indicator of deep convection over the western Pacific wavol. The time
evolution of these variables along the equator resemblesesf ENSO events
(Figure3.4).

In CTRL almost every positive (negative) wind stress angnealises an El
Niflo (La Nifa) in the eastern Pacific. For example, consibderwind stress
anomaly between 180 and 120°W in year 56 (subsequent numgbieriFig-
ure3.4a). The weaker trade winds cause a thermocline dischargprihizagates
eastward and is reflected by a positive sea surface heightayoAn El Nifio is
initiated, and westward propagating positive SST anorsdiligher weaken the
Walker Circulation due to the Bjerknes feedback. As a reshdt region of deep
convection in the western Pacific shifts toward the eastlenthe surface ocean
to the west takes up more heat, recharging the thermocline.

All Middle Miocene experiments show a larger variabilityesvthe west-
ern Pacific warm pool compared to CTRL, for example, outgdornggwave
radiation— indicating atmospheric deep convection—ad waglzonal wind
stress (Figure3.4b—d). Zonal wind stress anomalies exert momentum anoma-
lies on the upper ocean, thereby enhancing variability efatuatorial current
system. Zonal velocity variability in the upper western a&guial Pacific is
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Figure 3.4: 25 years of zonal wind stress, sea surface haighsurface temper-
ature, and outgoing longwave radiation anomalies alongthuatorial Pacific.
The data are Trenberth ¢34 filtered and the units are Wi, mPa, cm, and K.
To highlight ENSO events, Nin03.4 time series are attachedith plot. Subse-
quent numbers in CTRL exemplify a typical ENSO event. To hatiooied.

larger for the Middle Miocene experiments, despite a simstaucture of the
mean zonal velocity field (Figuré.5). A reason for the larger variability in the
western Pacific could be the wider Indonesian through-flaguie 3.1). Proto-
New Guinea is located further to the south, and more openrwsaexposed to
evaporation and, hence, more atmospheric deep conveaamso(not shown).
Assuming that enhanced deep convection is in line with fargaability, atmo-
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Figure 3.4: Continued.

spheric forcing over the western Pacific is generally steongn interannual

time scales this additional atmospheric “noise” influerEBSO dynamics.
Atmospheric noise due to enhanced deep convection evegtexpéain the

more random ENSO in MIOC360 and MIOC480. A lagged crossetation be-

tween Nino3.4 and SST, and between Nino3.4 and thermodtipthdshows that

an ENSO eventin MIOC480 is related to a long-persisting &enafpire anomaly

in the western Pacific (Figui6c). 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-persistomgady is the sum of
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Figure 3.5: Mean zonal ocean velocity along the equatoaaifie. Negative
(positive) values indicate eastward (westward) motiomtGor lines correspond
to standard deviations of the zonal velocity with intenafl®.05 m/s.

a westward propagating SST anomaly and a local western @887 anomaly.
As a side note, the 150°E longitude is also the eastern boyedthe western
Pacific deep convection and wind stress anomalies (compguect3.4).

In summary, we find that anomalous deep convection eventthenassoci-
ated wind stress anomalies in the western Pacific affectpghberucean and in-
hibit a basin-wide ENSO mode. Western Pacific wind streseaties add to the
more central Pacific wind stress anomalies and, thus, endaimore random at-
mospheric forcing that influences the thermocline rechidrgeharge processes
on interannual time scales. Westward propagating ENSOtgar exposed
to the atmospheric “noise” that interupts the Bjerknes lieeet in MIOC360
and MIOC480. In contrast, the ENSO mode in MIOC720 is strongugh
to overcome the perturbations at the western Pacific, sopérabdicity is re-
established.
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Figure 3.6: Lagged cross-correlation along the equatdeti) 6ea surface tem-
perature (SST) and (right) 20°C-thermocline (Z20) anoesatinto the Nino3.4
index. Nino3.4 leads when lags are positive, SST and Z20fteatkgative lags.

3.5 Teleconnection patterns

In this section, we focus on the effect of ENSO on global ctaxfar the Middle
Miocene experiments. We use linear regression analysist&rmine telecon-
nection patterns, and describe how they shift and strengthder different CQ@
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Figure 3.7: Linear regression of the Nino3.4 index onto tloathly sea surface
temperature anomalies. Regression coefficients excedwr@pb% significance
level are coloured. Contour lines show the explained vagat intervals of 10,
30, 50, and 70 %.

forcings. We then investigate the strength of the “atmospligidge” that con-
nects the tropics and the extratropics.| ]/ and also how
ENSO influences the large-scale atmospheric circulatidharextratropics.

Linear regression analysis

SST anomalies regressed onto Nino3.4 reveal that the telection pattern in
MIOC360 and MIOC480 is slightly shifted westward and its ienal extent
is larger compared to CTRL (FiguBe7). The correlation to the Indian Ocean is
larger and ENSO explains more variance for all Miocene arpats due to the
wider Indonesian through-flow connecting Indian and Pa€iftean. At higher
CO; levels, teleconnections become stronger and telecommegtitterns grow
larger. In MIOC720, the pattern shifts westward and resesialmore central-
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Figure 3.8: Linear regression of the Nino3.4 index onto (ahthly 2 m air tem-
perature, (b) sea level pressure, and (c) zonal wind stresealies. Regression
coefficients exceeding the 95% significance level are celbuContour lines
show the explained variance at intervals of 10, 30, 50, arté.70

Pacific ENSO, a type of ENSO that is also expected to occur fregeiently in
projections of future global warming{ b

The linear regression of 2 m air temperature shows an inede@sponse to
ENSO phases in mid- and high latitudes while the structurdeteleconnec-
tion patterns remains the same (FigGr&a). In MIOC720, ENSO explains on
average 25-40% of the tropical variability between 10°S EOfiN.

Sea level pressure regression resembles the tropicaldPa@Bsure system
of the Walker circulation, with low pressure over the eastnd high pressure
over the western Pacific during the positive phase of ENSQU{EBR.8b). ENSO
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also effects the low pressure system over the North PacifttoAgh, the tele-
connection is weak, it has consequences for midlatitudenstiacks. Again, in
the Middle Miocene experiments the teleconnections ingred the response
to ENSO is largest in MIOC720. ENSO also dominates the sesd fessure
over the Indian Ocean which, in turn, largely determinesAk&n monsoon
system. In all Middle Miocene experiments, we find a largguact on the Arc-
tic pressure system, and, for MIOC480 and MIOC720, also enAhtarctic
pressure system.

In CTRL, the centre of action for the zonal wind stress angnealocated
over the central Pacific at 150°W (FigugeSc). In MIOC360 and MIOC480
the pattern remains at this position, but in MIOC720 it shwfiestward to about
180°E. Also in MIOC720, zonal wind stress increases durihflifo in the
westerly regions.

All teleconnection patterns intensify under Middle Mioedooundary con-
ditions, although the global distribution of teleconnens remains similar to
present day. Of course, we have to consider that ENSO vhtyabismaller in
MIOC360 and MIOC480. However, despite the nature of ENS€lfitge find
a stronger response in the mid- and high latitudes, whereCE&plains more
variance. We, therefore, propose that the “atmospheigbfiis stronger for the
Middle Miocene. In the following, we evaluate the effect dI&O variability
on the atmospheric bridge.

Atmospheric bridge

Warming of the tropical Pacific during El Nifio enhances despvection and
causes warm air to rise. The thermally induced circulath@t tonverts incom-
ing solar radiation into vertical motion of air can be delsed by the meridional
Hadley circulation. Positive (negative) equatorial Pac#5T anomalies during
El Nifio (La Nifia) intensify (weaken) the equatorial upwardrxch of the Hadley
circulation (Figure3.9). Anomalous heating is balanced by vertical motion and
divergence in the upper troposphere, generating atmasgRessby waves that
propagate to the extratropics. This mechanism is termeddspheric bridge”

[ I
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Figure 3.9: Time mean of zonal mean meridional stream fonctand
its El Niflo-/La Nifia-composite for all experiments. Contaatervals are
20x10%g/s for the time mean and-410°kg/s for the composite differences.

Rossby waves propagate to preferred regions where qudsirsry anoma-
lies develop, for example over the North Pacific. If Rossbyegafrom the
tropics penetrate into the midlatitudes, they can altet hed momentum flux
of midlatitude eddies, thereby changing the structure amglitude of the wave
trains that correspond to midlatitude storms. As the migidé storms prop-
agate eastward, so does information about ENSO events inajieal Pacific
Ocean.
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3. The El Nifio—Southern Oscillation in the Middle Miocenardte

Figure 3.10: Time mean of storm tracks (defined as deviatbnise 2—6 days
bandpass-filtered 500 hPa geopotential height) and theiNi&b-/La Nifa-

composites for all experiments. Contour interval is 10 gpncfimatology and
2 gpm for composites. Regions where the deviations excegp@Care cross-
hatched.

To visualise the strength of the atmospheric bridge, we ecaenfl Nifio-
and La Nifia-composites of the mean meridional circulatisrwell as of the
midlatitude storm tracks which we compare to the mean skaggifes3.10and
3.9.

In CTRL, changes of the mean meridional circulation durifdS® events
are confined to the tropics (FiguB9). The circulation is enhanced during El
Nifio and weaker during La Nifia. In MIOC360 and MIOC480 thepical re-
sponse is stronger in the southern- and weaker in the nartieEmispheric cell
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during both phases of ENSO, in contrast to CTRL. ENSO evenststeonger in
MIOC720 and, thus, have a larger impact on the meridionali@ation reaching
as far north as the Ferrel cell, a thermally indirect cirtiolathat is a by-product
of midlatitude eddies. In MIOC720 the tropical and extrptoal response to
ENSO is strongest both for storm track shifts and for the mmaandional cir-
culation. The response is enhanced over the Northern Haeriegor warmer
climates (MIOC480 and MIOC720) because of a stronger laadesntrast in
a warming climate due to larger Northern Hemisphere landsess

To summarise, we find that ENSO teleconnections under Milltitzene
boundary conditions are stronger than today. Teleconmepttterns in the Mid-
dle Miocene experiments have an almost similar structutedsy, but ENSO
teleconnections reach further into the high latitudes. Whbate this merid-
ional extension to a strengthening of the atmospheric briddyich means that
information about ENSO events is more easily transportéldee@xtratropics.

3.6 Discussion and conclusions

In this study, we analyse ENSO variability for Middle Mio@simulations
forced with different atmospheric GQevels. Under relatively low and mod-
erate CQ forcing (MIOC360, MIOC480), ENSO variability decreasest m-
creases again under stronger{@rcing (MIOC720). Our findings of stronger,
longer-lasting, but less frequent ENSO events are confiroyesl recent model
study where idealised ocean geometries representing theNtiacene, 20 mil-
lion years ago, and C{Qevels of 710 ppm have been appliedh]|

I.

Despite the smaller variability in the moderate forcingreases MIOC360
and MIOC480, teleconnections become stronger and moresptidad. A more
effective atmospheric bridge facilitates a stronger catioe between the trop-
ics and the extratropics, although we do not know why the apheric bridge
is stronger. ENSO alters midlatitude storm tracks thatum,tinfluence mid-
latitude climate. The effect of ENSO is larger under Middlebéne boundary
conditions than today. However, in a similar model (ECHAM®PA-OM) under
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warming conditions like the IPCC SRES A1B scenario, strofd¢SO telecon-
nection are more likely conditioned by changes of the traldfacific mean state
[ I

Using a simple oscillator model, we show that the Bjerkneslifieack is dis-
rupted under moderate GQevels and re-established as ENSO gets stronger.
The stronger ENSO amplitude with a reduced period has also Bmund in
a study that investigated the delayed oscillator modek[

]. However, whether real-climate ENSO is a cycle or a seriesirmgle

events is still under debat& § %

Although simulating ENSO has improved over the last yeaosymarison
to real-climate indicates limitations in our ability to neddENSO events [e.g.,

P ENSO variability is too strong in our present-day control

simulation compared to observations. For example, for tadlSIST1 data set

[ J30 = 0.8 K, compared to the relatively large= 1.1K in
CTRL. Furthermore, current coupled comprehensive GCMsvshdias that
puts the cold tongue too far west( P ENSO events occur

too regular compared to HadISST1 for the 20th century (notvs), but this has
already been an issue for a previous version of the MPI-ESM
].

Several aspects of ENSO might be related to the altered Klilitibcene
topography. For example, weaker trade winds in the Middleddne are a re-
sult of lower topography (see Figu?e/7, Chapter?), and it has been shown that
lower topography shifts the western Pacific warm pool furtbehe East|f

]- In our study, ENSO becomes stronger, more regular, and lagyer pe-
riod with lower mountains, which is contrasting our resfitlisMIOC360 where
we find a more irregular and weaker ENSO. WHileoh applied present-day
boundary conditions, we apply Middle Miocene boundary ¢omas that affect
large-scale ocean circulatiofi: JL1Another example is
the wider Indonesian through-flow (ITF) that influences ttopical ocean cir-
culation in the Pacific. As has been shown, a more open ITF eveakNSO,
which also becomes more irregulaif ]9 While this is true for
our moderate Middle Miocene experiments MIOC360 and MIO@ 4&loes not
explain the stronger ENSO in MIOC720. Whether a transitietwieen these
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two different states exists would be worthwile to answer iseasitivity study
exploring the CQ range between 480—-720 ppm.

Referring to the questions we raise in the introduction, aectude that (1)
Middle Miocene boundary conditions make ENSO more randdrough (2)
teleconnections strengthen due to a more effective atneogpbridge. ENSO
events are recognised even at higher latitude, and ENS@bviay 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 WateingLthe
Middle Miocene in a set of experiments where we change ocgaogta-
phy (1) to a modern Greenland-Scotland Ridge and (2) to éoshahstern
Tethys ocean gateway. Atlantic meridional overturningulation is sen-
sitive to altered sources of Northern Component Water aywisstiown by
one quarter in (1) and by one third in (2). Interactions bevsubtropi-
cal and subpolar gyre in the form of an intergyre only occurafonodern
Greenland-Scotland Ridge suggesting a control mechanystade over-
flows.
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4.1 Introduction

The oceans transport large amounts of heat and moistureléwrto high lati-
tudes, thereby regulating the global climate system [&:gr)

]. An important feature of the global large-scale oceanutation is
sinking of cold and dense water at high latitudes. For exapfttarctic Bottom
Water, which forms in the Wedell and Ross Sea around Antaras the densest
water mass in the deep ocean. Its northern-hemisphereerpant, the North
Atlantic Deep Water (NADW), consists of relatively warm asaline subtropi-
cal water that, while being transported northward, losed teethe atmosphere,
but not its salt. This makes it dense enough to become caweatinstable and
to overturn. High latitude ventilation, accompanied by laitude vertical mix-
ing that heats the deep ocean and reduces its density, thiédlantic Ocean
branch of the global thermohaline circulation, the Atlamtieridional overturn-
ing circulation [AMOC,; )4

Present-day NADW has two sources of dense and cold deep: Rtewer-
flow from the Greenland and Norwegian Seas across the GrekSleotland
Ridge (GSR) and (2) convective overturning in the Labradsa. 3-ormation of
Northern Component Water (NCW), the predecessor of tod&BW, is an an-
cient feature of the North Atlantic that can be dated backédMiddle Miocene,
about 15 million years ago/f }, although for times before
12 million years, these reconstructions are not robusbf J6On the
other hand, early Oligocene (~35 million years ago) depasithe Southeast
Faroer Drift suggest a southerly flow regime of deep waten @zlier |

]. Our study from Chapte? showed that AMOC strength in the Mid-
dle Miocene climate is insensitive to open lateral gatevgyh as the Panama
Seaway and the Tethys and is nearly as strong as tadayw |
]. 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 cotsrthe
thermohaline circulation in the Atlantic. Furthermore,ediows from the
Greenland-Norwegian Sea cannot contribute to NCW formatiahe Middle
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Miocene North Atlantic as the Greenland-Scotland Ridgéseat in the applied
topography, which leads us to the question:

(2a) What is the effect of a modern Greenland-Scotland Ridge
NCW formation during the Middle Miocene?

Topographic reconstructions become more difficult thehlerriwe go back
in time [ ]¢ The Tethys Ocean closure was initiated by
the northward drift of India during the Late Eocene and issidered to have

ended between 14 and 15 million years agod }. Such plate tectonic
events may even have triggered the Middle Miocene climeditsition between
17 and 11 million yearsH P Another example concerns Tethys

outflow water (TOW), a warm and saline Tethys Ocean water jrtaas has
been hypothesised to penetrate into the Atlantic betweem@@d.3 million years
ago | 18 In Chapter2, we showed that a westward flow of
water originating in the Indian Ocean enters the Atlantie@tthrough the open
Tethys, but the modelled TOW is relatively fresh. We addtbesuncertainty of
the eastern Tethys closure associated with water masdesntiea the Atlantic
Ocean and ask:

(2b) What is the effect of a shallow eastern Tethys for NCWifar
tion during the Middle Miocene?

In the second part of this study, we analyse the dynamic resspof large-
scale ocean circulation to altered topographic boundanglitions. A question
that arises from uncertainties regarding the two desciibetnic events is:

(3) What is the effect of a shallow eastern Tethys or a modern
Greenland-Scotland Ridge on the meridional overturnirg) laor-
izontal gyre circulation?

The proposed Middle Miocene scenarios may, thereby, atse ss a testbed for
the sensitivity of large-scale ocean circulation to ungled topographic bound-
ary conditions. The Greenland-Scotland Ridge experinfentexample, adds
to our understanding of NCW/NADW formation and its effectao®an circula-
tion. To the best of our our knowledge, so far, no study reléte dynamics of
the subpolar gyre to the Greenland-Scotland Ridge.
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The study is organised as follows. In the Sectib@ we describe our ex-
perimental design with the changed ocean topography. @eétB describes
the formation of Northern Component Water and its distidoutn the Atlantic
Ocean for the two sensitivity experiments: modern Greehfacotland Ridge
and shallow eastern Tethys. Afterwards, we analyse thetefféhe topography
on the meridional overturning circulation as well as theizmntal gyre circula-
tion in Section4.4. We discuss our results in Sectidrb, give an outlook into
potential future studies in Secti@gn6, and conclude in Sectioh7.

4.2 Experimental design

We use the comprehensive Earth-System Model MPI-ESM thasists of
the atmosphere—land surface model ECHAM5/JSBACH]; )

]7and the ocean model MPI-OM\/[. J:
ECHAMS is used with T42 truncation, which corresponds to azomtal grid
spacing of 2.8° and has 19 levels in the vertical, the uppstim@ing at 10 hPa.
MPI-OM uses a tripolar curvilinear grid with a quasi-homogeus horizontal
grid spacing of about 1° and has 40 levels in the verticalctvlaire unequally
spaced. MPI-OM incorporates a dynamic-thermodynamiciceanodel that
follows the descriptions of Hibler and Semtnéiil ) I
MPI-OM and ECHAM5 exchange momentum flux, heat flux, and frnegbr
flux, as well as sea surface temperatures, sea-ice thiglsesssce area fraction,
and snow cover on sea ice once per day via OAStS} }.

We define the Middle Miocene climate scenarios with presctiCQ of
480 ppm from Chaptet as the baseline experiment for the subsequent sensitivity
studies and call it MCTL. In MCTL, we apply a reconstructedddllie Miocene
topography based on a rotated global plate tectonics modeb| F
For the first sensitivity experiment, we change the bathyyniet the Nordic
Seas to a modern Greenland-Scotland Ridge, but withowrdelFigures.1);
this experiment will be called MGSR. For the second sensitexperiment, we
apply a shallow eastern Tethys gateway; this experimenteicalled MTET.
Although the turnover time of the ocean is much longer, bodbeements are
run for 500 years to quasi-equilibrium, because the apptipdgraphic changes
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Figure 4.1: Ocean bathymetry of the North Atlantic as aghiePCTL, MCTL,
MGSR, and MTET (in m).

only restrict the ocean circulation rather shutting it efhich would require a
longer integration. Whenever helpful, we compare the tiveddle Miocene
experiments to the same present-day control simulatiom @sapter2, because
here, a Greenland-Scotland Ridge is also included. Theptemy control ex-
periment is called PCTL. We use the last 100 years of eachriexpet for our
analysis.

4.3 Formation of Northern Component Water

Northern Component Water (NCW) forms due to deep conveetimhoverflows
in the Nordic Seas and is distributed within the Atlantic @teWe distinguish
between (1) the effect of the Greenland-Scotland Ridge (G&Ffhe Nordic
Seas and (2) the effect of the eastern Tethys closure at titudies on NCW
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formation and its distribution across the Atlantic Oceamr @) 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 hemisphanebe diagnosed
from the winter mixed layer depth, representing the redwstable stratification
of the ocean surface due to overturning of dense and comegctinstable sur-
face water (Figurel.2). The Labrador Sea is the major deep water formation
region in MCTL. The Norwegian Current brings warm and reki saline wa-
ter onto the Barents Shelf. Due to strong cooling, densenfaitms that spills
over into the North Atlantic between 70 and 75°N (Figdréb). In MGSR,
most deep convection occurs in the now isolated GreenlaadBgure4.2c),
and Barents Shelf water is no longer dense enough to compigté&Sneenland
Sea Deep Water (GSDW). The GSR shields the Greenland Seaaominter-
mediate water that otherwise would penetrate into the lagtutles.

If dense and cold surface water becomes convectively ulestalsinks and
mixes with surrounding water to form NCW. Figufe3 shows different North
Atlantic water masses that form NCW in a TS-diagram. Labreska water
(LSW) is relatively fresh (34.2-34.5psu) but colder thanW®y about 3K;
subtropical Atlantic water is warmer (15—20°C) but morémsa{>35.5 psu) than
NCW. In MGSR, Greenland Sea Deep water (GSDW) is the densast that
contributes to NCW (Figuré.3c). Overflows entrain surrounding water as they
rush downward after crossing the GSR. Although deep watendtion shifts
from the Labrador Sea to the Greenland Sea—both charadeis different
deep water masses—the resulting NCW is almost identical.

After sinking, NCW returns southward and overlays the colled denser
Antarctic Bottom Water. A vertical cross section along ~“80¢Figure 4.4)
starting at the coast of Antarctica across the Southern iQa&antic Ocean,
ending in the Nordic Seas shows the distribution of differgater masses and
their potential temperature, salinity, and potential dgn&igure4.5. GSDW
replaces large parts of NCW north of the GSR and fills the GagehSea in
MGSR. Downward sloping isopycnhals at about 60°N show owedlthat mix
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Figure 4.2: March mixed layer depth in the North Atlantic adicator of deep
water formation in (a) PCTL, (b) MCTL, (c) MGSR, and (d) in MTEin m).

with LSW to form NCW. However, the distribution of NCW withithe At-
lantic basin is similar in MCTL and MGSR. Interestingly, NClM/deeper at

about 30°N to circumvent Tethys outlow but ascends agaithsuiithe western
Tethys.

Closing of the eastern Tethys gateway: a modern
Mediterranean

The strong westward flow from the Indian Ocean into the At@afdund for
MCTL is suppressed in the shallow eastern Tethys scenariB™MTable4.1).
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Figure 4.3: TS-diagram for water masses that form Northenm@nent Water
(NCW) in the North Atlantic during winter (March) between@2and 5170 m
(temperature in °C and salinity in psu). Abbreviations aA&BW: Antarc-
tic Bottom Water—ABW: Arctic Bottom Water—AW: Atlantic Wat—GSDW-:
Greenland Sea Deep Water—LSW: Labrador Sea Water—NADWthN&t-
lantic Deep Water—MOW: Mediterranean Outflow Water—TOWthHis Out-

flow Water.
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Figure 4.4: Pathway of vertical cross section as black liBkie (black) stars
denote approximate coordinates for suptropical- and dabgre index for the
Middle Miocene (present day).

Because the shallow eastern Tethys does not completelp#hioé Indian from
the Atlantic Ocean, a net westward flow of about 1.9 Sv rem@iable 4.1).
However, a considerable amount of upper ocean Atlanticivestiers the Tethys
(not shown). Here, surface water is exposed to enhanced®atagn and hence
becomes saltier. Warm and saline water sinks and returm#iatAtlantic Ocean
at intermediate depth of about 1500 m. This Tethys OutfloweWWgEOW) has
a salinity larger than 35.4 psu and is thus dense enough seaeep convec-
tion during winter (Figuret.2d). TOW can be easily distinguished in the verti-
cal cross section of the Atlantic (Figu#e5). While being advected northward,
TOW entrains suptropical water which is warmer and denset asters the
Nordic Seas, compared to MCTL or MGSR (Figuted). Due to the shallow
eastern ocean gateway, the Tethys turns into an evapobatsie 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 formanadCTL, but

Barents shelf overflows are also an important source of NCWe Greenland
Sea in MGSR dominates deep water formation due to the mods @ the
expense of convection in the Labrador Sea. In MTET, NCW fdnors Barents
shelf overflows and also partly in the Labrador Sea and in #ibyE, but deep
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Figure 4.5: Vertical cross section across the Southern dladit?c Ocean for (a)
temperature (in °C), (b) salinity (in psu), and (c) potentiensity (in kg nT3).
Hashed regions indicate NCW and AABW, and cross-hatchedmsgndicate
GSDW (TOW) in MGSR (MTET). The vertical bar at ~35°N marks tbeation
and depth of the Gibraltar Strait.
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Table 4.1: Net volume transport into the Atlantic Ocean tigito the Panama
Seaway and through the Strait of Gibraltar as well as tramnsggcsubtropical
gyre (STG), subpolar gyre (SPG), and Atlantic meridionartwning circula-
tion (AMOC) at 40°N/1000 m. All values +/- one standard déwia (in Sv).

net volume transport PCTL MCTL MGSR MTET
Panama Seaway — 1453.1 -0.1£3.0 9.5t3.6
Strait of Gibraltar -0.040.06 11.0+2.0 10.8t19 1.9+05
STG 57453 39.8-7.4 385+t75 44.0+7.6
SPG 34.8:4.8 50.6£5.5 33.2+3.7 48.0+£4.7
AMOC 20.3+24 19.9+1.7 146+18 12.+1+1.6

water formation generally decreases compared to MCTL.oAIfih NCW in all
Middle Miocene experiments comprises of deep water thatlligsent sources,
water mass properties of NCW are almost identical as showreiil S-diagram.
However, deep water formation in PCTL and MCTL is more enkdnban in
MTET and MGSR (Figuré.2). Because the rate of NCW formation determines
the strength of the Atlantic meridional overturning ci@tibn (AMOC), it is

of comparable strength in PCTL (20.3 Sv) and MCTL (19.9 Suj, Weeaker by
about one quarter in MGSR (14.6 Sv) and by about one third ilEM{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 overturningutation and
the horizontal gyre circulation. We show how both interathweach other and
influence heat transport in the Atlantic Ocean.

AMOC variability

The structure of the Atlantic overturning cell is similarathexperiments despite
the different sources of NCW, although it is extended noattdan the MCTL
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Figure 4.6: Atlantic Meridional Overturning Circulatiom(Sv).

and MTET (Figure4.6). Because deep water formation in the different source

regions depends on different processes, for example axeessporation in the
Tethys or overflows across the GSR, different time scales de#grmine the
variability of the meridional overturning. We show montiyOC anomalies
along the Atlantic Ocean at ~1000 m depth—that is, where tleas function

has its maximum—in Figuré.7. AMOC variations in PCTL are limited to lati-
tudes south of the GSR, whereas the AMOC also shows highdatitariations
in MCTL and MTET. Variations between 70 and 80°N are evendathan

at midlatitudes. Low-latitude AMOC variations are alsoglar in the Middle

Miocene experiments compared to present-day.

In all Miocene experiments, AMOC anomalies propagate maatd and
southward starting at ~45°N, while in PCTL, anomalies pgate only south-
ward. The 45°N-latitude corresponds to the front betwedntrepical and sub-
polar gyre. Newly formed deep water entrains northward-imgpwater masses
and feed back on AMOC anomalies on their way northward. [Eurdouth
at about 45°N, variations propagate southward along oodgarier pathways
on advection time scales as has been shown for the presgiNeadth Atlantic
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Figure 4.7: Latitude-time plot of normalised AMOC anomsaleong the At-
lantic Ocean. The AMOC index at each latitude is the 1020 ptfdealue. Data
are detrended and smoothed with a 18-month running average fDashed
lines show the latitude of Panama Seaway (Pan), Strait afa@#n (Gib), and
Greenland-Scotland Ridge (GSR). The lower panels showanelard deviation
(s.d.) of the monthly mean AMOC anomalies at each latitud&).

[ It As soon as AMOC anomalies attach to the deep western bound-
ary current, they propagate southward with coastal Kehanervspeed.

We estimate the time scales of AMOC variability by calculgtihe variance
spectrum of AMOC anomalies at each latitude (Figu®. The variance spec-
trum reveals frequencies or periods for which variatioreslargest, expressed
by the power of variance.

Decadal variability on time scales of ~20 years and more iallemin all
Middle Miocene experiments compared to PCTL, but we haveknavledge
that results may not be robust for the short interval undesicteration. Vari-
ability of Barents-shelf overflows, an important source eégd water in MCTL
and MTET, dominates on interannual time scales of 4-10 yestvgeen 75 and
80°N, but is less pronounced in MTET. In MGSR, no such valitgimccurs at
high latitudes, because GSDW formation outweighs Bardrel sverflows. At
latitudes of LSW formation between 50 and 60°N, AMOC variagime scales
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Figure 4.8: Variance spectrum of the AMOC anomalies (takemfFigure4.7)
along the Atlantic Ocean. The spectral estimator has beeneDamoothed
with 5 data points. Note the logarithmic scale of the corgoltashed regions
indicate values that are statistically significant at the E#el compared to a red
noise spectrum.

of about 10 years in MCTL and MGSR, but not in MTET. While fod&y, the
variance is smaller north of the GSR at about 60°N, it is Isirtpeyond 60°N in
MCTL and MTET, where the GSR is absent (Figdr€). Due to the advection
of heat, high latitude AMOC variability also induces hearsport 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) aedtiminant
large-scale circulation patterns in the North Atlanticgiifie 4.9). To estimate
their variability, we define a gyre-strength index as mongnhomalies of the
barotropic stream function at its STG/SPG local extremurguie 4.10. Ap-

proximate coordinates of the gyre centres are shown in Eiggdr STG strength
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Figure 4.9: Correlations between barotropic stream fonciinomalies and its
first principal components (explained variance gives thgenpight percentage).
Coloured regions indicate correlation coefficients thatatistically significant
at the 5% level. Contours show the mean barotropic gyre leitiom with solid
(dashed) lines for anti-cyclonic (cyclonic) circulatiamintervals of 5 Sv (zero
line is omitted).

variations are larger in the Middle Miocene experimentstimPCTL because
of lateral throughflow via open ocean gateways. Transpooutih the Panama
Seaway, for example, is highly variable and can also re\agse(Table4.1).

In all Middle Miocene experiments, STG is weaker due to largstward
flow through Tethys into Atlantic, but it moderately recov@n MTET, where
the shallow eastern Tethys suppresses strong westward Teie@.1). SPG
is of equal strength in PCTL and MGSR (~33-35 Sv) and also infM@nd
MTET (~48-51 Sv), indicating that the GSR limits the stréngt 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 (I3 8flex (in
Sv). Gray curves show unfiltered anomalies and black curves snomalies
smoothed data with a 18-month running mean.

Lateral water mass transport through open ocean gatewflyennes the
structure of the STG, and induces STG variability on intags@al time scales.
A modern Greenland-Scotland Ridge controls the strengtheofubpolar gyre
because it acts as a natural boundary for horizontal transpue ridge also adds
more persistence to the subpolar gyre and suppresses s@lallfeictuations.
We hypothesise a control mechanism of the Greenland-$cbfadge 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 tolpward heat trans-
port, because warm tropical surface water moves polewaitd wblder deep
water moves equatorward. MOC associated heat transpolsdstize largest
contributor to global poleward heat transport in the tregeg.,

J The total advective ocean heat transport is determinethéy
meridional velocityv of sea water having potential temperat@ralensityp and
heat capacitgy

htro= //cpv(p 0)dxdz

Contributions to the total heat transport can be decompioged/1OC and gyre
heat transport

[p6V] = [p6] [v] + [(p0)"v]
——— —
MOC gyre
where square brackets denote zonal averages and starg dienaitions from
zonal average.

The temporal evolution of heat transport anomalies is aagsatwith MOC
and horizontal gyre transport (Figufel). In PCTL and MGSR—both exper-
iments include a modern GSR—Ilarge gyre heat transporthiityaoccurs at
about 45°N. We estimate the dominant temporal variabildttgyn of the hor-
izontal gyre circulation from the first principal componeoftthe barotropic
stream function anomalies. The time series is then regiesst barotropic
stream function anomalies to estimate the spatial vaiialpattern of the hori-
zontal circulation which resembles the “intergyré/i{ [ ]; Fig-
ure4.9). We see that the intergyre is a circulation feature in PCidl IGSR,
but notin MCTL and MTET.

As [ ] showed, intergyre dynamics are linked to the North-
ern Atlantic Oscillation (NAO), one of the most prominentitpans of atmo-
spheric circulation variability, where a simultaneougsgthening (weakening)
of the Icelandic low and Azores high leads to stronger (wBakesterlies [e.g.,

} NAO, thereby, also drives an anomalous heat transport

across the intergyré/| . Therefore, we assume that larger gyre
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Figure 4.11: Anomalies of the advective northward heatspparnt (MOC and
gyre) in the Atlantic (in PW). Data are detrended and smabwhiéh a 18-month
running average filter. Overlaid contours show AMOC anoasahs in Fig-
ured.’.
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Discussion

heat transport variability at midlatitudes, as for PCTL @SR (Figure4.11),
reflects the ocean—atmosphere interactions related toitttedviven circulation
anomalies and NAO, and the coupling between atmospherecaaho

To summarise, we find that the GSR determines (1) the stretjtie subpo-
lar gyre and its variability (Figuré.10 and (2) the intergyre as dominant pattern
of variability in the North Atlantic (Figure!.9).

4.5 Discussion

We analyse the formation of Northern Component Water (NCWg, prede-
cessor of modern North Atlantic Deep Water in a set of expenit®i where
we changed the bathymetry of the North Atlantic (MGSR) andhef east-
ern Tethys Ocean gateway (MTET). Although deep water faonathanges
from convective-overturning dominance to overflow domeeif we introduce
a modern GSR, the distribution of Northern Component Wat&2W) in the
Atlantic Ocean hardly changes. NCW retains its water maggeauties, despite
different NCW source regions and pathways, for exampleyBetiutflow water
or Greenland Sea deep water (GSDW). Barents shelf overflowsréte high
latitude variability of the Atlantic meridional overtumyg circulation (AMOC)
if the GSR is absent; otherwise, GSDW substitutes Barermt$ sherflows. We
conclude from the set of Middle Miocene experiments that Nfovkhation is a
robust feature of the Middle Miocene North Atlantic.

Deep water formation decreases due to the applied topogrelpinges and
hence the AMOC slows down by one quarter (MGSR) to one third EM)
compared to the Middle Miocene control experiment MCTL. Alhw eastern
Tethys also limits the strong inflow into the Atlantic and tuwtracted subtrop-
ical gyre recovers in its zonal extent, but becomes onlyhdllygstronger than
in MCTL. For the GSR, we find that overflows control the dynasrand time
scales of the horizontal gyre circulation and their astediaeat transport. For
example, a weaker (stronger) subpolar gyre develops if @raad-Scotland
Ridge is present (absent) (Taldle)). Furthermore, an intergyre, as proposed by

[ ], 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 itralbng the
subpolar gyre, we propose the following: The direct effeictvond stress on
overflows is less important than thermohaline forcing [e-&

]. Assuming that wind stress anomalies refer to short-timwgations
and thermohaline forcing to longer oceanic time scales, ymthesise that
overflows introduce more low frequency variability in thexse of
[ ] due to their integral response to small-scale fluctuatighdox-model
approach for Denmark Strait overflows Byise[ ] also showed that the
overflow response to stochastic forcing is red noise.

A recent study with a coarse-resolution model showed thestibpolar gyre
is sensitive to overflows through baroclinic adjustmefts | P That
overflows affect subpolar gyre strength has also been showaihnigh-resolution
model study, where stronger Nordic Sea overflow leads to traxcted subpolar
gyre [ Il

To summarise, the Greenland-Scotland Ridge and its assdaaerflows
control the horizontal gyre circulation and the air—segptiog strength.

We examine the role of overflows and deep convection in thetN&itantic
large-scale ocean circulation. Although topography céer #he strength of the
AMOC, we do not find a severe slow-down of the AMOC as has beewsh
for the Pliocene period, where the Panama Seaway was stitl pp

]. We propose the following: If we assume that the Antarcticc@mpo-
lar Current (ACC) and the associated wind-driven upwelimghe first-order
driving mechanism for the global thermohaline circulateomd the northward
transport of Atlantic water is a nearly passive consequérice I a
stable Middle Miocene AMOC is simply an implication of the BCwhich is as
strong as today in the Middle Miocene experiments (not shofmecent proxy
study also provides evidence that the modern ocean staeustarconsequence of
ACC development during early Oligocened] ]. This supports our
findings that NCW formation resembles present-day conustand that the dis-
tribution of NCW is similar to the modern distribution of NAR. Because water
mass formation is robust for different topographic bougadanditions, we pro-
pose that deep water formation not necessarily coincideteithe development
of the Greenland-Scotland Ridge separating the Greeramdregian Sea from
the North Atlantic as has been stated earlier [&lg, b



Outlook

4.6 Outlook

We propose three possible directions for future studies.

1. We show that the topography of the Nordic Seas has impitsafor heat
transport at high latitudes. Anomalous heat transporte@afly at high
latitudes, may alter conditions for sea-ice growth on seesonal and in-
terannual time scales. An open question is how Nordic Seaxgtaphy
influences the susceptibility of seasonal or perenniaiseaever to vari-
ations in poleward heat transport anomalies. Researclases dready
found evidence for Arctic sea-ice and icebergs at ~14 Madasein-
creased abundance of dropstones and saind] B

2. We showed in Chapte? that the AMOC slows down under strong
CO;, forcing (experiment MIOC720). A question that naturallyses
is whether changed topographic boundary conditions calilise the
AMOC and prevent its slow-down. In a follow-up study, we willves-
tigate the AMOC response to increased atmospherig i6Cboth MGSR
and MTET and analyse the dependence on the choice of bouocoiady-
tions.

3. Finally, to the best of our knowledge, no study relates‘itiergyre” cir-
culation we discussed in Sectigh4 to the Greenland-Scotland Ridge.
Therefore, we propose a present-day study with a flatteneer@nd-
Scotland Ridge, to test if the intergyre is a consequencecstlid Seas
overflows.

4.7 Conclusions

To conclude this study, we answer the research questiotesistathe intro-
duction. (1) The Atlantic meridional overturning circutat is by no means as
strong as today, because the associated deep water fannstensitive to the
applied topography. (2) Northern Component Water—the gueslsor of mod-
ern North Atlantic Deep Water—forms either due to convextiverturning in
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the Labrador Sea and Barents shelf overflows if the Greerfimadand Ridge
is absent, or alternatively due to overflows across the GaadrScotland Ridge.
Despite its different source, Northern Component Watemslarly distributed
across the Atlantic Ocean. (3) Horizontal and meridion@idation is generally
sensitive to changes in Atlantic bathymetry both in straragtd variability. In
particular, a modern Greenland-Scotland Ridge contraigbiotal gyre circula-
tion and the strength of air—sea coupling via the intergyre.



5 Conclusions

We simulate the climate under Middle Miocene boundary cioras using the
comprehensive Earth System Model MPI-ESM. In a set of seitgiexper-
iments, where we address uncertainties in atmospherig &M@ topographic
boundary conditions, we analyse the variability of atm@&sphocean interac-
tions and large-scale ocean circulation. We conclude thgistby 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 grétlie

The dynamic ocean cannot be held responsible for a globadtriédition of
heat to higher latitudes. Although the large-scale oceamiletion changes due
to Middle Miocene ocean gateway reconfigurations, the dvweeaming is too
small. The reduction of the equator-to-pole temperatuaglignt, as suggested
by marine and terrestrial proxies, is marginal because-latitude feedbacks
are too weak. We learn that the agreement with proxy data wloiesecessar-
ily improve in our comprehensive model, because of its $iitgito boundary
conditions that need to be prescribed with present-dayegalbor future palaeo
studies we thus propose that all present-day boundary wonsihave to be con-
sidered.

(2) Can we model the warm Middle Miocene climate under mod-
ern atmospheric C£and what is the effect of higher G@

The warming under modern atmospheric £f0rcing is too small and we thus
conclude that higher than modern atmospherie @G9els are required to drive
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the warmer Middle Miocene climate. Polar amplification ktig reduces the
equator-to-pole temperature gradient but high-latituekdbacks are still too
weak. In fact, complex atmosphere-ocean interactions teoact high lati-

tude warming and compensation between atmospheric and bega transport
makes high-latitude warming difficult.

(3) What is the effect of Middle Miocene boundary conditions
on the EI Nifio—Southern Oscillation, in particular open ace
gateways and higher GQevels?

The Western Pacific Warm Pool region in the Middle Miocene @earsensi-
tive to atmospheric fluctuations than today, generatingentoegular responses
of the El Nifio—Southern Oscillation (ENSO). However, why areregular
ENSO returns under stronger @@rcing remains unanswered. Teleconnec-
tions strengthen under Middle Miocene boundary conditiunes to a more ef-
fective atmospheric bridge. We conclude that the extratsogre more sensitive
to tropical variability in the Middle Miocene than today.

(4) What is the effect of ocean gateways and ridges on deegr wat
formation and on large-scale ocean circulation in the Aitzh

Deep water formation is a robust feature for the Middle Mieedlorth Atlantic,
but large-scale ocean circulation is generally sensitvehtanges in the North
Atlantic and eastern Tethys bathymetry. However, we calecthat the Atlantic
meridional overturning circulation is likely a feature dfet Middle Miocene
ocean, despite the different topographic boundary candtiand we find evi-
dence that the Greenland-Scotland Ridge controls thedrdakgyre circulation
due to Nordic Sea overflows.
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