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Resumé

Iskerner fra Grgnland har afslgret en raekke bratte klimaforandringer, som fandt sted
med jeevne mellemrum gennem den sidste istid. De bratte temperaturskift under istiden
kaldes ofte Dansgaard-Oeschger-begivenheder og har senere vist sig ogsa at finde sted
i Antarktis. Nar man sammenligner iskernerne fra Grgnland og Antarktis tegner der
sig et maerkvaerdigt mgnster, som viser at mens Grgnland er varm sa er Antarktis kold
og omvendt. Dette unikke resultat viser et asymmetrisk forhold mellem Grgnland og
Antarktis, hvilket udger et af de stgrste mysterier inden for klimaforskningen. Nye ob-
servationer fra vest Antarktis, som netop er blevet afslgret, tyder kraftigt pa at klimasen-
dringerne pa Grgnland kommer forud for sendringerne pa Antarktis, hvilket giver ny ind-
sigt i de bagvedliggende mekanismer for koblingen mellem den nordlige og sydlige halvku-
gle under den sidste istid. En lang raekke studier har forslaet at Dansgaard-Oeschger-
begivenhederne ma veere udlgst af en voldsom sendring af atmosfeere- og havcirkulationen
under istiden. I denne opgave praesenteres resultaterne fra en klima-model simulering
der viser en rackke bratte klimasendringer i Nordatlanten, som fglge af stokastiske pro-
cesser i klimasystemet og som i hgj grad minder om de temperatursendringer forbundet
med Dansgaard-Oeschger-begivenhederne. Ud fra dette diskuterer vi, hvordan intern
klimavaribilitet kan forklare det asymmetriske forhold mellem Grgnland og Antarktis.
Her finder vi, at disse skift er forarsaget af sendringer i det tropiske nedbgrsmegnster
forbundet med El Nino/La Nina variabilitet. Disse sendringer er kommunikeret direkte
til hgje breddegrader i bade den nordlige og sydlige halvkugle gennem atmosfzeren og
pavirker dermed den lokale cirkulation i de polare egne. I den sydlige halvkugle kommer
dette blandt andet til udtryk gennem sendringer i dybvandsdannelsen omkring Antark-
tis. Dette viser sig at vaere en vigtig brik i det globale klimasystem, og kunne potentielt
veere en forklaring pa det asymmetriske forhold mellem nordlige og sydlige hgje bred-
degrader. Vores resultater tyder dog ikke pa at temperaturen sendrer sig voldsomt pa
Antarktis, hvilket formentlig er pa grund af den relativt lille sendring i den nordatlantiske
varmetransport gennem havet. Andringerne i havcirkulationen viser en svag opvarmn-
ing i ca. 1,000 meters dybde det nordlige Atlanterhav, som skyldes en svaekkelse af den
vind-drevne havcirkulation i Labradorhavet. Denne temperatur-anomali spredes gen-
nem Atlanterhavet langs den vestlige randstrgm, men er drastisk sveekket idet signalet
nar frem til det det sydlige Atlanterhav. Dette antyder at sendringerne i havcirkulatio-
nen, observeret i denne klimamodel, ligeledes er for svage til at pavirke temperaturerne

pa Antarktis.



Abstract

Climate reconstructions from ice core records in Greenland and Antarctica have revealed
a series of abrupt climate transitions, showing a distinct relationship between northern
and southern hemisphere climate during the last glacial period. It is generally believed
that changes in the AMOC are responsible for this interhemispheric connection. This
so-called bipolar seesaw mechanism, links the two hemispheres on centennial timescales
and provides a framework for understanding the timing of the abrupt climate transitions
during glacial times. The recent ice core records from West Antarctica (WAIS) points
towards an atmospheric teleconnection as a possible trigger for the interhemispheric cli-
mate variability. This recent progress in paleoclimate observations, together with recent
modelling efforts, calls for the classic bipolar seesaw theory to be revised.

In this modelling study, dynamics of abrupt climate transitions in an unforced control
simulation of CCSM4 are explored. The model exhibits a series of abrupt changes in
Greenland surface temperature triggered by internal climate variability, which closely
resemble a Dansgaard-Oeschger event. Similar, but weaker changes are observed in
the Southern Hemisphere synchronous with the abrupt changes in the Northern Hemi-
sphere. We argue that both north and south high latitude climate variability is triggered
by stochastic precipitation anomalies in the western tropical Pacific. The atmospheric
wave guide then provides a fast communication pathway connecting the deep tropics
and the polar regions. In the Southern Hemisphere this is manifested as a distinct pres-
sure pattern over West Antarctica that strongly influences deep ocean convection in the
Weddell Sea.

The ocean circulation response to the abrupt climate transitions show a characteristic
asymmetric pattern in the subsurface temperature of the Atlantic, resembling a bipolar
see-saw response. After an initial surface cooling in the subpolar gyre, the subsequent
ocean adjustment is dominated by heat convergence at the subpolar-subtropical gyre
boundary. This warming anomaly, located at mid-depth, spreads into the South At-
lantic along the deep western boundary current, on time scales associated with slow
advective processes. The anomaly is significantly reduced, as the signal reaches the
South Atlantic midlatitudes, where further southward propagation is inhibited by the
presence of the Antarctic Circumpolar Current (ACC). This suggest an essential role of
the ACC in the setting the magnitude and time scale of the hemispheric response.

In line with a number of recent studies, the modelling evidence presented here shows that
internal climate variability is a potential trigger for the abrupt climate transitions ob-
served during the last glacial through the existence of a fast atmospheric teleconnection
mechanism. Furthermore, our results show that propagation of an ocean temperature
signal from the North Atlantic to Antarctica is hindered by the ACC, which presents an

essential issue in the traditional bipolar see-saw mechanism.
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Chapter 1

Introduction

One of the greatest mysteries throughout the history of our planet is the great ice ages,
where our now so hospitable planet was transformed into a world of ice. Large ice
sheets covered great parts of North America, Scandinavia and Greenland, resulting in
dramatic drops in sea level which was about 120 m lower than today [Rahmstorf, 2007,
Waelbroeck et al., 2002]. The great ice sheets that now cover Greenland and Antarctica
holds information about the climate during the ice ages and it may prove as the key to
understanding the future climate.

In the early 50’s Danish geophysicist Willy Dansgaard discovered that the air bubbles
trapped inside the ice offers a glimpse of the climate conditions in the past. He found
that the isotopic composition of snow accumulated on the ice sheet could serve as a
proxy for temperature at the time of deposition. Some 30 years later, this discovery
lead to the first purely scientific ice core drilling project carried out in the southern part
of Greenland and since then ice core research has been a fundamental pillar in modern
paleoclimatology.

The ice core records from Greenland reveal remarkably detailed information about the
climate conditions in the North Atlantic region during the last glacial period (60-27 ka).
In this period the climate was much more variable compared with the warm and stable
climate of the Holocene. The Greenland ice core records show evidence of rapid temper-
ature fluctuations of 8 — 16°C' in a matter of decades and resulted in climatic changes
throughout most of the North Atlantic [Lang et al., 1999]. However, other paleoclimate
records suggest that the dramatic changes observed in Greenland was not only confined

to the North Atlantic, but had a global footprint. Oxygen isotope records of stalagmites

1



Chapter 1. Introduction 2

from Hulu Cave in China are remarkably similar to the Greenland ice core record [Wang
et al., 2001]. The variations in 6O from the stalagmite records reflect a change in
the East Asian Monsoon and propose a link between North Atlantic climate variability
and meridional heat transport. Further evidence of teleconnections with North Atlantic
climate during the last glacial period comes from marine records. Deplazes et al. [2013]
analysed sediments from the Cariaco Basin and the northeastern Arabian Sea and found
a close link between tropical and Greenland paleoclimate variability. This is supported
by various studies of marine records (see Peterson et al. [2000] and Schulz et al. [1998]).
There is, however, a slight bias in the spatial distribution of marine records towards the
North Atlantic region.

The paleoclimate record show that there is global evidence of millennial-scale climate
variability during the last glacial cycle, but the question remains if it is the same events
we observe everywhere or are there regional differences? [Voelker, 2002] To answer this
question, we must turn to climate models to explore the underlying mechanisms behind

the hemispheric climate variability.

1.1 Advancements in paleoclimatology

During the glacial periods large temperature fluctuations was observed in the Northern
hemisphere. The 680 record from Greenland ice cores reveals information about the
multiple transitions from a glacial state to interstadial conditions. This was first discov-
ered by the danish geophysicist Willy Dansgaard and his Swiss collegue Hans Oeschger
from the University of Bern. During the last glacial cycle (60-27 ka) they found several
of these abrupt climatic events, which later would be known as Dansgaard-Oeschger
(D-0O) events. These transitions from the cold stadials to the warmer interstadials are
characterized by a rapid warming followed by a slow gradual cooling on time scales of a
few centuries.

Since the first deep ice cores was drilled in the early 80’s a vast amount work has been
dedicated to understand the dynamics and asymmetry of the D-O cycles. Since then,
there has been numerous ice core drilling projects in both Greenland and Antarctica.
The ice core records from Antarctica revealed a surprising coupling between D-O events
in Greenland and warming events in Antarctica during the last glaciation. However,

from these early ice core studies it is only the large D-O events that are evident in the
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Antarctic temperature record. These major Antarctic warming events are denoted Al
and A2 corresponding to D-O event 8 and 12 respectively. Due to the low resolution of
the Antarctic record it was not possible, at this time, to ascribe all the observed D-O
events to a corresponding Antarctic warming event. The lower resolution is primarily
due to the lower accumulation rates in Antarctica compared to Greenland, which hugely
dominates the uncertainty in Aage, which is a limiting factor when comparing the inter-
hemispheric coupling on a millennial time scale. However, in a study by Blunier [1998],
the phasing between Greenland and Antarctic records are assessed using a combination
of the detailed '°Be record and methane for synchronization. The synchronization sug-
gested an out-of-phase relationship between the northern and southern hemisphere, with
Antarctic warming leading Greenland temperatures by 1-2.5 kyr on average. This was
in disagreement with the prevalent hypothesis at that time, that events in the North
Atlantic are preceding those observed in the southern hemisphere [Bender et al., 1994].
The considerably large time lag observed between the northern and southern hemisphere
favors a connection via the ocean, but the mechanisms are not well known. A better
understanding of the dynamics that govern the north-south teleconnection would require
that the common time scale of paleoclimatic records be known with a resolution better
than 500 years or less [Stocker and Thomas, 1998]. This has been one of the major focus

of attention in climate research during the last few decades.

1.1.1 EPICA Community paper

In one of the more recent studies by the EPICA Community members, the interhemi-
spheric coupling is studied through high resolution ice core records from Antarctica and
Greenland. The main focus is the climate variability and fast transitions in the §'%0
record during the last glacial cycle also known as Marine Isotope Stage 3 (MIS3). The
climate in the North Atlantic sector is represented by the NGRIP core and the Southern
Hemisphere is represented by an ice core from Dronning Maud Land (EDML). Due to
the generally colder and dryer conditions in Antarctica the snow accumulation rates are
generally much lower compared to Greenland and this makes it difficult to assign each
D-O event to a corresponding Antarctic warming event. However, due to the coastal
climate of the EDML core, the resolution is comparable to that of NGRIP. The EDML
core was synchronized using the global CH4-record from the NGRIP, GRIP and GISP-2
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ice cores and given on the new common age scale GICC05. The synchronization uncer-
tainty for the EDML record in MIS3 ranges from 400 to 800 yr for all events, which is
two to three times better than for other Antarctic sites. This is important because the
uncertainty is much smaller than the duration of each warming or cooling event, and
thus presented new information about the coupling between D-O events and Antarctic
warmings.

The most prominent feature of the high resolution EDML ice core record is the well
resolved climatic variability throughout MIS3. This enables a one-to-one coupling of
glacial climate variability between the Northern and Southern Hemisphere, suggesting
that each warming event on the southern hemisphere could be related to a correspond-
ing D-O event in Greenland. There has been a general disagreement about whether the
Greenland D-O events are leading the Antarctic warming events or vice versa. There is,
however, an agreement that we need higher resolution of the ice core records to better
understand the north/south coupling in terms of leads and lags. The phase relation-
ship does not qualitatively explain what actually triggers the switch from stadial to
interstadial, but the discussion is still important since it addresses the question of what

mechanisms that could be responsible for the abrupt climate shifts.

1.1.2 Asynchronous climate variability and Heinrich events

Throughout the last glacial several events of fresh water discharge into the North At-
lantic has been observed in deep ocean sediment cores. Rock debris deposited onto the
fine grained sediments of the ocean floor bear witness of large iceberg surges originating
from North America and reaching far into the North Atlantic. Thus, the ice rafted
debris (IRD) observed in ocean sediment cores correspond to massive ice rafting events
commonly known as Heinrich events. However, while the evidence of the HE is clear,
the causes of the sudden ice sheet collapse are not fully understood. Was it an abrupt
climatic change that caused the ice sheet to collapse or internal dynamics resulting in
surging of the ice sheet? It is not clear if the periodic surges are direct consequences
of internal climate variability i.e. linked to interconnections between atmosphere, ocean
and ice. This remains one of the great challenges in modern palaeoceanography and
there is still an ongoing debate about the role of Heinrich events in North Atlantic cli-

mate variability during the last glacial stage.
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For many years it has been suggested that the ice-rafting events and the associated fresh-
water discharge into the North Atlantic is the direct cause of the abrupt temperature
changes in Greenland through changes in the Atlantic Meridional Overturning Circu-
lation (AMOC). This view is supported by modeling studies [Chiang et al., 2008, Liu
et al., 2009] which show that the AMOC is highly the sensitive to freshwater input. The
melting reduces deep-water formation resulting in a weakening the overturning circula-
tion, thus leading to reduced poleward heat transport and cooling in the North Atlantic
region. In these modeling experiments fresh water is dumped into the North Atlantic
leading to a reduced deep water production and thus a weaker overturning circulation.
However, the source of these fresh water perturbations are not yet fully accounted for,
and it points out that we should take caution in how the model experiments are de-
signed. In addition to this, there appears to be a growing consonance among climate
scientists, that the Heinrich events cannot be used as triggers for D-O events.

The high resolution EDML record, which shows a one-to-one coupling of antipodal cli-
mate variability in Greenland and Antarctica, adds new information about how Heinrich
events are related to the bipolar see-saw. During MIS3 there is a linear relationship be-
tween the amplitude of Antarctic warmings and the duration of the stadial in Greenland.
Hence, the Antarctic warming rate and the accompanying interhemispheric heat flux is
similar for all D-O events, which implies that the overturning rate remained practi-
cally unchanged throughout MIS3 [Barbante et al., 2006]. This challenges the notion
of different overturning rates during Heinrich events. The observations, however, do
suggest that Heinrich events have some kind of dynamical impact on antipodal climate
variability. The largest Antarctic warming events Al and A2 respectively coincide with
anomalously big Heinrich events (H4 and H5). It has been suggested that the large
freshwater flux, during these big Heinrich events, causes the restoring to be slower and
the stadial period is prolonged in Greenland. Although, a clear relationship has been
hard to establish and there is no direct evidence that the freshwater discharges into the
North Atlantic is systematically concurrent with the onset of the stadials. Hence, the

question of what triggers the D-O events remains.
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1.2 Recent advancements: WAIS ice core drilling project

The phase relationship between Greenland and Antarctica has been subject to vigorous
debate within the paleoclimate community since the coupling was first realized over two
decades ago. Though much work has gone into disentangle the processes responsible for
the fast transitions from stadial to interstadial conditions the question about the phase
relationship would remain unresolved.

Recent advancements in Antarctic ice core drilling may add some important and ground-
breaking information about the heavily disputed phasing between the Northern and
Southern Hemisphere. In early June, 2014 I had the pleasure of meeting Bradley Markle,
who was visiting Center of Ice and Climate from University of Washington. Bradley is
involved in the West Antarctic Ice Sheet drilling project (WAIS) and he presented some
very interesting new ice core data, which could be a milestone in paleoclimate research
and adds new information about the mechanisms responsible for the rapid climate fluc-
tuations that occurred in both hemispheres throughout the last glacial.

The WAIS project present the most recent deep ice core record from West-Antarctica,
and it characterized by an exceptionally high resolution comparable to that of NGRIP.
The climate conditions in the western part of Antarctica is generally more humid due to
the coastal climate than central parts of the Antarctic ice sheet thus accumulation rates
are much higher. High resolution methane record from NGRIP is used for synchroniza-
tion. The uncertainties of Aage was reduced due to thicker annual layers in the ice core
and through optimization of the firn densification model.

The new data from the WAIS project provides a revision of the relative timing between
temperatures between Greenland and Antarctica during MIS3. Due to the high reso-
lution, and the low uncertainty in Aage it possible to pinpoint the exact time when
the temperature increases and the timing between antipodal climate events. They find
that warming events in Antarctica lag Greenland by approximately 170 yr. The §'%0
record from NGRIP shows a rapid increase closely followed by an increase in methane
concentrations. Interestingly, the methane concentrations, inferred from the Antarctic
record, appears to change simultaneously to the changes in the Northern Hemisphere.
This can be interpreted as a global reorganization of the atmospheric circulation. How-
ever, in Antarctica the temperature (6'0) record, does not change before about 170 yr
later, suggesting a lag relatively to changes in Greenland which is significantly shorter

than what has previously been suggested. The results is a rather robust indication
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that Greenland has been leading Antarctica during the last glacial period and is further
supported by a rapid increase in the deuterium excess. These changes occur simulta-
neously with the changes in methane concentrations, which also means the same time
as the abrupt shift in Greenland temperature. The deuterium excess record is thus,
believed to be a proxy for past changes in the atmospheric circulation and further sug-
gest that atmospheric changes in Antarctica preceded the shift in temperature. The
200-year lag suggested by these recent results favors a connection through the ocean,
which operates on much longer timescales compared to the atmosphere. Hence, this
indicates that changes in ocean circulation is an essential part of the mystery about the

interhemispheric coupling.

1.3 Unraveling the mysteries of D-O events

The mechanisms responsible for the onset and termination of the D-O events and the
coupling with Antarctic climate is one of the fundamental questions in paleoclimate re-
search that still remains unanswered. Throughout the last couple of decades, evidence
for D-O events has been growing, not only in the Northern Hemisphere, but observa-
tions suggest that the temperature fluctuations had a global impact. These widespread
climatic events, that took place throughout the last glacial period, is now considered to
be a well-known artifact of the climate system, although the driving mechanisms have
yet to be studied in greater detail.

One of the greatest advancements in recent paleoclimatic research is the WAIS project
and the results present a clear and robust indication that Greenland D-O events are
leading Antarctic warming. The big question which still remains is how to get the signal
from the Northern Hemisphere to the Southern Hemisphere. The leading hypothesis for
the interhemispheric climate variability is connected to a slowdown of the deep water
formation due to a freshwater discharge into the North Atlantic Ocean, affecting deep
water formation. The source of this freshwater is still a controversial issue among cli-
mate scientists and especially the Heinrich events are heavily disputed. Nevertheless, it
is generally accepted (Stocker and Thomas [1998], Blunier [1998], Margari et al. [2010]
ect.) that the ocean must play a significant role in the onset of D-O events and in the
connection between the climatic signals in the Southern and Northern Hemisphere. The

general idea was proposed by Crowley [1992] and shows, that slowdown of the meridional
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overturning circulation in the North Atlantic would lead to a reduced northward heat
transport. Hence, the North Atlantic would tend to cool, while heat would accumulate
in the South Atlantic. Here, the bipolar see-saw is manifested as an antiphase relation-
ship between the north and the south, driven by changes in meridional heat transport.
A similar hypothesis was proposed by [Broecker, 1998], relating the interhemispheric
asymmetry to an alternation between enhanced deep-water formation in the North At-
lantic and enhanced deep-water formation in the Southern Ocean (competition between
AABW and NADW). According to this mechanism the seesaw pattern is driven by re-
lease of heat from the deep ocean to surface during deep-water formation. However,
these ideas have since been met with skepticism e.g. [Wunsch, 2006] who question the
notion that shifts in North Atlantic ocean circulation trigger D-O events in Greenland,
given the weak contribution of the high latitude ocean to the meridional flux of heat.
The fundamental point of the argument is that the atmosphere accounts for most of the
total meridional heat transport in the ocean/atmosphere system. This is particularly
evident in the high latitudes where the oceanic contribution is less than 25% of the
atmospheric contribution [Wunsch, 2006]. Although heavily debated, the classic bipolar
see-saw described in [Broecker, 1998, Crowley, 1992] seem to remain the widely-held
view of abrupt climate change during the last glacial period

Stocker and Johnsen [2003] proposed an additional contribution to the classic bipolar
see-saw theory where a heat reservoir is coupled to the original bipolar see-saw. In this
thermal bipolar see-saw, the Southern Ocean acts as a heat reservoir, which allows for a
significant improvement of the north-south correlation observed in the ice core records.
Thus, the interhemispheric coupling occurs through a combination of the ocean and the
atmosphere. Furthermore, it is suggested that coastal Kelvin and Rossby waves play a
significant role in the adjustment processes and in the interhemispheric coupling. This
view is supported by a later modeling study by [Chiang et al., 2008], which examines the
response of North Atlantic climate following an abrupt freshwater discharge in a coupled
model. They show that the initial adjustment is dominated by a fast atmosphere-surface
ocean mechanism, resulting in a southward displacement of the tropical Atlantic ITCZ.
More recently, this has been supported by a number of studies focused primarily on the
atmospheric teleconnection in coupling North Atlantic and South Atlantic climate [Chi-
ang et al., 2014, Lee et al., 2011]. Hence, surface ocean changes in the North Atlantic
sector is shown to have a large impact on the global atmospheric circulation, which

could explain the fast synchronous response in Greenland and Antarctica inferred from
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the methane record from WAIS.

In recent years, there has been an increased focus on local climate variability as a trigger
for the abrupt climate transitions in Greenland and Antarctica. Here, changes in sea
ice is likely to play an important role as a strong feedback mechanism in high latitude
climate. [Chiang and Bitz, 2005, Dokken et al., 2013] [Dokken et al., 2013] present in a
recent study a novel mechanism for the abrupt D-O events caused by internal variability
in the sea ice extent induced by subsurface warming in the Nordic Seas. This is sup-
ported by observational evidence from a new high-resolution deep ocean sediment core
in the North Atlantic region. This theory is particularly attractive, since it does not
depend on the relative timing of the Heinrich events, but is rather a consequence of in-
ternal ocean dynamics. Another illuminating example of how ocean-sea ice interactions
can affect the climate on centennial scales is the fresh [Martin et al., 2015]. This is also
among one of a number of studies following the recent trend focusing their attention on
the Southern Ocean in driving modern and past climate variability. The study focus
how internal variability of open ocean deep convection in the Weddell Sea impacts the
strength of the Atlantic Meridional Overturning Circulation (AMOC), thus serving as
a possible driver of the asynchronous relationship between the Northern and Southern
Hemispheres. A key to understanding this mechanism is the interplay between the deep
water formation around Antarctica and changes in the Southern Ocean sea ice cover via
the so-called polynyas. A polynya is an area of open ocean enclosed within the perennial
sea ice cover thus enabling a direct transfer of heat from the ocean to the atmosphere.
Generally, deep water formation occurs at the continental shelf of Antarctica and is a
major source of the world’s bottom water. This convection is linked to the formation of
cold, saline water in coastal polynyas around Antarctica. Coastal polynyas or latent heat
polynyas are formed when katabatic winds from the ice sheet push newly formed sea ice
away from the coast. The wind cools the surface layer of the ocean through the release
of latent heat and evaporation which leads to enhanced sea ice formation and brine
rejection. Through this densification process, the surface water will sink to the bottom
following the continental slope and mix with the surrounding water to form Antarctic
Bottom Water. However, polynyas can also form in mid-ocean regions and are com-
monly referred to as sensible heat polynyas. The Weddell Polynya [Gordon et al., 2007],
which formed in the open ocean, is an example of a sensible heat polynya. Here, the
polynya is formed when relatively warm water is injected into the surface layer causing

the sea ice in the convective region to melt. The polynya is maintained by a continuous
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supply of heat from below along with favorable atmospheric circulation inhibiting sea ice
formation. When the heat reservoir is exhausted sea ice formation can resume and the
polynya freezes over. Hence, the open ocean polynya is an effective way of ventilating
the deep ocean and could potentially lead to changes in deep water formation. [Martin
et al., 2015] shows the existence of a massive polynya in the Weddell Sea persisting on
centennial timescales, which has a great impact on the formation of Antarctic Bottom
Water (AABW) leading to enhanced AABW transport during the convective regime.
This is balanced by a reduction in the southward transport of NADW. Hence, this re-
lates back to the idea by [Broecker, 1998] where the bipolar see-saw is manifested as
a competition between deep water formation in the North Atlantic and the Southern
Ocean.

The general overview given above describes some of the different hypotheses that explain

the asymmetric hemispheric coupling. We can summarize these mechanisms as follows:

Changes in AMOC triggered by freshwater in the North Atlantic drives a see-
saw response in the Southern Hemisphere. This is the original bipolar see-saw

[Broecker, 1998, Crowley, 1992, Stocker and Johnsen, 2003]

e North Atlantic cooling/warming triggers an atmospheric teleconnection from high
to low latitudes. The anomalous atmospheric circulation in the tropics trigger a
response in the Southern Hemisphere. [Chiang et al., 2008, 2014, Chiang and Bitz,
2005, Lee et al., 2011]

e Trigger in the Southern Ocean due to internal climate variability. The signal
is mediated through the ocean to the Northern Hemisphere by changes in the

overturning circulation. [Martin et al., 2015]

e Perturbations in the tropical region lead to parallel changes in the Northern and
Southern Hemispheres, through a fast tropical-polar teleconnection in the atmo-
sphere. This readily explains the synchronous response in atmospheric circulation
in Antarctica and Greenland, however the time-lag in Antarctic temperature must

be explained by different processes.

In light of the recent observations from WAIS, it becomes clear that a revision of original
bipolar see-saw theory is urgent. In this study we present a review of the prevailing

hypotheses on the bipolar see-saw. We base our analysis on a pre-industrial climate
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model simulation of the Community Climate System Model version 4 (CCSM4), which
shows a series of abrupt climate transitions in the North Atlantic closely mimicking the
transition from a cold stadial to a warm interstadial phase associated with D-O events.
We split the following analysis into two main sections; Part I, where we focus on the
atmospheric teleconnection through the tropics and part II where we focus on signal
propagation in the Atlantic Ocean.

Part I represents a relatively unexplored part of the current paleoclimate modelling
research on interhemispheric climate variability. Here, we are trying to answer the
following question: ”Clan stochastic climate variability, triggered in the tropical region,
induce abrupt climate transitions in the Northern and Southern Hemisphere similar to
the observed asynchronicity found in Greenland and Antarctic ice core records?” Here,
we focus on the atmospheric teleconnection from the tropics to high southern latitudes
and explore how local changes in the atmospheric circulation can impact the open ocean
deep convection in the Southern Ocean.

In the second part, we explore the adjustment of the Atlantic Ocean circulation and
subsequent equatorwards progression of a temperature signal at mid-depth following an
abrupt climate transition in the North Atlantic. Here, we are trying to understand how
changes in the AMOC can influence Antarctic climate through the classic bipolar see-
saw. This is going back to the original idea proposed by [Broecker, 1998, Crowley, 1992]
about a ”ocean bipolar see-saw” due to a reduction in the AMOC strength triggered by

an abrupt changes in the North Atlantic.



Chapter 2

Model description and

experimental design

2.1 Model description

The Community Climate System Model (CCSM4) is a state-of-the-art general circu-
lation model with a fully coupled atmosphere, ocean, land and sea-ice system. The
CCSM4 consist of four separate models each simulating the different components of the
earth’s climate system. These models represent the earth’s atmosphere, ocean, land
and sea-ice connected by a central coupler, which allows the different components to
exchange heat, momentum and other physical properties. The atmosphere is simulated
by the Community Atmosphere Model version 4 (CAM4) running with 2° horizontal
resosultion and 26 vertical levels. The horizontal grid exists of 288 x 200 latitude/lon-
gitude equally spaced grid points, in both directions. Since the previous version (i.e.
CAM3), significant changes have been made in the deep convection scheme of the atmo-
spheric model. These changes have improved the distribution of tropical precipitation
and with that a more realistic representation of El Nifio-Southern Oscillation variability.
The ocean component used in CCSM4 is the Parallel Ocean Program version 2 (POP2),
with a 1° horizontal resolution and 60 unevenly spaced levels in the vertical. In the up-
per 200 m of the ocean, the thickness of the vertical layers is about 10 m and increases
to 200-250 m for the deep layers. The higher vertical resolution in the upper layers is

important to resolve the dynamics in the surface ocean which is an essential part of the
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general ocean circulation. This includes, a better representation of vertical mixing and
ocean dynamics associated with mechanical forcing (i.e. wind stress, tidal effects) at the
surface. The Community Land Model version 4.0 (CLM4.0) is the land model used in
CCSM4, representing the land surface processes including vegetation, land-use changes,
river run-off, geochemical model ect. Finally, the sea-ice component in CCSM4 uses the
Community Ice Code version 4, and uses the same horizonatal grid as the ocean com-
ponent. One of the more notable improvements in the sea-ice component since CCSM3,
is a better representation of sea ice concentration in the Arctic. The sea-ice component
is of particularly interest to this study, since we are focusing on high latitude climate
where sea-ice is an important feedback mechanism.

To summerize, the CCSM4 represents one of todays most advanced coupled climate mod-
els with a broad range of applications. The usage of the model has become widespread in
the university community for climate research including studies of paleoclimate, present
day climate and projections of future climate change. A full and comprehensive descrip-
tion of the different model components, notable improvements since the previous version
and details on the preindustrial control run can be found in [Danabasoglu et al., 2011,

Gent et al., 2011].

2.2 Experimental design

This study is motivated by a recent study by [Kleppin et al., 2015], who document a
series of unforced climate transitions in the North Atlantic. These abrupt climate tran-
sitions occur in a pre-industrial control run of CCSM4, thus occuring with no external
varying forcing, but rather triggered by stochastic climate variability inherent in the
model. The results presented here proceed on the basis of the same 1,000-year CCSM4
integration analyzed in [Kleppin et al., 2015] featuring these abrupt changes in NA cli-
mate. The simulation used in this study is a pre-industrial control run with fixed forcing
corresponding to pre-industrial conditions (i.e. year 1850). The model was initialized
with fields from a previous coupled run and with incoming solar radiation set to 1360.9
W/m2 (at the TOA), and COq-levels set to 284.7 ppm. These forcings are kept constant
during the whole integration. In the pre-industrial control run there is a small bias in
the TOA mean heat balance, [Danabasoglu et al., 2011] with a small and fairly constant

heat loss over the entire run, which primarily comes from the ocean component. This



Chapter 2. Chapter Title Here 14

means that there is a small drift in the ocean temperature in the control run [Gent
et al., 2011]. Furthermore, since the model is initialized by observations there is a short
spin-up period of a few hundred years in order for the system, including the upper ocean,
to come into equilibrium. This is observed as an initial drift in the upper ocean of the
South Atlantic, however this has no effect on the climate transitions in the NA. The
objective of this study is to investigate the response of the coupled climate system in
this pre-industrial control simulation of CCSM4. Here, we focus on how natural climate
variability can trigger abrupt climate transitions in the Northern and Southern Hemi-
sphere and we explore how changes in the general ocean circulation can affect Antarctic

climate on a centennial time scale.



Chapter 3

Results

In this section we will present the results from the CCSM4 simulation. The first section
will focus on some of the main characteristics of the simulation including the series
of events leading to the abrupt climate transitions in the North Atlantic (NA). This
analysis is motivated by the results presented in [Kleppin et al., 2015], who describes
the processes of ocean-ice-atmosphere interactions responsible for the climate transitions.
Hence, the main purpose of the first section is to illustrate potential triggers and feedback
mechanisms involved in the rapid transitions in NA climate. The results from [Kleppin
et al., 2015] leaves us with an obvious question. Is there a similar, but opposed response
in Antarctica, yielding an evidence for a bipolar see-saw? And could this bipolar see-
saw pattern be an inherent feature of our climate system triggered by stochastic climate
variability? In the following sections we try to answer this question by exploring the
Southern Hemisphere response and analyse the changes in global atmospheric circulation

following an abrupt warming event in the NA.
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3.1 Abrupt climate transitions in the North Atlantic

Here, we present a pre-industrial control simulation of CCSM4, where we find a series
of spontaneous and unforced climate transitions in the North Atlantic. Throughout the
1000-year long integration we identify two different phases of NA climate mimicing the
stadial-interstadial transitions during the last glacial. The cold phase is characterized by
low temperatures over Greenland and pronounced advance of sea ice in the Labrador Sea
and the warm phase is associated with low sea ice concentrations along with anomaously
high temperatures over the NA. This is illustrated in figure 3.1 that shows the annual
maximum sea ice concentration in the Labrador Sea and annual mean surface temper-
ature averaged over Greenland. This reflects the different phases of NA climate, where
low (high) concentrations of sea ice are associated with a warm (cold) NA phase respec-
tively. Here, we observe two gradual transitions from a warm towards a cold NA state
with an abrupt warming event separating the two cold phases. These transitions rep-
resents a strong feedback mechanism through ocean-ice-atmosphere interactions, which

we will describe in the following.

During the first transition from a warm NA phase (years 50-250) to a cold phase (years
400-550) we observe a dramatic increase in sea ice cover in the Labrador Sea and a
decrease in temperature over most of the NA and Greenland. Over the Labrador Sea
temperaure decreases by up to 10°C, but the response is weaker and more widespread
in the rest of the North Atlantic region. To understand these changes in sea ice and
Greenland temperature, we focus on the series of events leading up to the NA cold
phase. During the initial part of the transition towards the cold phase (year 300-320),
an anticyclonic sea level pressure anomaly evolves over Iceland, moving westward into
the Labrador Sea. This resembles the charateristics of a negative phase of the North
Atlantic Oscillation (NAO) and is also coherent with anomalous SST and convective
precipitation in the tropical Pacific (i.e. ENSO-variability). The increased SLP over the
SPG region, corresponding to a weakening of the cyclonic (anti-clockwise) circulation,
results in a decrease in the wind stress curl by 10% relatively to the NA warm phase (year
50-250). This reduces the surface heat flux above the Labrador Sea thus establishing
a cold core anomaly centered over the entire SPG. This allows sea ice cover to extend
and helps to sustain the anomalous low SLP over the LS thus contributing to further

weakening of the gyre circulation. The ocean circulation changes associated with the
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reduced SPG circulation is a direct consequence of a slowdown of the Sverdrup transport
due to the reduced wind stress curl and the changes in bouancy forcing. This contraction
of the SPG reduces the advection of warm and high-salinity subtropical waters into the
North Atlantic, and reduces the advection of salt into the Labrador Sea. This region is
one of the primary sources of deep water formation, and is highly sensitive to changes in
salinity. Here, we find that the reduction in salinity partly inibits deep convection in the
LS, which tends to amplify the cooling around Greenland due to reduced heat transport
by the AMOC that weakens by 3-4 Sv. The results from [Kleppin et al., 2015] show,
that all atmospheric parameters are leading changes in the SPG circulation, suggesting
that the weakening of the gyre circulation is driven by the anomalous atmospsheric
conditions. The key results of this analysis show that the transition towards the cold
NA phase is preceded by an abrupt decrease in precipitation over the western tropical
Pacific, indicating a shift to predominantly El Nino type conditions. This suggest a
dominant role for tropical climate variability in providing the initial trigger for the NA

climate fluctuations. Hence, we can separate the series of events, associated with the
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Figure 3.1: 7Top: Annual maximum of sea ice concentration in the Labrador Sea averaged
from 65° — 45°W and 50° — 70°N. Bottom: Greenland annual mean surface temperature [°C|
averaged from 55° — 15°W and 65° — 80°N
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NA climate transition, into two parts. An initial trigger, in the form of a stochastic
precipitation anomaly in the tropical Pacific, which induces a persistent SLP anomaly
over the subpolar gyre. This then constitutes an atmospheric teleconnection between the
tropics and northern high latitudes induced by ENSO variability and triggers a positive
feedback loop, through weakening of the SPG circulation and subsequent increase in
sea ice cover in the LS. Here, the positive feedback mechanism associated with the sea
ice lead to an amplification of the temperature response over Greenland, and illustrate
the significance of a positive feedback mechanism to amplify the initial response. These
model results exhibit a striking similarity with the abrupt temperature variations during
D-O events and present a basis for understanding the key dynamics causing the abrupt
climate transitions related to D-O events. In this unforced model simulation these
transitions arises due to stochastic climate variability in the tropics and is communicated
to northern high latitudes through an atmospheric teleconnection. In the following
sections we explore how the stochastic climate variability in the tropics might exhibit
a similar teleconnection between the tropics and southern high latitudes and show how

this could influence Antarctic climate.

3.2 The existence of a teleconnection between the tropics

and southern high latitudes

In the remaining sections we primarily focus on the Southern Hemisphere response
motivated by the abrupt changes observed in the North Atlantic. Here, we focus on
the abrupt warming event in the North Atlantic, which occur at the terminus of the
cold state and trigger the 2nd North Atlantic warm phase (see figure 3.1). The abrupt
warming event, punctuating the cold phase, is particularly interesting because it mimics
the transition into an interglacial state associated with a D-O event and represents a
relatively unexplored part of the current modelling studies. Here, we analyze first the
global changes in climate associated with the abrupt warming event, which provides a
basis for understanding the atmospheric circulation changes in the Southern Hemisphere
and the relationship with tropical climate variability, which we explore in detail later.
Here, we focus primarily on changes in precipitation, sea level pressure and temperature

where the main goal is to identify patterns of atmospheric changes in the Southern
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Hemisphere that might be related to the anomalous precipitation in the western tropical

Pacific.

3.2.1 Global changes in precipitation, sea level pressure and tempera-

ture

Figure 3.2a shows the difference in precipitation between the 2nd warm phase and the
cold phase. All quantities have been deseasonalized with a 12-month running mean and
the anomalies are calculated using the average of the first 50 years of the warm phase
(years 600-650) with respect to the cold phase (years 400-550) preceding the abrupt
warming. The anomalies thus illustrates the spatial extent of the immediate response
from an abrupt warming in the North Atlantic. The abrupt warming event around year
600, is followed by relatively stable and warm conditions for about 5 decades. This
is then followed by a decreasing trend in Greenland surface temperature leading to
the transition into the 2nd cold phase around year 720, and accompanied by a rapid
expansion of sea ice. Here, we are mainly interested in the effects on the atmospheric
circulation associated with the abrupt warming event in the NA, which is why, we only

consider the first 50 years of the warm phase.

The global precipitation changes are relatively small in magnitude < 1mm/day, which
is likely due to the stochastic nature of the model simulation, but are consistent with
what we might expect from El Nino/La Nina variability [nas]. The precipitation pattern
in the tropical Pacific resembles the signature of a negative ENSO-phase with positive
precipitation anomalies centered over the western equatorial Pacific and negative precip-
itation anomalies over the central and eastern part of the tropical Pacific. This pattern
is opposed to the precipitation pattern associated with the cooling event in the North
Atlantic, which we discussed in section 3.1. Here, we argued that the cooling event is
analogous to a shift towards El Nino conditions, with drying in the western Pacific and
increased precipitation in the eastern Pacific. This suggests that the abrupt warming
event in the NA is associated with La Nina conditions, thus supporting the idea that
the climate transitions occurring in the NA are directly associated with precipitation
changes in the equatorial Pacific (i.e. ENSO-variability). An important note here is
that the amplitude and time scale of the precipitation anomalies are quite different from

an ENSO-event. However, we simply note that the observed pattern closely resembles
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the cold and warm phases of ENSO, though the underlying dynamics might be slightly
different. [Barsugli and Sardeshmukh, 2002] show that ENSO-events are closely linked
to variations in tropical Pacific SST, reflecting an ocean-atmosphere interaction that
drives a zonal shift in the precipitation patterns. Variability in tropical SST during cold
and warm phases of ENSO, results in a shift in deep convection in the tropical Pacific
with increased upper level divergence over the SST anomaly. This implies that relatively
small changes in tropical SST can have a rather strong impact on precipitation causing a
ripple effect throughout the mid- and high latitudes. Leading up to the abrupt warming
event, there is a decreased variance in Nino 3.4 (5°N — 5°5,170° — 120°W) SST vari-
ability from o2 = 2.5 in the cold phase to 02 = 1.8 in the warm phase [Kleppin et al.,
2015]. This suggest a transition to predominantly La Nina conditions characterized by
a sudden increase in precipitation over the western tropical Pacific region (outlined by
the blue box in figure 3.2a).

Figure 3.2b shows the strong negative SLP anomaly centered over the southeastern tip
of Greenland associated with the anomalous precipitation pattern in the tropical Pa-
cific. In the Southern Hemisphere, the SLP anomalies are generally much smaller in
amplitude. However, a relatively strong cyclonic pressure anomaly of 0.7ThPa is cen-
tered over the Antarctic Peninsula and the western part of the Weddell Sea, between
50° —60°W and 50° —70°S. The SLP anomaly has the same sign as the pressure pattern
in the Northern Hemisphere, but the magnitude is significantly smaller. However, this
matches with current observations, indicating that the northern high latitudes is gener-
ally more sensitive to tropical forcing during El Nino/La Nifia events [Trenberth et al.,
1998]. This interhemispheric asynchronicity is also evident in the surface temperature
anomalies (figure 3.2¢). In the NA, the greatest temperature increase is observed in the
Labrador Sea with a warming of about 12°C, which can be attributed to the abrupt
retreat of sea ice and increased ocean-atmosphere heat flux. Over Greenland, the tem-
perature response is slightly weaker, where temperatures have increased locally by up to
4 — 5°C relatively to the cold phase. In Antarctica however, the temperature variations
are much weaker and more spatially variable compared to the changes in the North At-
lantic. The strongest signal in the Southern Hemisphere temperature response is a weak
cooling (about 0.3 — 1°C) over the Antarctic Peninsula associated with the anomalous
SLP pattern, while East Antarctica shows a general warming of less than 1°C, reflect-
ing a predominantly in-phase relationship with Greenland temperature anomalies. The

anomalous patterns of SLP and temperature which occur both around Greenland and
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Antarctica suggest some kind of interhemispheric connection between the atmospheric
circulation anomalies in the northern and southern high latitudes during the abrupt
climate transitions. Here, the anomalous precipitation pattern in the equatorial Pacific
associated with ENSO-variability, appears to be a precursor to the atmospheric circu-
lation changes in both the Northern Hemisphere and the Southern Hemisphere. This is
indicative of an atmospheric teleconnection through stochastic climate variability in the
western tropical Pacific linking Greenland and Antarctic climate. The results presented
here suggest that anomalous SST’s and corresponding changes in the precipitation pat-
tern in the tropical Pacific region, plays a key role in providing the triggering mechanism
for the circulation anomalies in northern and southern high latitudes. In the following,
we give a more detailed analysis of the Southern Hemisphere circulation response and

the coupling with the tropical precipitation anomalies.

3.2.2 Tropical-high latitude teleconnection

The SLP anomalies throughout the Southern Hemisphere resembles the spatial extent
associated with a Pacific-South American (PSA) pattern. This is one of the dominant
modes of Southern Hemisphere climate variability and can arise naturally through at-
mospheric dynamics as well as in response to heating ipc. The Pacific-South American
(PSA) pattern, which is analogous to the Pacific-North American (PNA) pattern in the
northern hemisphere, is a great example of the existence of a meridional teleconnection
acting through the large scale atmospheric wave guide. A large number of studies, have
shown that this wave response can be triggered by tropical forcing and thus presents a
very effective way of communicating tropical climate variability to middle and high lati-
tudes. [Trenberth et al., 1998] show that the tropical heating, which could be associated
with ENSO, and anomalous upper tropospheric divergence generates a Rossby wave re-
sponse, with the wave energy propagating in a southeasterly direction throughout the
troposphere from the source region in the tropical Pacific. In figure 3.2b, we identify
this as a wave-like pattern of alternating high and low pressure anomalies, which appear
to emanate from the subtropical western Pacific propagating towards West Antarctica.
The southernmost cell of the wave train is an anomalous low centered over the Antarctic
Peninsula and covering the entire Atlantic sector of the Southern Ocean (blue box in
figure 3.2b). From West Antarctica the wave train extends into the South Pacific where

a large positive SLP anomaly is present. The response is weaker as we move closer to the
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center of action in the tropical Pacific. Hence, this resembles a classic stationary Rossby
wave response to tropical SST forcing with a poleward intensification of the pressure
anomalies. The Rossby wave response can be considered in terms of conservation of
potential vorticity and results from displacement of isentropic surfaces (or: geopotential
height surfaces, vorticity gradients) in the upper troposphere by strong vertical motion
[Hoskins and Karoly, 1981]. This excites the barotropic wave mode and acts as a forcing
on the barotropic vorticity equation, which responds by dispersion of Rossby waves into
middle and high latitudes. Thus, the relatively fast propagation speed of the barotropic
Rossby wave enables a fast communication between the tropical Pacific and southern
high latitudes. Observational studies show that Southern Hemisphere response to trop-
ical forcing are generally weaker and more variable compared to the counterpart in the
Northern Hemisphere [Karoly, 1989, Vanloon and Shea, 1985]. This could explain the
observed difference in magnitude we find between the Greenland and Antarctic climate
response (see figure 3.2b). An important key to understanding this asynchronicity, is
the inter-annual evolution of SST anomalies in the central tropical Pacific during an
ENSO event described in [Karoly, 1989]. In the developing stage of an ENSO event,
which typically occurs during SH winter (JJA), is characterized by weak and geograph-
ically variable SST anomalies in the central equatorial Pacific. As the ENSO event
progresses the SST anomalies become more pronounced and during the mature stage of
an ENSO event the region of maximum convective activity is shifted eastward into the
central and eastern Pacific (El Nino) and towards the western Pacific and Indonesia dur-
ing the negative phase of ENSO (La Nina). Throughout the midlatitudes, a wavetrain
pattern extends from the central tropical Pacific across the North Pacific and North
America. This northeastward arching wave signal is often referred to as the Pacific
North-American pattern (PNA). Hence, during the early stage of an ENSO-event in the
SH winter the circulation anomalies are weak, but exhibit a weak wavelike structure
extending eastward and poleward. In the following northern hemisphere winter, in the
mature stage of the ENSO-event, a strong wavetrain pattern extending across the North
Pacific to North America exists. The associated circulation anomalies in the Northern
Hemisphere high latitudes are stronger and more geographically constrained. In the
Southern Hemisphere, the anomalies are also larger than the preceding winter. This fur-
thermore demonstrates that the teleconnection pattern and the associated high latitude
circulation anomalies are most pronounced in the winter hemisphere [Horel and Wallace,

1981]. This atmospheric teleconnection has been supported by extensive observational
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and modeling studies, and is now widely accepted as one of the primary coupling mecha-
nism between the tropics and high latitude and in driving large scale climate variability

in the Northern and Southern Hemisphere.
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Figure 3.3: a Precipitation (green) and sea level pressure (blue) anomalies (unit variance)
averaged over the western tropical Pacific (100° — 180°F and 8°S — 8°N) and from 50° — 60°W
and 50° — 70°S respectively. A 10yr running mean is applied to filter out interannual variability.
b Spatial correlation between precipitation anomalies averaged over the western tropical Pacific
and Southern Hemisphere sea level pressure anomalies corresponding to the transition from the
cold NA phase to the warm phase (i.e. year 400 to 650). Significant correlation is calculated
using a 2-sided t-test and regions are only shaded if the correlation is significant on the 95%
level.

The PSA pattern, describes an out-of-phase relationship between SLP anomalies in the
South Atlantic sector and anomalous precipitation in the western tropical Pacific. This

anti-phase relationship is illustrated in figure 3.3a, which shows the time series of the
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relative changes in precipitation in the WTP and the associated SLP averaged over the
South Atlantic sector (cf. blue box in figure 3.2b). We particularly note a relatively
strong negative relationship (p = —0.68 with p << 0.05), suggesting a strong anti-
correlation between SLP and tropical precipitation. The precipitation anomalies in the
WTP occur simultaneous or previous to changes sea level pressure in the South Atlantic
sector, which matches with the result from [Kleppin et al., 2015] and agrees well with
the theoretical understanding of the Rossby wave response. The relationship shown
in figure 3.3a demonstrates a tropical-extratropical teleconnection triggered by tropical
SST forcing, which allows for a virtually instantaneous response to tropical forcing.
The wave-like structure associated with the atmospheric teleconnection is illustrated in
figure 3.3b, that shows the spatial correlation between precipitation anomalies in the
western tropical Pacific and sea level pressure across the Southern Hemisphere over the
period from year 400 to 650. Here, values are only shaded if the correlation with WTP
precipitation is significant at the 95% level, based on a 2-sided Student’s t-test. A
pattern of high negative correlation is found centered over the southern tip of South
America and agrees well with the anomalous SLP pattern observed in figure 3.2b. The
correlation pattern of alternating anomalies linking the western Pacific to the South

Atlantic sector is indicative of a stationary Rossby wave response discussed previously.

3.2.3 Impacts on Antarctic climate

The previously proposed teleconnection mechanism, predicts a significantly stronger
response in the northern high latitudes which is consistent with the results showing that
changes in the Southern Hemisphere are significantly smaller than those observed in
the Northern Hemisphere. Here, we focus in detail on the atmospheric response in the
southern high latitudes and explore how the tropical-polar teleconnection is manifested
in Antarctica and the surrounding ocean. In figure 3.4a and 3.4b we show the changes
in temperature, pressure and wind in the south polar region associated with the abrupt
climate transition in the North Atlantic. Thus, the atmospheric circulation anomalies
are similar to those shown in figure 3.2b, but shown explicitly for Antarctica for greater
detail. Here, we only plot the anomalies if the difference is significant at the 95%
confidence level. The significance test is based on a standard 2-sided t-test for comparing
two samples corresponding to the warm phase (model year 600-650) and cold (model

year 400-550). We apply a 10-year running mean to both samples and adjust the number



Chapter 3. Results 26

of degrees of freedom relatively to the running mean. We speculate, however, that we
might be slightly overestimating the significance due to the smoothing. To test if the
smoothing, induced by the running mean, could inflate the significance of the results,
we tried a slightly different approach based on binning the data. Here, we bin the data
into 10-year means and calculate the statistics based on the binned data and adjust the
number of degrees of freedom to reflect the number of bins. The result (not shown)
from this alternative method was generally consistent with the previous analysis (i.e.
using the running mean), implying that the temperature anomalies shown in figure 3.4a
and wind-stress changes in figure 3.4b are a relatively robust feature of the Southern

Hemisphere climate response.

One of the prominent features of the PSA pattern in the Southern Hemisphere circulation
is an out-of-phase relationship between the pressure and surface temperature anoma-
lies between the Bellingshausen-Amundsen sector and the Weddell Sea (i.e. Antarctic
Dipole). However, the SLP response in the southern high latitudes, illustrated by the
overlaying contours in figure 3.4a, is dominated by an anomalous low covering the Pa-
cific and Atlantic sector of the Southern Ocean including the peninsula and continental
West Antarctica. Central and East Antarctica, however, shows a weak, but positive SLP
anomaly indicating a ”dipole” response between FEast and West Antarctica. However,
we note that this is not a perfect PSA pattern, however the related changes in Antarc-
tic temperature and wind-stress are similar to those associated with a PSA pattern.
This apparently asynchronous response is also reflected in the surface temperatures,
which shows cooling in West Antarctica while East Antarctica is warming. Warming is
strongest (0.75°C) in East Antarctica and extends into the Southern Ocean. A relatively
weak cold anomaly (< 1°C) is found in the Weddell Sea, Ross Sea and continental West
Antarctica and is related to the cyclonic pressure anomaly centered over the peninsula.
The wind-stress anomalies associated with the cyclonic SLP anomaly centered over the
Antarctic Peninsula, show an anomalous cyclonic circulation, with offshore winds in the
Bellingshausen Sea and onshore winds in the Weddell Sea. This could explain the ob-
served negative temperature anomalies in this region due to advection of cold air from
the Antarctic continent. The positive surface temperature anomalies in large parts of
the Southern Ocean coincide with a strengthening of the circumpolar westerlies. An
anomalous southward wind stress brings more warm air from the tropical Atlantic to

higher southern latitudes and is then advected by the mean westward flow leading to
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Figure 3.4: a Surface temperature anomalies (shading; °C) and sea level pressure (contours;
hPa) anomalies for the warm phase (year 600-650) relative to the cold state (year 400-550).
Contour lines are plotted in intervals corresponding to 0.1 hPa. b Zonal wind stress anomalies,
T, (shading; N/m2) for the same period as in a. Vectors (N/m2) represents both zonal and
meridional (7, and 7,) components of the wind stress anomalies. Wind stress vectors are only
plotted if anomalies are larger than 3x 10~3N/m2. Changes are only plotted if they are significant
on 95% level, based on a t-test.
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the observed increase in the air temperature in the Atlantic and Indian Ocean sectors of
the Southern Ocean. The wind stress changes in figure 3.4b show intensification of the
westerlies across the latitudes of the ACC associated with the anomalous cyclonic circu-
lation. The changes are strongest in the Drake Passage and at the southern tip of South
America, where the zonal wind-stress increase by up to 10% relatively to the cold state.
However, the wind stress changes in the rest of the Southern Ocean in general are rela-
tively small, which could also explain the weak response in surface temperatures. These
results furthermore suggest that the atmospheric circulation changes in the southern
high latitudes are weak compared to the Northern Hemisphere response. However, the
observed circulation anomalies, inferred from figure 3.4a and 3.4b, exhibit some of the
same characteristics associated with large scale modes of hemispheric climate variability
such as the PSA pattern. This suggest a connection between tropical climate variability
and changes in the climatic conditions in Antarctica. In the next section, we explore
how the stochastic forcing, through the tropical-polar teleconnection, can trigger deep
convection in the Weddell Sea, which provides a possible feedback mechanism in the

Southern Hemisphere.
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3.3 Deep convection in the Weddell Sea

3.3.1 General circulation in the Weddell Sea

The Weddell Sea is one of the primary regions of deep water formation in the Southern
Ocean, where cold and high-salinity water, formed on the continental shelf, is mixed
with warm deep water from the Weddell Gyre. The warm deep water (WDW) is a thick
layer of relatively warm water, which is drawn from the Antarctic Circumpolar Cur-
rent, cooling through mixing as it transits the gyre. Below the WDW are the Weddell
Sea Deep Water (WSDW) and the Weddell Sea Bottom Water (WSBW), which both
are cooled and freshened relatively to the WDW. The more saline, and thus heavier,
WSBW is derived from the southwestern Weddell Sea, where high-salinity shelf water
is abundant. The WSBW flows northwards, exiting the Weddell Sea at great depths,
while mixing with the surrounding water masses to form AABW.

The formation of AABW is highly dependent on the high-salinity shelf water formed by
brine release during sea ice formation along the coast of Antarctica. Here, strong kata-
batic winds continuously remove sea ice away from the coast, exposing the ocean to the
cold polar atmosphere and inducing further sea ice formation. The high-salinity water
produced on the shelf is mainly controlled by surface processes and is confined to the
relatively shallow mixed layer. In the polar ocean, the mixed layer typically constitutes
the upper 100-200 meters of the ocean and is largely dependent on the history of local
surface wind stress and the stability of the underlying water [Pond and Pickard, 1983].
Hence, the maximum mixed layer depth, is largely determined by the magnitude of the
surface wind stress, which provides a source of potential energy to mix the water, thereby
weakening the stratification. However, if the surface layer is strongly stratified, mixing
is weak and the mixed layer is shallow. This is the dominant situation in the Southern
Ocean, where sea ice formation ensures a weakly stratified surface layer capping a thick
layer of relatively warm saline deep water. However, if the surface layer becomes unsta-
ble, the mixing can reach all the way to the ocean floor, which is commonly known as
deep convection events. This represents an alternative mode of Southern Ocean ventila-
tion, where he primary production of bottom water is moved away from the continental
shelf and into the deep regions of the Weddell Sea. This alternative mode of deep ocean
ventilation is thought to play an important role in Southern Hemisphere climate through

changes in deep ocean heat storage and modifying atmospheric COy concentrations.
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In this section, we will focus on some of the main features of bottom water formation in
the Southern Ocean and explore the different processes that controls deep ocean venti-
lation in the CCSM4 simulation. Here, we concentrate on open-ocean deep convection
in the Weddell Sea as a mechanism to ventilate the Southern Ocean and affect bottom
water formation. Inspired by recent studies, we propose a mechanism which links the
deep convection events in the Weddell Sea to stochastic climate variability in the tropics,
thus providing a conceptual model for explaining the Antarctic temperature fluctuations

during the last glacial.

3.3.2 Deep convection in the CCSM4 simulation

In the CCSM4 simulation we find, that deep convection events are a persistent feature of
Southern Ocean climate variability, linked to a dynamical ocean-atmosphere coupling.
During the convective phases deep convection is mainly observed in the Weddell Sea,
where the mixed layer depth reaches the bottom of the ocean at 4,000 m depth. Smaller
convective plumes are also found in the Ross Sea close to the continental shelf (not
shown). This is illustrated in figure 3.5, which shows an example of the maximum
boundary layer depth (BLD) and associated minimum sea ice concentrations in the
Weddell Sea for a series of convective events (right) and a non-convective phase (left).
What is particularly interesting about this relatively short period is that it coincide with
the abrupt transition from a cold North Atlantic climate state into a warmer North
Atlantic climate, described in section 3.1. As we point out in this section, the abrupt
change in North Atlantic climate is triggered by a shift to a dominant La Nina state,
is manifested as an increase in western tropical Pacific precipitation and an anomalous
low centered over the Antarctic Peninsula and Weddell Sea.

The right panel in figure 3.5 shows the annual maximum boundary layer depth in a
3-year period from the integration years 591-593. This period is relatively unique in
the sense that it is preceded by a long period without significantly deep convection in
the Weddell Sea. The few years leading up to the convective phase is shown in the
left panel of figure 3.5, and is characterized by an abrupt decrease in sea level pressure
over the convective region. During the short convective phase the mixed boundary layer
reaches a depth of 4,000 m, related to the vigorous mixing induced by the convective
overturning. The convective region is confined to a relatively small area in the deep part

of the Weddell Sea which we define as the Weddell Sea Convective Region (WSCR).
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The areal extent of the convective event shown in figure 3.5 is about 150,000 km2.
However, looking over the whole period of integration, we observe convective events
that are up to 230,000 km2 in size, which matches quite well with observations [Gordon
and Comiso, 1988]. This, however, suggests that there is a large variance in the spatial
extent of the deep convection events throughout the simulation, which might be linked to
changes in the atmospheric conditions over the Southern Ocean. The associated changes
in sea ice concentration (white contour lines in figure 3.5) matches the spatial extent of
the convective region, with the greatest decrease observed where deep convection occur.
The sea ice concentration averaged over the WSCR. decreases by 77% relatively to the
non-convective phase. The contours also (of 75% sea ice concentration) reveals that the
area of high sea ice concentration is highly affected by the deep convection event. This
result agrees well with [Robertson et al., 2002], showing a large effect on melting of pack

ice resulting from a warming trend in WDW due to absence of deep ocean ventilation.

Latitude
Boundary layer depth (m)

110°w 90°W 70°W 50°W 30°wW 10°W 110°w 90°W 70°W 50°W 30°W 10°wW
Longitude Longitude

Non—convective regime Convective regime

Figure 3.5: Annual maximum boundary layer depth [m] and 25%, 50% and 75% summmer
sea ice concentration (white lines) during a non-convective (left) and a convective phase (right).
The dashed black line represents the the long-term mean 25% summer sea ice concentration.

The left panel shows the maximum BLD for the three years leading up to the convective
regime (i.e. integration years 587-590). Here, no open ocean convection is observed and
the formation of cold and dense bottom water is confined to the shelf. Consequently,
the annual minimum sea ice concentration is relatively high compared to the convective
phase and is relatively close to the long-term mean (black dashed line). In absence of

open ocean convection in the Weddell Sea, sea ice concentrations extends well beyond
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66°S5 east of the Peninsula. West of the Peninsula, minimum sea ice extent is relatively
unchanged. However, there is a slight decrease in the maximum sea ice concentration
during the non-convective phase, which could be related to anomalous on-shore winds
in the Bellingshausen Sea leading to advection of sea ice towards the coast (decreasing
sea ice concentration) [Ding et al., 2011].

Deep convection in the model is observed to occur at the end of the cooling season in
September/October, when sea ice concentration reaches the annual maximum. This
provides an important piece of information about the environmental forces leading to
the deep convective events. The southwestern part of the Weddell Sea, where the main
part of deep convection is observed, is characterized by a thin surface layer capping a
thick layer of warm and salty bottom water separated by a weak pychnocline. During
austral summer, the melting of sea ice ensures a weakly stratified surface layer of cold
and fresh water. In winter, enhanced sea ice formation or strong cooling at the surface
can cause a weakening of the stratification and lead to a breakdown of the stratification.
This triggers deep convection with associated upwelling of warm and salty deep water.
Figure 3.6 shows the water column characteristics for the non-convective (solid black
lines) and convective phase (red dashed lines) and illustrate how deep convection can
affect the stratification in the water column. The left (right) panel shows the annual
potential temperature (salinity) averaged over the WSCR for the non-convective and the
convective phase (e.g. same as in figure 3.5). During the pre-polynya state, the surface
layer is relatively cold and fresh with (§ = —1.7°C') and (Sal = 34.37). The thermocline
sits at 100-200 m depth separating the surface mixed layer from a thick layer of relatively
warm (> 0°C) and salty (> 34.70) deep water. This is the WDW, which is identified
as a temperature maximum at ~ 650m depth. The non-convective phase serves as a
kind of pre-conditioning of the stratification within the Weddell Sea leading up to the
deep convection event. During this pre-conditioning phase, the salinity in the upper
100 m is steadily increasing (by 3c0) from 34.37 to 34.46. This is related to sea ice
production causing increased brine release, and a build-up of cold high-salinity water at
the surface. In mid-winter, when the stratification is weakest, the surface layer becomes
negatively buoyant and overturning of the water column leads to a deepening of the
mixed layer. Significantly deep convective events can persist for several winters and is
maintained by upwelling of warm deep water inhibiting sea ice production thus leading to
anomalous low sea ice extent in summer, as shown in the right panel of figure 3.5. From

figure 3.6 we observe a warming of the surface layer during episodes of deep convection
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(corresponding to years 591-593), where WDW of 6 ~ 0.7°C') is brought to the surface
leading to increased SST’s and subsequent sea ice melt in the convective region. In turn,
the WDW has cooled by =~ 0.3°C' due to the downwelling of cold surface water. The
salinity also increases in the upper 100 m, which suggest a positive flux of salt out of the
deep layer and into the surface layer associated with the convective overturning. This
leads to a shallower thermocline and pychnocline which further reduces the stability of
the water column. Towards the end of the deep convection phase, the surface salinity
decreases and the pychnocline strengthen increasing the stability thus inhibiting deep
convection. The biggest changes are primarily confined to the top 1000 meters, with
relatively modest changes in the deep ocean. There is only a small cooling of the WSDW
associated with the deep convection, which imply that the deep convection observed in

the CCSM4 simulation has little impact on the WSBW and deep-ocean heat storage.

The weak stratification observed in the Weddell Sea illustrates, that the WSCR is very
sensitive to small density variations at the surface. This is consistent with a number
of studies of Southern Ocean ventilation, which has been given much attention recently
[de Lavergne et al., 2014, Gordon et al., 2007, McKee et al., 2011]. In the following
analysis, we include some these studies along with observations from the Weddell Sea,
and explore the potential sensitivity of Southern Ocean deep convection to changes in
local atmospheric circulation. We focus on the relationship between the atmospheric
conditions, which is the controlling factor on the stratification in the Weddell Sea, and

open-ocean deep convection observed in the CCSM4 integration.

3.3.3 Sensitivity of Southern Ocean deep convection

Figure 3.7a shows the time series of the annual maximum boundary layer depth in the
WSCR and illustrates the occurrences of multiple deep convection events throughout the
model integration. The average depth of the mixed layer, during non-convective events
is between 100-200 meters. However, during deep convection events the mixed layer
deepens significantly reaching all the way to the ocean floor. Here, we define significant
deep convection as a boundary layer depth of > 2,000 m. This value is chosen to make
sure that we only capture the open-ocean deep convection and not the dominant mode
of deep ocean ventilation that occur on the shelf and continental slopes. By restricting

boundary layer depth to > 2,000 m we also ensure that the deep convection penetrates
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convection event.

the warm and salty deep water which is essential to form the open-ocean polynyas, that
we observe in the model. Furthermore, this is the same depth chosen by [de Lavergne
et al., 2014], which enables a meaningful comparison. The upwelling of warm deep
water associated with the deep reaching overturning is a key component in maintaining
ventilation of the deep ocean by facilitating a direct pathway between the surface and
the deep ocean. This could potentially affect global climate on longer time scales due
to the effect on AABW following the idea by [Broecker, 1998]. We find that ~ 17%
of all model years exhibit deep convection, reflecting that Southern Ocean ventilation

happened relatively frequent under pre-industrial conditions.This value is significantly
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lower than the 63% reported by [de Lavergne et al., 2014]. Figure 3.7b shows the spread
of the duration of convective events in the CCSM4 simulation and the spacing between
events (i.e. duration of the non-convective phases). The mean duration of convective
events is 1.6 years, with a mean spacing between events of about 8 year. Though,
the duration of convection in the model appears to change significantly throughout the
integration and the mean spacing between events also varies notably. In the first 200-300
years of the model integration, convection happens more frequently with durations of up
to 10 years. Towards the end of the integration, convection becomes more intermittent

and generally only persists for a few years.
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Figure 3.7: a Annual maximum boundary layer depth (m) in the convective region of the
Weddell Sea (64° — 72°5,36° — 50°W).b Simple statistics of the deep convection events showing
duration and mean spacing between convective events.

The upper panel in figure 3.8 shows the areal extent of significant deep convection in the
Weddell Sea expressed as the normalized convection area. By looking at the convective
area rather than just the maximum boundary layer depth, we can compare the relative
strength of the different events and their impact on sea ice and sea surface temperatures.
By comparing to figure 3.7a we see that many of the deep-reaching events (> 2,000 m)

are relatively small in extent, which indicates that a large part of the open-ocean deep



Chapter 3. Results

36

OWpO

O%OO

O%OO

OﬁOO

OQOO

OQOO

O?OO

O%OO

O%OO

1,00 —

0.80 —

0.60 4

0.40 —

0.20

Al

Normalized convection area

! J.,‘.L h..”h. ]Lﬂm A l‘n,..H I l

11Mul|.h

0.30 4

SST anomalies (°C)

—0.10

Q.00

—0.20

—0.30 —

ice conc. anomalies

—0.40 4

Sed

—0.50

I
0100

I
0200

I
0300

I
0400

I
0500

I
0600

I
0700

I
0800

I
0900

Figure 3.8: Top Normalized convective area for significant deep (> 2,000m) convection. For
each event the convective area is normalized by the maximum areal extent recorded in the entire
simulation. Middle Sea surface temperature anomalies (°C) relatively to the long-term mean

averaged over the WSCR. Bottomm Maximum sea ice concentration anomalies in the WSCR.



Chapter 3. Results 37

convection in the model is confined to smaller convective plumes. We imagine, that the
extent of the convection area, is most likely the dominating factor in driving changes in
sea ice and subsequent ocean-atmosphere heat fluxes. Here, we also observe a decreasing
trend in the strength of deep convection with a series of strong and long-lived convective
events during the first 300 years of the integration. The relatively big event towards
the end of the integration is coinciding with the transition into the 2nd cold phase (see
figure 3.1). We note, however, that there is no consistent pattern between cold and
warm phases of North Atlantic climate and deep convection in the Southern Ocean.
Hence, deep convection occur in both warm and cold phases and appears to be far more
stochastic in nature, which is consistent with our previously proposed teleconnection
mechanism. In general, we find that the strong and big convective events are associated
with significant decrease in sea ice and increase in SST’s in WSCR. The convection
primarily occur in a region of the Weddell Sea mostly covered by perennial sea ice (i.e.
multi-year ice). This has a strong effect on the maximum sea ice concentration which
decreases by up to 50% during episodes of deep convection (lower panel of figure 3.8).
The amount of heat, being brought to the surface from deeper and warmer layers, is
large enough to melt away the thick pack ice, and increase the sea surface temperature
over that region. This abrupt surface warming coincide with some of the bigger deep
convection events (middle panel in figure 3.8) and points to the fact that convective
overturning is a key aspect explaining the melting of the pack ice.

However, the abrupt changes in sea ice concentration and SST’s does not always match
up with the larger deep convection events and suggest that even some of the small and
short-lived convective events can impact the surface quite significantly. Moreover, the
deep convective events cannot solely explain the variability in sea ice concentration and
SST over the convective region. Here, the stochastic forcing by the atmosphere has an

important role in modulating sea ice formation and also driving the variance in SST’s.

The intermittent nature of the deep convection events illustrated in figure 3.8 presents
an important clue about the triggering mechanism. By looking at the timing of the
largest convective events in the Weddell Sea relatively to the sea level pressure anomalies
in figure 3.3a, we find that the open ocean convection is closely linked to the abrupt
changes in atmospheric circulation over the Weddell Sea region. These abrupt changes
are expressed through an atmospheric teleconnection mechanism between the tropical

Pacific and the Southern Ocean. Hence, we argue that the large variability in the deep
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convection and sea ice concentration in the Weddell Sea is inherited from the stochastic

variability of the tropical forcing.

3.4 Ocean circulation response to North Atlantic cooling

In the previous chapter we focused on the atmospheric teleconnection between the trop-
ical Pacific and high latitude climate and the possibility that stochastic climate variabil-
ity, triggered by tropical precipitation anomalies, can influence Southern Hemisphere
climate on centennial time scales. In this section, however, we return to the classic view
on the coupling between northern and southern hemisphere climate, and turn our focus
towards the changes observed in the Atlantic ocean circulation related to the abrupt cli-
mate transitions in the North Atlantic. Here, we examine the adjustment of the ocean
circulation in the Atlantic in the first couple of decades after the abrupt transition in
North Atlantic climate.

The following analysis is split in two primary subsections, in which we focus on differ-
ent ways that changes in ocean circulation can trigger transitions in Southern Hemi-
sphere climate. The first part is motivated by a number of recent studies that focus
on how cooling in the North Atlantic and corresponding AMOC slowdown, can trig-
ger an atmosphere-ocean teleconnection which explains the asymmetric nature of the
north-south coupling [Chiang et al., 2008, Lee et al., 2011]. For the second part, we go
back to the classic idea of a bipolar see-saw driven by changes in the Atlantic meridional
overturning circulation that are communicated to the Southern Hemisphere through an
oceanic bridge [Broecker, 1998, Crowley, 1992, Stocker and Thomas, 1998]. We focus
our analysis on ocean dynamics and signal propagation in the Atlantic Ocean based on
the current theoretical understanding of the abyssal circulation described in [Stommel

and Arons, 1959-1960] and [Kawase, 1987].

3.4.1 Subsurface warming in the North Atlantic

Figure 3.9 shows a cross section of the Atlantic Ocean with the zonally averaged annual
potential temperature anomalies associated with the cooling event in the North Atlantic.

Hence, the anomalies show the difference in potential temperature between the first cold
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NA phase (year 400-550) and the warm phase (year 50-250), described in section 3.1.
In the northern high latitudes we observe a relatively strong cooling of 1 — 3°C in the
upper 1000 m of the ocean. The temperature response is strongest in the surface in
the Labrador Sea (about 5 — 6°C at the core). In the northern midlatitudes, there
is an intense surface warming located at about 42°N, which roughly represents the
boundary between the subpolar gyre and the subtropical gyre. This illustrates a strong
dipole pattern in the North Atlantic surface ocean with a very localized warming at the
subpolar-subtropical gyre boundary and widespread cooling north of it. This suggests
an essential role for the gyre circulation to transport heat into high latitudes. [Kleppin
et al., 2015] associates the surface cooling in the North Atlantic with a weakening of
the subpolar gyre circulation caused by a reduction in the wind stress from a persistent
atmospheric circulation anomaly and consequently a weakened ocean-atmosphere heat
flux in this region. To illustrate this point, we plot the surface ocean temperature

anomalies along with the barotropic streamfunction in figure 3.10.! Here, the dipole

!The barotropic streamfunction is the zonally integrated mass transport associated with the surface
wind-stress. Positive (negative) values corresponds to anticyclonic (cyclonic) circulation. Hence, the
mean subpolar gyre circulation is cyclonic i.e. streamfunction is negative whereas the subtropical gyre
is characterized by anticyclonic circulation with a positive streamfunction.
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pattern is evident as a widespread cooling in the subpolar gyre region and an intense
warming just off the east coast of North America around 40°S. We find, that the extend
of the cold anomaly in the surface ocean, matches with the circulation changes in the
SPG region. The barotropic streamfunction (contours), shows a significant weakening
of the subpolar gyre circulation by 30% [Kleppin et al., 2015] relative to the mean state,

and causes an increase in sea ice cover in the Labrador Sea.
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Figure 3.10: Anomalies of potential temperature (shading;® C) in the surface ocean (upper
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The cooling of the northern high latitudes is further aided by a weak reduction in the sub-
tropical gyre circulation, which reduces the northward advection of warm saline water.
This is depicted as a negative (i.e. cyclonic) anomaly in the barotropic streamfunc-
tion in the North Atlantic midlatitudes. Consequently, we observe a build up of heat
at the subpolar-subtropical gyre boundary due to the reduced northward ocean heat
transport into the northern North Atlantic. Hence, the primary mechanism behind the
widespread surface cooling in the Northern Hemispshere high latitudes is the reduced
advection of warm and saline subtropical water to high latitudes associated with the
weakened gyre circulation leading to a persistent weak state of the SPG circulation.The
circulation in the subpolar gyre is driven by the strong prevailing westerlies, creating
a southward Ekman transport. The westerlies decrease in magnitude going southward,

leading to Ekman divergence and subsequent upwelling due to EFkman pumping. In the
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North Atlantic midlatitudes the easterlies drive a northward Ekman flow driving the
subtropical gyre. At the boundary between the subtropical and subpolar gyre the Ek-
man flow goes to zero due to convergence of the winds. Hence, this region there will
be a convergence of the horizontal flow and downwelling. From figure 3.9 we see that
the intense surface warming at the subpolar front is mediated to mid-depths, which is
consistent with the Ekman induced downwelling at the intergyre boundary. The sub-
surface warming spreads southwards through the Atlantic Ocean confined to a relatively
well-defined depth interval between 500-1500 m, corresponding to the lower boundary of
the wind-driven surface layer. The warming signal is strongest (about 2°C) in the North

Atlantic midlatitudes and weakens as the signal propagates into the South Atlantic.

3.4.2 Changes in AMOC

The slowdown of the AMOC is depicted in figure 3.11, showing a cross section of the
Atlantic Ocean, where the anomalies (shading) corresponds to the same period as in
figure 3.9. The overturning circulation changes resembles the pattern of the anomalous
temperatures in the Atlantic Ocean with the largest weakening of about 6Sv at 40°S
between 1000 and 2000 m depth. This matches quite well with the previous notion, that
the mid-depth warming in the midlatitude North Atlantic is associated with a weakening
of the AMOC and subsequent heat convergence near the subpolar front. In the rest of
the Atlantic there is a relatively small reduction in the AMOC.

The time series of the maximum overturning circulation in the North and South At-
lantic (3.11 - top panel) shows the AMOC variability throughout the model integration.
Here, the maximum overturning is defined between 1000-3000 m depth, where the black
and red line corresponds to the North Atlantic at 40°N and the South Atlantic at 20°S
respectively. The transition into the cold phase is characterized by a gradual weaken-
ing of 3-4 Sv, with a similar pattern observed in the Southern Hemisphere (red curve;
20°S). However, the AMOC changes are significantly weaker and lags the Northern
Hemisphere by about 16 years. This time-lag suggest a slow ocean adjustment to the
climate transition in the North Atlantic, which is in contrast to the fast atmospheric
teleconnection described in the previous section. Towards the end of the cold phase, an
abrupt resumption of the AMOC is associated with the abrupt sea ice retreat in the

Labrador Sea thus enabling a more active deep water formation at the transition into
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Figure 3.11: Changes in the Atlantic meridonal overturning circulation (AMOC). Top Time
series of the maximum AMOC (Sv) between 1000-3000 m depth for the North Atlantic (40°N;
black) and the South Atlantic (20°S; red). Both time series are smoothed with a running mean of
10 years. Bottom Difference in AMOC strength (Sv) between the NA cold phase (year 400-550)
and the NA warm phase (year 50-250) for the Atlantic basin.

the 2nd NA warm phase (around year 600). This again leads to an increased advection

of warm subtropical water into the high latitude North Atlantic.

3.4.3 Atmosphere-ocean teleconnection — Chiang hypothesis

In this section we analyze the subsequent equatorwards progression of the mid-depth
warming in the Atlantic with reference to previously mentioned atmosphere-surface
ocean teleconnection described in [Chiang et al., 2008]. The results presented in the
previous section show a warming anomaly in the Atlantic spreading southward at mid-
depth. The warming is strongest in the North Atlantic midlatitudes and gradually
weakens as the it spreads through the basin and into the South Atlantic. However,
south of the equator, at about 20°S, we find a small positive anomaly at 1500 m depth
which appear to be detached from the warming signal in the Northern Hemisphere.
Hence, the warming anomly appears to be stronger in the midlatitude South Atlantic
compared to the response in the tropical South Atlantic. This would indicate a tele-

connection mechanism which could amplify the signal in the midlatitudes through an
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ocean-atmosphere feedback mechanism. The warming signal spreads further throughout
the South Atlantic, where it appear to stagnate at about 30°S. South of this point, the
warm anomaly exhibits a structure associated with an upwelling from mid-depth into
the surface layer, where a relatively strong surface warming centered between 40°S and
45°. This region corresponds to the boundary between the South Atlantic Gyre (SAG)
and the Antarctic Circumpolar Current (ACC), which is dominated by the strong pre-
vailing westerly winds. Hence, our initial thought was that the surface warming was
related to changes in the zonal wind-stress driving increased upwelling, similar to the
mechanism described in [Lee et al., 2011] and [Chiang et al., 2008]. An essential part
of the teleconnection mechanism, originally proposed by [Chiang and Bitz, 2005], is the
pronounced southward displacement of the tropical Atlantic ITCZ which is a robust
climate response to the slowdown of the AMOC. When the Northern Hemisphere cools
the Atlantic ITCZ moves southwards (i.e. towards the warmer hemisphere). The south-
ward shift in the ITCZ causes changes in the Hadley circulation, with a weakening of
the southern Hadley cell and a reduction of the Southern Hemisphere subtropical jet.
This can be observed as a southward shift in precipitation due to displacement of the
region of maximum vertical velocity. To counterbalance the weakened subtropical jet,
there is an increase in the eddy-driven SH midlatitude westerlies, which causes increased
wind-driven upwelling in the Southern Ocean (see figure A.3).

In the CCSM4 simulation we find a similar pattern in the wind-stress and precipitation
anomalies in the tropical Atlantic associated with the North Atlantic cooling (figure
A.1). There is a small intensification of the northeasterly trade winds, which seems to
be a general feature of tropical Atlantic response to the southward shift of the Atlantic
ITCZ, inferred from GCM simulations [Chiang et al., 2008, Lee et al., 2011, Timmer-
mann et al., 2010]. A southward shift in the tropical Atlantic precipitation is observed
associated with the North Atlantic cooling, however the changes are significantly smaller
compared to the changes observed by [Lee et al., 2011]. Hence, the associated wind-stress
changes are also weak and does not seem to explain the warm anomaly in the surface
ocean at 40°S. We find, however, that a large part of the observed variability is most
likely associated with a model drift in the first 200 years of the simulation. This can be
explained by the initial spin-up from observations, which causes a slow adjustment of

the surface ocean.
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3.4.4 Spatial structure and propagation of the subsurface warming

Here we go back to the original bipolar see-saw idea motivated by the subsurface warming
signal spreading through the Atlantic Ocean. In this section we explore, how the current
theoretical understanding of the general ocean circulation can help us understand the

spatial extent and signal propagation of the mid-depth warming anomaly in the Atlantic.

In the previous section, we showed that the largest changes in both AMOC and tem-
perature are confined to a depth of about 1,000 m in the Atlantic Ocean. Hence, figure
3.12 shows the evolution of a warming anomaly in 1,000 m depth starting at the onset
of the abrupt climate transition in the North Atlantic. Here we show snapshots of 10
year intervals of the potential temperature anomalies in the 1,000 m depth layer. The
anomalies are calculated using the long-term-mean, which is computed for each grid
point in the Atlantic basin.

Initially (year 320), there is a widespread cold anomaly in the Northern Hemisphere ex-
tending from the subtropics to the midlatitudes at 40°S. This pattern of the anomalously
cold temperatures correspond quite well with the mean circulation of the wind-driven
subtropical gyre. At the onset of the NA climate transition, an anticyclonic sea level
pressure anomaly evolves over the northern North Atlantic and moves westward into
the subpolar gyre region. The atmospheric changes over the subpolar gyre provides a
near-instantaneous response in the gyre circulation through changes in the wind-stress
curl. However, the subsequent adjustment in the ocean heat content is somewhat slower.
Our previous analysis suggests that this time scale is set by the gradual weakening of the
AMOC, thus slowly reducing the northward ocean heat transport. This is illustrated as
a gradual decrease in the extent of the cold anomaly in the northern midlatitudes during
the initial ocean adjustment to the atmospheric circulation changes in the subpolar gyre
region (years 320-350). This is countered by a slowly evolving warming anomaly at the
boundary between the subpolar and subtropical gyre related to the reduced advection
of warm water by the weakened gyre circulation.

Around year 350 a consistent positive anomaly evolves around 40°N just south of New
Foundland and is slowly replacing the anomalous cold temperatures in the subtropical
gyre. At year 390 the warming is fully developed and covers most of the North Atlantic
midlatitudes. The spreading of the temperature anomaly is consistent with the anticy-

clonic circulation in the subtropical gyre with an eastward flow into the interior in the
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Figure 3.12: Contour lines are only plotted if the anomaly is larger than 0.1°C with an
interval of 0.2°C. The axes correspond to grid point longitudes and latitudes, where the solid line
represents the equator and the values 115 and 304 corresponds to 20°S and 40°N respectively.
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northern part of the gyre and a westward return-flow to the south. In the northern part
of the subtropical gyre, we observe a tongue of warm deep water spreading towards the
Nordic Seas following the northeastward path of the North Atlantic Drift.

From year 390 and onwards the mid-depth warming continues to spread throughout the
Atlantic, however now the signal propagation seems to be confined to the western bound-
ary. Here, a thin and well-constrained tongue of anomalous warm water is emanating
from the subtropical gyre spreading along the western boundary. Around year 420 the
warming signal has reached equator and spreads into the tropical South Atlantic. In the
tropical South Atlantic, the spreading rate appears to be significantly faster and within
10 years the signal has traveled from the equator to 20°S. It takes another couple of
decades for the signal to reach 40°S corresponding to the southernmost boundary of the
South Atlantic Gyre, where it cannot propagate further southwards. Due to its strong
baroclinic structure, the ACC acts as a barrier against meridional flow thus limiting
the poleward heat transport. Hence, at the northern boundary of the Southern Ocean,
the warm anomaly is spreading eastward with the mean gyre circulation influenced by
the strong eastward-flow of the South Atlantic gyre. By the time the signal reaches the
subtropical South Atlantic the temperature anomaly has decreased by about 70% (from
1.5°C to 0.4°C) relative to the initial anomaly in the North Atlantic. South of the ACC,

there is no longer any trace of the warming signal.
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Figure 3.13: Potential temperature anomalies (°C) in 1000 m depth at 20°S. Line colors
corresponds to different longitudes with increasing distance from the western boundary; blue;
380W, green; 300W, red; 240W and magenta; 200W.

From figure 3.12 it is clear that the western boundary plays an essential role in the
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southward propagation of the temperature signal. The signal is strongest close to the
western boundary and tappers off as we move eastward into the interior. This is il-
lustrated in figure 3.13, which shows the potential temperature at 1,000 m depth and
for different longitudes in the South Atlantic at 20°S. The signal has been detrended
using a simple linear fit and we applied a 10 year running mean to remove inter-annual
variability. Here, we find that the amplitude of the temperature signal decreases with

increasing distance from the western boundary.

3.4.5 Propagation through the deep western boundary current

In this section we give a brief introduction to the theoretical basis for the abyssal circu-
lation, which we include in our discussion of the signal propagation in the Atlantic and
the time-scales involved. Here, we discuss the two main processes of signal propagation
in the Atlantic through the oceanic bridge; advection represented by the classic paper by
Stommel and Arons ([Stommel and Arons, 1959-1960]) and wave adjustment processes
described in [Kawase, 1987]. In view of these separate mechanisms, we analyze the
southward propagation of the warm anomaly in the Atlantic Ocean depicted in figure
3.12. Here, we focus primarily on the ocean dynamics behind the signal propagation in

the ocean as well as the time-scales associated with them.

3.4.5.1 Stommel and Arons

In a series of papers from 1958-1960, Henry Stommel and Arnold Arons laid the founda-
tion of our present understanding of the abyssal circulation based on fundamental ideas
about the state of the ocean [Stommel and Arons, 1959-1960].

The ocean is represented as a simple 2-layer model with localized sinking at high lat-
itudes and western boundary currents are added to satisfy mass conservation. Here,
the upper and lower layer represents the thermocline, driven by the wind and the abyss
respectively. There is a flow from the upper layer to the abyss simulating sinking of cold
and dense water associated with deep convection, which provides the driving mechanism
for the interior flow. The distributed sinking is counteracted by a return flow in the in-
terior from the lower layer to the upper layer. Here, a uniform upwelling with vertical
velocity wg is assumed everywhere in the interior based on the idea by Munk (Abyssal

Recipies, 1966). Thus, the vertical flow is meant to represent the upward advection
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of heat from the abyss, which is inferred from a balance between the diffusion and the
vertical advection of temperature. Following some of the earlier ideas by Stommel, the
motion of the abyss is geostrophic and the interior solution is in geostrophic Sverdrup
balance. Hence, from this it follows that as long as the vertical velocity wq is positive,
corresponding to upwelling into the thermocline, the meridional velocity is always pole-
ward. Hence, in the Southern Hemisphere the interior flow is to the south and to the
north in the Northern Hemisphere. This surprising result is some what counter-intuitive
because it means that the interior flow is always towards the sinking source. Further-
more, as a consequence there is a divergence at the equator, implying that there cannot
be an interior flow across the equator. In order to close the circulation, western bound-
ary currents are added in need to satisfy mass conservation. At the western boundary
the geostrophic Sverdrup balance is upset, which allows for a cross equatorial flow and
shows an illuminating result of the dynamics of the abyssal circulation.

To understand the structure of the abyssal circulation in the Stommel-Arons theory it
is useful to think in terms of potential vorticity conservation. The potential vorticity
((C + f)/D) relates the oscillatory motions associated with variation in the Coriolis
parameter and the stretching and squeezing of a water column, where D is the layer
thickness, ¢ the relative vorticity and f is the Coriolis parameter. In the mid-ocean
the horizontal shear is negligible (i.e. ¢ &~ 0). Thus, if D increases there must be a
poleward flow leading to an increase in f while ¢ remains small. Hence, conservation
of potential vorticity leads to a poleward flow everywhere in the interior. The upward
motion everywhere in the interior induced by the uniform upwelling into the thermocline
causes the thickness D to increase, which results in a poleward flow in the Northern and
Southern Hemisphere. To counterbalance the poleward interior flow, there must be a
southward (northward) flow in the Northern Hemisphere (Southern Hemisphere). In the
Northern Hemisphere this requires an input of negative vorticity due to the southward
flow (i.e. decreasing f). This can be obtained by friction associated with the strong
flow and horizontal shear at the western boundary. The combination of southward flow
and strong shear on the western boundary induce an input of negative vorticity (anti-
cyclonic motion) in the Northern Hemisphere. This further implies that a southward
flow can only be sustained at the western boundary, which consequently leads to a deep
western boundary current extending southwards from the source region in the Northern

Hemisphere and across the equator to the Southern Hemisphere.
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Hence, from these relative simple considerations Stommel and Arons showed the exis-
tence of a equatorward return-flow confined to the western boundary beneath the wind-
driven surface layer. The key idea is the uniform upwelling as a direct response to the
motion of the thermocline driven by mechanical- (i.e. wind) and buoyancy-forcing. This
leads to a conceptual model of the abyssal circulation, with a geostrophically balanced
and poleward flow everywhere in the interior and a return flow by the deep western

boundary current.

3.4.5.2 Kawase

The structure of the abyssal flow inferred from the Stommel-Arons model is based on the
key assumption that the distribution of the upwelling is completely independent on the
motion of the abyss. However, observations of the abyssal flow show a strong baroclinic
structure of the deep circulation, which is not represented in the Stommel-Arons model.
Hence, extending the ideas of the Stommel and Arons model, [Kawase, 1987] presented
an alternative view on the abyssal circulation by taking into account the baroclinic na-
ture of the deep ocean.

Where Stommel and Arons relates the structure of the abyssal circulation to a widespread
upwelling into the thermocline, Kawase assumed that the upwelling into the thermocline
depends only on the motion of the abyss itself. This means that the abyssal flow is inde-
pendent of the thermocline and the flow is strictly baroclinic in Kawase’s model. Hence,
the structure of the interior flow is dominated by the internal abyssal dynamics and
controlled by baroclinic wave processes. The key assumption in Kawase’s contribution
is that the vertical velocity (i.e. upwelling from the deep layer) is time-dependent and
consequently showed that propagation of Kelvin and Rossby waves plays a central role
in setting up the structure of the interior flow. To understand the effect of the baroclinic
wave response, we consider the evolution of a flow-field driven by an initial trigger in
the northwestern side of the basin. This is somewhat consistent with the warm anomaly
located on the western side of the North Atlantic basin (see figure 3.10). This initial
perturbation induce a coastal Kelvin wave that propagates southward along the western
boundary. Here, the lateral boundaries provide a source to sustain a zonal pressure gra-
dient where the amplitude is greatest at the boundary and decays exponentially away
from it. From geostrophy, the Kelvin wave has to propagate forward with the boundary

on the right in the Northern Hemisphere and to the left in the Southern Hemisphere.
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Upon reaching the equator the Kelvin wave is forced to move eastward, since the Kelvin
wave cannot cross the equator on the western boundary due to the change in sign of
f. Here, the equatorial zone essentially acts as a waveguide, providing a lateral bound-
ary for the Kelvin wave which propagates from west to east without dispersion. The
equatorial confined deep flow is associated with this eastward wave-propagation in the
equatorial waveguide and is an essential feature of the equatorial ocean circulation, that
the Stommel and Arons model failed to explain. When this equatorial Kelvin wave
reaches the eastern boundary it splits and propagates polewards in both hemispheres.
At the eastern boundary the pressure gradient cannot be fully sustained, and the eastern
boundary is ”leaky” and radiates Rossby waves into the interior.

Rossby waves are large-scale oscillatory motions associated with variations in the Cori-
olis parameter with latitude (i.e. the 5 — ef fect), so as the Kelvin wave propagates
polewards (increasing f), Rossby waves are emmanating from the eastern boundary.
One of the primary characteristics of the Rossby wave, is that the phase velocity always
has a westward component. Hence, the signal is propagating westward away from the
eastern boundary and fills up the interior which means that the structure of the interior
flow is determined by the Rossby wave propagation.

The general structure of the abyssal flow is somewhat similar to the Stommel-Arons
model, though the dynamics are qualitatively different. However, both models suggest
that the deep western boundary current is an essential part of the deep circulation and
provides a communication pathway between high and low latitudes. The flow described
by [Kawase, 1987], provides a fast response mechanism to convey a localized pertur-
bation through the Atlantic Ocean and across the equator through Kelvin and Rossby
waves. This wave adjustment response is much faster than advective processes inferred
from the advective processes described in the Stommel-Arons model.

The spatial pattern of the signal propagation showed in figure 3.12 is consistent with the
dynamical framework of the deep ocean circulation portrayed by Stommel and Arons. In
particular, the southward propagation of the temperature anomaly is a striking example
of the deep western boundary current and it clearly shows the significance of the western
boundary as an oceanic brigde connecting the Northern and Southern Hemisphere. This
is illustrated as a strong zonal difference in the magnitude of the warming anomaly as
it propagates southward. In the northern Atlantic midlatitudes the timescale and mag-
nitude of the warming at mid-depth is set by the subtropical gyre circulation, and the

heat convergence at the intergyre boundary. The warm temperature anomaly is carried
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with the gyre circulation, steadily decreasing as it propagates southwards. This is illus-
trated in figure 3.14, which shows the time series of the warming anomaly at different
latitudes in the Atlantic. The different locations, denoted by circles in the lower left
panel, are chosen such that they are located within the western boundary current, thus
representing the signal propagation along the western boundary. The lead-lag correla-
tion analysis (figure 3.14 - right panel), show a 20-year lag between 40°N and 20°N
which corresponds with the recirculation timescale of the subtropical gyre. Once the
signal enters the western boundary waveguide the subsequent equatorward progression
is relatively fast. It takes about 45 years for the signal to travel from the northern North
Atlantic at 40° N and reach the subtropical South Atlantic. This indicates a much faster
signal propagation at lower latitudes.

We note, however, that the method used in calculating the lead-lag correlation has
certain implications. This is mainly due to the fact that the signal changes quite consid-
erably as it propagates equatorwards. Hence, we infer a time-lag by correlating samples
that, though they exhibit a similar structure, are quite different in terms of magnitude
and variability. This test might not provide an exact timing of the signal propaga-
tion, however it gives a reasonably good estimate of the time-lag between high and low
latitudes. Furthermore, the time-lag inferred from this analysis should also be viewed
relatively to 3.12, as an approximate indication of the dominant timescales associated
with the signal propagation.

The results presented here, show the existence and great importance of the deep western
boundary current as an oceanic bridge linking the Northern and Southern Hemisphere.
An important part of the result is the steady weakening of the propagating signal asso-
ciated with the subsurface warming in the Atlantic Ocean. Initially, there is a warming
at mid-depth of about 2°C in the North Atlantic, but by the time it has reached the
South Atlantic the signal is almost gone. However, this leaves us with the question of

how to get the signal to Antarctica, which we will address in the following discussion.
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Figure 3.14: Left Potential temperature anomalies at 1000 m depth along the western bound-
ary in the Atlantic Ocean, where the colors correspond to different latitudes. Right Lead-lag
correlation between the different curves in the left figure and the North Atlantic temperature
at 40°N corresponding to the inter-gyre boundary (blue line). Lead-lag correlation analysis is
performed using the North Atlantic signal (blue line in left figure) as a reference, thus assuming
that the sub-surface warming is initiated at the western boundary in the northern midlatitudes.
We use a lead-lag matrix with values from -100 to 100 in 5 year increments, which basically shift
the time series and based on this ensemble of different leads and lags we calculate the maximum
correlation with the North Atlantic signal.
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Discussion

In this section we discuss the main results presented in the preceding sections. We
focus the first part of the discussion on the possibility of a bipolar see-saw triggered by
stochastic climate variability in the tropics. With reference to the previously proposed
teleconnection mechanism, we discuss how deep convection in the Southern Ocean can
trigger centennial scale climate variability in the Southern Hemisphere. The second
part will focus in the results presented in section 3.4 and discuss the role of the Atlantic
ocean circulation in mediating a climate signal between the Northern and Southern

Hemisphere.

4.0.6 Southern Ocean deep convection as possible trigger for centen-

nial climate variability

The deep convection events in the Weddell Sea is an inherent feature in the CCSM4
pre-industrial simulation, and is remarkably similar to the Weddell Polynya observed in
the 1970s. This, apparently rare event, represents a mode of Southern Ocean ventila-
tion that has not been observed since it first was discovered but is still one of the most
well-documented climate events in the Southern Ocean. Hence, the Weddell Polynya
provides important information about the mechanism associated with deep convection
in the Southern Ocean and how it is linked to hemispheric climate variability. One of the
biggest differences between the deep convection in CCSM4 and the observed polynya is
the spatial extent and location of the convective region. We find that the deep convec-

tion occur in the southwestern limb of the Weddell Gyre, whereas the observations of the
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Weddell Polynya suggest that the convective region is located far more towards the cen-
tral median axis (see figure A.4). [Gordon et al., 2007] suggested that the initialization
of the Weddell Polynya was linked to topographical effects by Maud Rise.! This effect
might not be properly resolved by the CCSM4 model and could explain the observed dif-
ference. However, our results suggest that the open-ocean deep convection and polynya
formation is rather a consequence of changes in the stratification of the Weddell Sea
driven by internal climate variability linked to the previously proposed teleconnection
mechanism. This is supported by results from an ensemble of CMIP5 models presented
in [de Lavergne et al., 2014]. The study shows that 25 out of the 36 models exhibit deep
convection and polynya activity in the Southern Ocean under pre-industrial conditions
similar to the CCSM4 simulation. The convection is primarily confined to the Weddell
Sea, but small regions of convection is also present in the Ross Sea. However, the ma-
jority of the CMIP5 models does not capture the details of the observed polynya, which
is also true for the CCSM4 simulation. Compared to observations, the sea ice anomaly
is not a perfect polynya in the sense that it is not an enclosed region of open ocean
within the perennial sea ice pack. Rather, it appears to be more of a general cessation
of sea ice in the convective region. The discrepancy between models and observations is
most likely linked to the poor representation of the vertical diffusion of salt during sea

ice formation, and represent one of the greatest challenges in todays climate models.

It has previously been suggested that deep convection in the Southern Ocean and the
formation of polynyas such as the Weddell Polynya can be linked to large scale climate
variability in the Southern Hemisphere. [Cheon et al., 2013, Gordon et al., 2007, McKee
et al., 2011] One of the principal modes of Southern Hemisphere climate variability is
the Southern Annular Mode (SAM), which is dominating the middle to higher latitudes
of the Southern Hemisphere on interannual to decadal time scales. The SAM is mani-
fested as meridional shifts of the Southern Hemisphere westerlies that leads to changes
in the moisture transport from the midlatitudes to the Southern Ocean. In the negative
phase of SAM the westerlies shift towards the equator, which allows for northward ex-
pansion of cold, dry polar air masses. This tends to cool the Weddell Sea and reduces
the precipitation in the convective region. The cold and dry conditions increase the

surface salinity, and the surface water in the Weddell Sea can become sufficiently dense

!Maud Rise is a seamount with a 1700-m peak located in the eastern part of the Weddell gyre at
63°—67°S,2°W—6°E. Here, local processes affect the upper ocean stratification and induce upwelling in
the vicinity of the topographic feature.
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to destabilize the pychnocline thus triggering overturning of the water column. This
enables deep convection within the Weddell Sea, bringing relatively warm water from
the deep ocean to the surface, while cold surface water sinks to the bottom. During the
positive phase of SAM the maximum westerlies contracts towards Antarctica resulting in
an increased moisture transport into the Weddell Sea region. Hence, deep convection is
inhibited by freshening of the surface layer and a weak stratification in the Weddell Sea
prevails. Furthermore, surface temperatures over the Weddell Sea tends to increase in
response to the increased advection of maritime air masses from lower latitudes. Hence,
this sequence reflects how atmospheric changes triggered outside the polar regions can
affect the stratification in the Southern Ocean and lead to deep convection as illustrated
in figure B.2 taken from [Gordon, 2014].

Our results suggest, however, that the atmospheric circulation changes in the Atlantic
sector of the Southern Ocean are directly associated with changes originating in the trop-
ical Pacific region. So, rather than being a connection between middle and high latitudes
as hypothesized by the SAM, this mechanism constitutes a direct coupling between the
tropics and southern high latitudes. Thus, the tropical-polar teleconnection provides
a trigger for changing the surface conditions in the convective region which can lead
to destabilization of the water column and convective overturning in the Weddell Sea.
This furthermore suggest that deep convection in the model is a result of the stochastic
precipitation anomalies in the WTP, which also explains the intermittent nature of the
deep convection in the model. This is also consistent with previous studies that high-
light the tropical Pacific as a critical region for producing the observed high latitude
response and has been shown to account for the recent warming in the continental West
Antarctica[Ding et al., 2011].

In section 3.3.2 we show that the open-ocean deep convection in the model is gradually
weakening throughout the integration, which appears to be unrelated to a trend in SAM
or ENSO-variability. However, [de Lavergne et al., 2014] show that the CMIP5 models
show a cessation of open-ocean deep convection as a result to anthropogenic forcing. Un-
der pre-industrial conditions, deep convection in the Southern Ocean is quite common,
but gradually weakens due to a warming trend and surface freshening of the Southern
Ocean since the beginning of the 20th century. This acts to strengthen the stratification
and explains why open-ocean deep convection has not been observed since the Weddell
Polynya in the mid-1970’s. We speculate, that the decreased trend in Southern Ocean

deep convection in the CCSM4 simulation could be linked to similar processes. Hence,
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by decreasing the surface salinity by changing the surface freshwater balance (P-E) or
a reduction in sea ice production. Changes in the wind-stress could also affect stratifi-
cation in the convective region by modulating the available potential energy for mixing.
However, it remains unexplained, what exactly causes this observed cessation of deep

convection in the CCSM4 simulation.

The absence of deep open-ocean convection is a limiting factor of the ventilation of
Southern Ocean, which has important implications for Antarctic bottom water forma-
tion and could explain the decline in the volume of AABW observed in recent years.
[de Lavergne et al., 2014, Robertson et al., 2002] This highlights the role of the Southern
Ocean in modifying the global climate through changes in the strength of the overturn-
ing circulation and deep ocean heat storage. Model results presented in [Martin et al.,
2015], show that formation and northward extent of the AABW depends strongly on
the state of the Weddell Sea deep convection which drives a bipolar see-saw between the
Southern Ocean and the North Atlantic on multi-centennial timescales. This interhemi-
spheric connection is driven by changes in the AMOC through a competition between
northward AABW transport and southward transport of NADW, similar to the idea
from [Broecker, 1998], but with the trigger located in the Southern Ocean rather than
in the North Atlantic. The see-saw pattern is triggered by changes open-ocean deep
convection in the Weddell Sea which is internally driven through stochastic forcing by
the atmosphere. In this sense, their simulation is quite similar to the CCSM4 simu-
lation presented here, however their results differ significantly from the ones observed
in CCSM4. [Martin et al., 2015] shows that the deep convection exhibits strong multi-
centennial climate variability switching between periods with an active deep convection
and periods with no convection at all. Hence, the state of the Southern Ocean deep
convection appears to be bistable, where the convective and non-convective regimes rep-
resents different climate states. During periods of active deep convection, the deep ocean
loses a significant amount of heat to the atmosphere, which prohibit the formation of sea
ice in the convective region and leads to the formation of an open-ocean polynya. The
convective region associated with the polynya is about 4 times bigger compared to the
Weddell Polynya observed in the mid-1970’s, and consequently the deep ocean is loosing
heat on the order of 10%3J over a couple of decades.? Due to this massive heat flux from

the deep ocean, the convective overturning can persist for several decades. Eventually,

*In comparison the estimated heat flux associated with the Weddell Polynya is 0.4 x 10%' J/yr.
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the heat reservoir is depleted leading to an abrupt shutdown of the deep convection and
explains the centennial timescale of the Southern Ocean climate variability. This is quite
different from our results in the CCSM4 simulation, which shows that the open-ocean
deep convection in the Weddell Sea is significantly weaker and highly intermittent. We
show, that the impact of deep convection is primarily confined to the upper 1,000 m
of the ocean, with only small changes in temperature in the deep and bottom waters.
The results from [Martin et al., 2015, however, is a strong indication that the deep
ocean heat reservoir is a necessary condition for maintaining a persistent state of deep
convection that can last for several decades. Hence, this points to the fact that we need
relatively big and long-lived convective events in order to effectively change the deep
ocean heat content and thereby modify the formation of AABW. This further suggests
that the state of the Southern Ocean ventilation is highly dependent on the background
climate state.

We find, that consecutive deep convection events can be separated by multiple decades,
which suggests that some kind of pre-conditioning is needed to trigger deep convection.
Here, the stratification of the Weddell Sea is likely to be a controlling factor in setting
the time scale. The parameterization of deep convection in the model might also con-
trol how sensitive the model is to changes in the surface forcing. The experiments with
the CMIP5 models from [de Lavergne et al., 2014}, indicate that CCSM4 is a relatively
weak convective model compared to other climate models. This could be related to the
representation of sea ice formation in the model, which influences the stratification in
the Weddell Sea convective region. Our results seem to suggest that the strength of the
deep convection is limited by a restoring force triggered by the stochastic atmospheric
variability acting to increase stratification. We imagine, if sea ice formation was less
sensitive to atmospheric changes, it would be more difficult to restore the stratification

and deep convection would not be shutdown so easily.

The exciting results from [Martin et al., 2015] show that deep convection in the Weddell
Sea can trigger centennial climate variability, but without explicitly accounting for the
initial trigger of the deep convective events. However, a number of recent studies, in-
cluding the present one, show a teleconnection between tropical climate variability and
changes in the atmospheric circulation over the Weddell Sea, thus providing the initial
trigger for destabilizing the water column in the convective region. We note, however,

that the comparison with [Martin et al., 2015] and [de Lavergne et al., 2014] indicate
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that the Southern Ocean deep convection in CCSM4 is too weak to cause long-term
trends in the Southern Hemisphere climate. We argue, that this could be related to
the stratification in the Weddell Sea and is strongly dependent on the climatic back-
ground state. Furthermore, the size of the deep ocean heat reservoir is an essential key
in sustaining the weak stratification and ensure deep convection on decadal to centennial
timescales. We note, however, that the ocean-air heat flux, necessary for maintaining
deep convection on centennial timescales, is significantly bigger than suggested by any
observations and might represent an unrealistically large amount of heat stored in the
deep ocean. Furthermore, the deep ocean heat storage is thought to have changed con-
siderably during the last glacial, which could also impact the strength of the Southern

Ocean deep convection.

4.1 Ocean circulation changes in the Atlantic

4.1.1 Chiang hypothesis

[Chiang et al., 2008, Chiang and Bitz, 2005] proposed an atmosphere-surface ocean tele-
connection that explains the asymmetric hemispheric response associated with cooling
in the North Atlantic. Their proposed teleconnection mechanism is characterized by an
initial ocean adjustment in the North Atlantic midlatitudes as a result of AMOC slow-
down followed by a fast atmospheric response driving a southward shift in the tropical
Atlantic ITCZ and subsequent warming in the South Atlantic.

A similar mechanism is described in [Lee et al., 2011], who show intensification of South-
ern Hemisphere midlatitude westerlies in response to surface cooling in the North At-
lantic and subsequent southward displacement of the Atlantic ITCZ. This influences the
strength of the Southern Hemisphere westerlies through changes in the Hadley circula-
tion. The strengthening of the westerlies causes an increased northward Ekman trans-
port in the surface layer which is compensated by upwelling from depths[Toggweiler
and Samuels, 1995]. This causes stronger deep ocean ventilation and outgassing of COq
thus providing an explanation for the glacialinterglacial CO9 variation [Anderson et al.,
2009]. Hence, this atmospheric teleconnection mechanism, manifested as a shift in the
tropical Atlantic ITCZ, describes a pathway that transmits the North Atlantic climate

signal to the Southern Ocean.
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In section 3.4.3 we described a similar pattern in the tropical Atlantic response to cool-
ing in the North Atlantic occurring in a preindustrial simulation of CCSM4. Similar to
[Chiang et al., 2008], the initial adjustment is dominated by a surface ocean cooling in
the northern high latitudes due to an ocean-atmosphere feedback mechanism associated
with a slowdown of the AMOC. The Southern Hemisphere response is characterized
by a weak surface warming in the midlatitudes and a southward shift in the tropical
precipitation. We note, however, that the atmospheric changes observed in the CCSM4
simulation are relatively small in magnitude compared to [Chiang et al., 2008, Lee et al.,
2011], who both use a prescribed forcing to trigger North Atlantic cooling. [Lee et al.,
2011] use a prescribed cooling of the North Atlantic corresponding to a flux of 120 W/m2
applied everywhere north of 25°N in the Atlantic, which is noted to be somewhat high.
This causes a strong and widespread cooling throughout the Northern Hemisphere, av-
eraging around 4°C, and surface air temperatures in the North Atlantic decrease by up
to 12°C. Consequently the changes in tropical Atlantic precipitation is about a factor of
10 larger (i.e. 1.5 — 2.0 cm/day) compared to the response in the CCSM4 simulation.
The same is evident in [Chiang et al., 2008], which shows extensive surface cooling in
the Northern Hemisphere triggered by an abrupt freshening of the North Atlantic.
Hence, we argue that the strong response in these models is due to the relatively large
prescribed forcing. A common feature of most climate models is that they require
an unrealistically large forcing in order to produce a temperature response, that is in
agreement with paleo-proxies [Lang et al., 1999]. Hence, they might overestimate the
sensitivity and relative strength of the different feedback mechanism associated with the
forcing. However, in an unforced model, the initial ”kick” is caused by internal climate
variability and the response is therefore also expected to be significantly smaller since
the magnitude of the response depends largely on a strong feedback mechanism to am-
plify the initial perturbation.

This, altogether, suggest that we need quite a large perturbation and strong positive
feedback mechanisms to effectively change the atmospheric circulation in the tropical At-
lantic and trigger increased wind-driven upwelling and deep ventilation of the Southern

Ocean.
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4.1.2 Signal propagation in the Atlantic Ocean

The recent observations from WAIS suggest an anti-phase relation between Greenland
and Antarctica with a northern lead of about 200 years, which strongly suggests a con-
nection through the ocean. Prior to these recent findings, it was suggested that a charac-
teristic timescale could be set by heat equilibration in the Southern Ocean [Stocker and
Johnsen, 2003]. However, this suggested a timescale of about 1,000-1,500 years corre-
sponding to an Antarctic lead as found in [Blunier and Brook, 2001] which is inconsistent
with the recent results from WAIS. The classic bipolar see-saw [Broecker, 1998, Crow-
ley, 1992] implied that changes in the north and south occur at the same time, which
requires a very fast signal transmission in the ocean. This is possible through fast wave
adjustment processes with a characteristic timescale of months to a couple of decades.
Here, the lag in Antarctic temperatures, inferred from the recent synchronization of
Greenland and Antarctic ice cores, is attributed to the slow propagation in the South-
ern Ocean. This view is generally accepted as the leading hypothesis of the bipolar
see-saw and the basis for a great number of modeling studies. However, the majority of
the current modelling studies does not readily account for the processes, through which
the temperature signal is transmitted to high southern latitudes, let alone how to get

the signal across the Southern Ocean to Antarctica.

In the previous section we showed that the subsurface warming signal in the Atlantic was
associated with a reduction in the gyre circulation with subsequent heat convergence in
the upper cell of the AMOC. At the surface this corresponded to a widespread cooling
in the North Atlantic north of 40°N with a 10 — 12°C decrease in temperature locally.
We noted, that this pattern of strong surface cooling in the North Atlantic and the as-
sociated subsurface warming spreading into the South Atlantic, is somewhat similar in
nature to the aforementioned bipolar see-saw response. The propagation north of 20°N
is determined by the gyre circulation, which suggests a time scale of about 20 years.?
It takes about 45 years for the warming signal to reach the subtropical South Atlantic,
which is illustrated in figure 3.12 and by the lead-lag correlation analysis.

[Kawase, 1987] shows that the fast ocean adjustment is determined by a Kelvin wave

propagating anticlockwise along the boundaries and subsequently radiating Rossby waves

3A rough estimate of the re-circulation in the subtropical gyre yields a typical timescale of about
20 years. Taking the width of the North Atlantic to be L = 3000km and a typical horizontal speed of
U = lem/s, we get: t = 2L/U = 6% 10°/(1 % 1072 60 x 60 * 24 * 365) ~ 20years.
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into the interior from the eastern boundary. The fast baroclinic ocean adjustment would
lead to an almost in-phase relationship between high and low latitudes. In general the
Kelvin wave response is relatively fast, with a typical propagation time on the order of
a couple of months [Johnson and Marshall, 2002]. The Rossby wave response is signifi-
cantly slower and is highly dependent on the vertical structure of the ocean. Hence, the
baroclinic response can be on the order of a couple of months, whereas the barotropic
response is significantly slower, i.e. up to several years. However, the time lag of 45
years between 40°N and 20°S, suggest that advective processes rather than the much
faster wave adjustment controls the signal propagation. The signal propagation illus-
trated in figure 3.12 shows the steady advection across the equator guided by the deep
western boundary current. However, from wave theory it is evident, that the Kelvin
wave cannot cross the equator on the western boundary, since the pressure gradient can
no longer be balanced. This further indicates that the signal propagation is an advective
process, resulting in a time lead of several decades between the subpolar and subtropical
Atlantic.

[Getzlaff et al., 2005, Johnson and Marshall, 2002] show that the meridional signal
propagation, associated with changes in the Atlantic overturning circulation, is largely
dependent on the model resolution. Experiments with a high-resolution (1/3°) eddy-
permitting model show a significantly higher propagation speed compared to the low
resolution model with a (4/3°) horizontal resolution. Thus, in the eddy-permitting ver-
sion the propagation from high to low latitudes is on the order of a few months, which
is indicative of a fast Kelvin wave response along the western boundary. The non-eddy
resolving model shows a much slower propagation speed of several years related to slow
advective processes. In the subtropics, however, the propagation speed is significantly
higher, which matches with our results that show a fast propagation between the equator
and 20°S compared to the slow response in the Northern and Southern Hemisphere mid-
latitudes. However, we note that the 1° resolution in the ocean component of CCSM4,
might be too coarse to properly resolve the fast Kelvin wave response and could explain
why advection is the dominating response. The results from [Getzlaff et al., 2005, John-
son and Marshall, 2002] thus indicate that model resolution is a key aspect in setting
the timescales for signal propagation in the ocean. Hence, increasing the horizontal
resolution could provide a fast ocean interconnection mechanism through wave adjust-
ment processes, that would lead to an almost in-phase relationship between northern

and southern high latitudes.
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In light of the observations from WAIS, we should expect a lag of about 200 years be-
tween Greenland and Antarctic temperatures. Hence, the relatively fast signal propaga-
tion from the high to low latitudes, would suggest that the Southern Ocean is important
in setting the timescale of the bipolar see-saw response. It is generally believed that the
ACC acts as a barrier against meridional flow thus limiting the poleward ocean heat
transport onto Antarctica. Hence, Antarctica appears to be both thermally and dynam-
ically isolated from lower latitudes, and the question remains how to get the subsurface
warming signal across the ACC. A study by [Schmittner et al., 2003], shows that the
meridional propagation of a temperature signal is mainly determined by the strength of
the ACC. In the standard experiment, the Southern Ocean circulation is dominated by
the surface wind-stress. Here, it takes about 400-500 years for a warming signal in the
North Atlantic to reach high latitudes in the Southern Hemisphere. This time scale is
primarily set by the presence of the ACC, hindering further southward flow. The key
reason behind the slow propagation across the ACC is the absence of lateral boundaries,
which prohibits propagation of fast boundary waves thus isolating Antarctica from the
regions north of the ACC.

The results from our comparison with [Stommel and Arons, 1959-1960] as well as
[Kawase, 1987] show that the western boundary is essential in communicating a signal
from the North Atlantic to the Southern Hemisphere. As described earlier the subsurface
warming signal is gradually weakening as it propagates southward in the deep western
boundary current. By the time it reaches the South Atlantic midlatitudes the magnitude
of the signal is significantly reduced and further southward propagation is inhibited by
the presence of the ACC. We note that the warming signal starts out as a 2°C anomaly
in the North Atlantic, but is almost non-existing when it reaches the South Atlantic
midlatitudes and is completely consumed by the vigorous flow of the ACC. This implies,
that we would need a substantially larger perturbation in the North Atlantic in order
to get the across the ACC.

Due to the lack of zonal boundaries the propagation across the ACC must be governed
by different processes which constrain the lag between Northern and Southern Hemi-
sphere. The strength of the circumpolar transport is largely set by the energy input
from the strong westerlies in the Southern Ocean leading to baroclinic instability which
is balanced by generation of eddies. Thus variations in the strength of the ACC has
typically been linked to changes in the Southern Ocean wind-stress, as in [Schmittner

et al., 2003] who show a significantly weakened ACC transport by reducing the Southern
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Ocean wind-stress, leading to a faster meridional propagation across the ACC with a
suggested timescale of 200 years. However, recent studies might suggest that the ACC
transport is remarkably insensitive to changes in the wind-stress forcing due to eddy
compensation processes [Hogg et al., 2015, Munday et al., 2012].

Eddies in the Southern Ocean play a key role in modulating the ocean circulation re-
sponse to surface forcing and are therefore key in understanding the dynamics of the
ACC, through their ability of transferring momentum and heat fluxes across the ACC.
[Hogg et al., 2015, Marshall and Speer, 2012, Munday et al., 2012]. Experiments with
high-resolution models show that the eddy compensation is largely dependent on the
horizontal resolution and primarily acts to counterbalance the potential energy put into
the surface by the wind. Thus, eddy-transport in the ACC can compensate changes
in the northward Ekman transport leading to little changes in the residual transport.
The total effect of the eddies, however, is still relatively unknown, but current studies
indicate that they are an important feature of the circulation in the Southern Ocean

and might provide a mechanism of fast signal propagation across the ACC.
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Summary and conclusion

Temperature reconstructions from ice core records in Greenland show the occurrence of
several abrupt climate transitions during the last glacial period. This remarkable fea-
ture in the Greenland climate record, known as Dansgaard-Oeschger events, also have
counterparts in the Antarctic ice core record, revealing an interhemispheric coupling of
the Northern and Southern Hemsiphere during the last glacial.

In this study we present the results from a pre-industrial control simulation of CCSM4,
showing a series of unforced and abrupt climate transitions in the North Atlantic, which
closely resembles the characteristic signature of a Dansgaard-Oeschger event. This simu-
lation thus presents a unique insight into the processes and feedback mechanisms related
to the abrupt climate transitions, without any presumptions about the initial trigger.
The climate transitions in the model are associated with a persistent El Nino-La Nina
pattern, expressed through changes in precipitation over the western tropical Pacific,
triggering a persistent pattern in sea level pressure above the North Atlantic. We show
a similar atmospheric teleconnection between the tropics and southern high latitudes,
manifested as an out-of-phase relationship between SLP anomalies in the South Atlantic
sector of the Southern Ocean and precipitation in the western tropical Pacific. The ini-
tial trigger is the stochastic precipitation anomalies caused by anomalous heating in the
tropical Pacific, which is readily communicated via a stationary Rossby wave response to
both northern and southern high latitudes. Hence, this teleconnection mechanism con-
stitutes a fast communication of tropical climate variability to the polar regions through

the atmosphere.
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In the North Atlantic a strong feedback loop, causes a transition in North Atlantic cli-
mate which persists on centennial time scales. However, in the Southern Hemisphere
the climate response associated with the tropical forcing, is much weaker and does not
persist on time scales longer than a few decades. This is explained by the absence of a
strong feedback mechanism in the Southern Hemisphere, which is necessary to amplify
the initial trigger in the tropics.

Motivated by a recent study by [Martin et al., 2015], we explore the potential for deep
convection in the Southern Ocean as a trigger for centennial climate variability in the
Southern Hemisphere. We find that open-ocean deep convection in the Weddell Sea
is a persistent feature in the pre-industrial control simulation of CCSM4 and exhibit
a similar structure as the Weddell Polynya observed in the mid-1970’s. However, the
convective events are too weak and short-lived to cause significant warming of the deep
water in the Weddell Sea, which is a necessary condition for changing the AABW for-
mation and effectively ventilating the deep ocean [Robertson et al., 2002]. We suggest,
that the relatively weak state of Southern Ocean deep ventilation is due to a strong
influence of sea ice on the Weddell Sea stratification, which prevents the evolution of
strong deep convection. We thus conclude, that by affecting the atmospheric circulation
at high southern latitudes, precipitation anomalies in the central and western tropical
Pacific may account for the observed variability in open-ocean deep convection in the
Weddell Sea.

Our analysis suggests, that the strong and persistent state of deep convection in the
Southern Ocean observed in [Martin et al., 2015] is linked to the massive ocean-atmosphere
heat flux associated with the anomalously large convective area and represents an upper
limit for the state of deep convection in the Southern Ocean. We note that the magnitude
of the heat flux might be slightly unrealistic, which explains why the deep convection
observed in CCSM4 does not exhibit any long term climate variability. However, com-
bining the current knowledge on Southern Ocean deep convection from [de Lavergne
et al., 2014, Gordon et al., 2007, Martin et al., 2015] and the influence of tropical cli-
mate variability on southern high latitude climate [Ding et al., 2011, McKee et al., 2011,
Robertson et al., 2002, Trenberth et al., 1998] we show a potential mechanism for the
tropical-polar teleconnection as a trigger for open-ocean deep convection in the Southern
Ocean. Hence, this propose a "new” mechanism for the north-south coupling that links
deep convection and Southern Ocean ventilation to changes in the general overturning

circulation through stochastic tropical climate variability.
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Next, the we examined the ocean circulation adjustment in the Atlantic following an
abrupt climate transition and cooling in the North Atlantic described in [Kleppin et al.,
2015]. Initial weakening of the subpolar gyre, driven by an ocean-atmosphere feedback
mechanism, results in slowdown of the AMOC by 3-4 Sv with consequent heat conver-
gence at the subtropical-subpolar gyre boundary. This leads to a strong surface cooling
in the northern North Atlantic, while a warming anomaly evolves in the subsurface of the
midlatitudes. Subsequent equatorward progression is dominated by a slow ocean adjust-
ment, leading to an asymmetric response in the subsurface temperatures between North
Atlantic and the South Atlantic midlatitudes. This was in contrast to [Chiang et al.,
2008, Lee et al., 2011], where the response was dominated by an atmosphere-surface
ocean mechanism resulting in an southward displacement of the tropical Atlantic ITCZ
and increased wind-driven upwelling in the Southern Ocean. However, the results pre-
sented here, suggested that the relatively weak cooling of the Northern Hemisphere,
resulting from the weak AMOC response, was insufficient to cause significant changes
to the tropical ITCZ. We argue that the strong atmospheric response found in [Chiang
et al., 2008, Lee et al., 2011], might be a result of the relatively large forcing which is
prescribed in these models and highlights the consequences of external forcing versus
internal climate variability.

We show that the propagation of the warming signal in the North Atlantic mid- and
high latitudes is dominated by a slow advective flow in the subtropical gyre, with a
characteristic time scale of about 20 years. The southward propagation of the warm
anomaly is confined to the western boundary, where the signal propagation is consider-
ably faster, and the warming anomaly reaches 20°S after about ~ 45 years. This time
scale is consistent with the slow tracer advection time scale, rather than the fast Kelvin
wave response and is consistent with [Stommel and Arons, 1959-1960], who predicted
this cross equatorial flow in the deep western boundary current. The warming anomaly
is gradually weakening by advective-diffusive processes as the signal propagates through
the Atlantic. When the signal reaches 40°S, the anomaly has decreased by almost 70%
relatively to the North Atlantic. Further southward propagation is inhibited by the
ACC, acting as a barrier against meridional flow. Hence, the temperature signal does
not make it across to Antarctica, which we argue is due to a combination of the strong
weakening of the warm anomaly as the signal spreads through the Atlantic and the pres-
ence of the ACC. The strong attenuation of the temperature signal, is an indication that

we need a substantially larger initial pertubation in the North Atlantic if we hope to get



Chapter 5. Summary and conclusion 67

an advective signal across the ACC. This further suggests that the dynamics associated
with the ACC transport are an essential factor in setting the time scale for the north-
south coupling and put the Southern Ocean into the centre stage of interhemispheric

climate variability in the past and in the future.
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Additional figures
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Figure A.1: Difference in precipitation (shading; mm/day) and wind-stress (vectors; N/m2)
between the cold (year 400-550) and the warm phase (year 50-250) over the tropical Atlantic
region. Vectors correspond to the zonal and meridional components of the anomalous wind-stress
and a reference vector of length (0.005N/m2) is plotted in the lower left corner for comparison.
Contour interval is 0.05 mm/day. The precipitation anomalies are indicative of a southward shift
of the marine ITCZs.
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Figure A.2: Surface temperature, sea level pressure and precipitation anomalies for North
Atlantic cooling event. Surface temperature (shading; °C ), sea level pressure (blue contours in
hPa; negative values are dashed) and precipitation (green contours > 0.1lmm/day; red contours
< —0.1mm/day). Anomalies are averaged over years 400-550 (NA cold state) and years 50-250
(NA warm state)
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Figure 10. Schematics of the IJA climate in BASE experiment and changes to the JJA climate in HE
that illustrate the proposed north-south teleconnection. When the North Atlantic is forced to cool, the
CCM3-RGO responded with a southward-shified ITCZ and increased Southern Ocean midlatitude sur-
face (sfc) westerlies. Other studies have shown that an increase in wind stress leads to a stronger ACC
which comsequently brings CDW from greater depths.

Figure A.3: Illustration adopted from [Lee et al., 2011] showing the teleconnection mechanism
between the North Atlantic and the Southern Ocean. This two-step mechanism can be summer-
ized as follows; (1) in response to the North Atlantic cooling, the tropical ITCZ shifts southward,
weakening the southern branch of the Hadley circulation. (2) the weakened southern Hadley cell
causes a reduction in the strength of the Southern Hemisphere subtropical jet and in response
the Southern Hemisphere midlatitude westerlies increase.
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Figure A.4: a, Observed 1974-1976 mean September sea ice concentration (%) from Nimbus-
5 ESMR Polar Gridded Sea Ice Concentrations delineating the Weddell Polynya extent. b,
September mixed layer depth (shading) and 25%, 50% and 75% September sea ice concentration
contours (grey lines) in the MPI-ESM-LR model, averaged over pre-industrial control years
during which the convection area exceeds half of its overall maximum. ¢, The same as in b,
but for the HadGEM2-ES model. Deep mixed layers, coinciding with anomalously low sea ice
concentrations, are found over an area of comparable size to the Weddell Polynya and in a similar
location.
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Southern Annular Mode (SAM)

The Southern Annular Mode is a hemispheric pattern of climate variability and impacts
climate throughout the most of the Southern Hemisphere. Analogous to SAM is the
Northern Annular Mode in the Northern Hemisphere. The NAM is associated with
large anomalies in Arctic sea ice distribution and sea surface temperatures in the North
Atlantic. Hence, the annular modes is one of the most important features of large
scale climate variability in the extratropics. The SAM index is usually defined as the
difference in the zonal mean sea level pressure between 40°S and 60°S, and describe
the anomalous atmospheric flow, that is not associated with the seasonal cycle, between
the polar regions and middle latitudes. In the wind field, the SAM is characterized by
meridional shifts of the circumpolar westerlies and accounts for 20-30% ann of the total
variance in Southern Hemisphere climate variability. Hence, variations in the SAM have
a great impact on Antarctic climate through changes in the atmospheric flow. This links
SAM to variations in temperatures over Antarctica, changes in sea ice distribution and

sea surface temperatures in the Southern Ocean.

In the CCSM4 run there are no significant correlation between the deep convection
events and changes to the trend in SAM. Here, we define SAM as the annually averaged
difference in zonal mean SLP between 40°S and 65°S. The signal to noise ration is very
high with a great deal of interannual variability with a SAM-index ranging from +4 to
-8.
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Figure B.1: SAM time series based on zonally averaged SLP indices between 40°S and 65°S.
Yearly values are shown as the black line connecting annual values. The red line denotes the
5-yTr running mean.
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Figure B.2: Schematic from [Gordon, 2014] showing convection in the Southern Ocean during
positive and negative phases of SAM. Left) The prevailing conditions of the present-day Southern
Ocean is one of low-density surface water resting over warmer, saltier, denser deep water within
the winter sea-ice cover. Deep-reaching convection is inhibited by precipitation associated with
storms of the circumpolar belt. The predominant form of ventilation is limited to the descent of
dense water plumes drawn from shelf water masses formed over the continental slope, through
a combination of sea-ice generation within a coastal polynya and ocean—glacial ice interaction.
Right) Northward expansion of cold, dry polar air masses of Antarctica, occurring during a
negative Southern Annular Mode, reduces precipitation, increasing surface water salinity, causing
a break down of the pycnocline, enabling deep-reaching convection cells that transfer deep ocean
heat into the surface layer, while cold surface water reaches into the deep ocean, resulting in a
winter polynya, and an alternative mode of deep ocean ventilation. WDW - warm deep water.
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