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Zusammenfassung

In der vorliegenden Doktorarbeit werden die physikalischen Prozesse betrachtet, die fiir
die Variabilitdt des Loop Current im Golf von Mexiko verantwortlich sind, sowie deren
Verbindung zur Karibik und zur Florida Strafle. Das Ziel ist es, zum Verstindnis der
Ozeandynamik im westlichen Nordatlantik beizutragen, insbesondere in der bedeutenden
ﬁbergangsphase seit dem letzten glazialen Maximum bis ins Holozan wéhrend der letzten
25000 Jahre. Es wird ein kombinierter Ansatz verfolgt, in welchem Modelle mit hoher
rdumlicher Auflésung, Beobachtungen aus der heutigen Zeit und aus Proxyanalysen fiir die
Vergangenheit helfen konnten, die raumliche und zeitliche Auflésung der Verdnderungen
der Loop Current Dynamik zu untersuchen und die relativen Beitrage der unterschiedlichen
externen Einflussfaktoren zu verstehen. Diese Arbeit umfasst drei, in sich abgeschlossene
Teile:

Der erste Teil dieser Arbeit adressiert den Einflul der atmosphérischen und inter-
nen Ozeanvariabilitdt auf den Loop Current und den damit zusammenhéngenden Florida
Straflen Transport auf zwischenjahrlichen bis dekadischen Zeitskalen. Es konnte ein klarer
Zusammenhang zwischen den verschiedenen Stadien wahrend eines Ablosungszyklus des
Loop Current in den Golf von Mexiko und den Minima im Volumentransport der Florida
Strafle gefunden werden, sowohl in Modellstudien als auch in den Beobachtungen. KEs
konnte gezeigt werden, dass Volumenanderungen im Florida Strafien Transport einen sig-
nifikanten Einfluss auf die Variabilitat auf zwischenjahrlichen bis dekadischen Zeitskalen
haben. Unterschiede (und zeitliche Verdnderungen) zwischen der Ablésungsperiode eines
Eddies und dem saisonalen Zyklus der Florida Strafie auf zwischenjahrlicher bis dekadis-
cher Variabilitat fithren zu einer zwischenjahrlichen bis dekadischen Schwebungsperiode,
die einen grofien Anteil der Variabilitdt im Volumentransport der Florida Strafie in den
Modellsimulationen erklart. Dieser iibersteigt sogar die Variabilitdt im Windantrieb auf
den betrachteten Zeitskalen. Auch wenn zusétzliche Ereignisse den Ablosungsprozess un-
terstiitzen konnten, wird hier angenommen, dass der Volumentransport der Florida Strafle

hauptséchlich von interner Dynamik angetrieben wird.

Der zweite Teil konzentriert sich auf den Einfluss der Loop Current Eddy-Ablésung auf
den Warmehaushalt des Golf von Mexiko bei unterschiedlichen Meeresspiegelstianden und
unterschiedlichem Windantrieb. Die Modellsimulationen deuten darauf hin, dass sich keine
Eddies wahrend des letzten glazialen Maxiumums abgelost haben, welches durch einen
wesentlich tieferen Meeresspiegel und eine verdnderte Topographie in der Yucatan Strafle

gekennzeichnet war. Wahrend der letzten Deglaziation nach Ende des letzten Glazials gab
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es einen sukzessiven Anstieg der Eddie-Haufigkeit, einhergehend mit einer kontinuierlichen
Erwarmung des Golf von Mexiko. Unterstiitzt wird dies von paleo-ozeanographischen
Proxy-daten, die einen kontinuierlichen Anstieg der Oberflichentemperatur im nérdlichen
Golf von Mexiko dokumentieren. Obwohl nicht viel tiber die atmosphéarische Zirkulation
des letzten glazialen Maximums bekannt ist, wird eine Intensivierung der atmospharischen
Zirkulation zu dieser Zeit mit einer Verschiebung der innertropischen Konvergenzzone nach
Stiden angenommen. Als Konsequenz bewirken die glazialen Winde eine Verstarkung im
Volumentransport des Subtropenwirbels und damit eine Verstarkung des Volumentrans-
ports durch die Florida Strafle und durch die Yucatan Strale. Je gréfler der Transport ist,
desto weniger Eddies 16sen sich ab. Beobachtungen aus paleo-ozeanographischen Rekon-
struktionen sind hier nicht eindeutig. Obwohl die atmosphéarische Zirkulation wegen des
grofleren meridionalen Temperaturgradienten wahrend des letzten glazialen Maximums
starker war, so zeigen Studien von Proxydaten teils einen stirkeren, teils aber auch einen

schwacheren Transport in der Florida Strafle wahrend des letzten glazialen Maximums.

Abschlielend wird im dritten Kapitel dieser Arbeit die Position des Golfstroms wéhrend
des letzten glazialen Maximums diskutiert. Wahrend das Absenken des Meeresspiegels im
Modell keine wesentlichen Unterschiede in der grofiraumigen Zirkulation im Nordatlantik
bewirkt, siecht man sehr wohl eine starke Veranderung, wenn der Windstress des letzten
glazialen Maximums in das Modell implementiert wird. Die Unterschiede in der atmo-
sphérischen Zirkulation des letzten glazialen Maximums bewirken neben einer geographis-
chen Ausdehnung des nordlichen Rezirkulationswirbels eine stidwértige Verschiebung der
Orte, an denen die Rotation des Windstress verschwindet. Das 'Ekman pumping’ wird
ebenfalls verstarkt und es kommt zu einer Verschiebung des Golfstroms. Der Subtropen-
wirbel ist jedoch schwécher ausgepragt als heute. Belege aus Paleo-Beobachtungen sind
nur eingeschréankt vorhanden wegen der hohen Variabilitat und Starke des Stromsystems
in dieser Region, die einen guten und ungestorten Erhalt der Sedimente verhindern. In
Ubereinstimmung mit den Ergebnissen dieser Studie gibt es Paleo-Beobachtungen, die eine
Verschiebung der Polarfront zeigen und dies auf die grofien kontinentalen Eisschilde sowie
auf die Veranderungen der atmosphérische Zirkulation zuriickfithren. Andere Beobach-
tungen zeigen jedoch nur geringe Veranderungen der Position des Golfstroms wéhrend des
letzten glazialen Maximums, was den simulierten Ergebnissen mit Anderungen im Win-
dantrieb widerspricht. Abschlieend kann man sagen, dass der Ablésungsmechanismus
des Golfstroms von der Kiiste von vielen unterschiedlichen Faktoren abhéngt und deshalb
kann es auch eine Kombination aus Faktoren sein, die mit der atmospharischen Zirkulation

zusammen einen Einfluss ausiiben konnen.



Abstract

The main physical processes responsible for the past and present Loop Current vari-
ability in the Gulf of Mexico and its interconnection with both, the Caribbean Sea and
the Florida Straits are investigated in this PhD thesis. The aim is to contribute to the
understanding of ocean dynamics in the western part of the North Atlantic across the
prominent transition from the Last Glacial Maximum to the Holocene during the last
25 kyr (kilo years). A combined approach using high resolution models, present day ob-
servations and paleo-proxies has helped to explore the past and the present spatial and
temporal changes of Loop Current dynamics and to understand the relative contributions

of different external forcing factors. This PhD thesis consists of three research papers:

The first part of this thesis addresses the influence of atmospheric and internal ocean
variability on the Loop Current and the associated Florida Straits transport on inter-
annual to decadal scales. A clear relationship is found between different stages within
a ring shedding cycle of the Loop Current in the Gulf of Mexico and transport minima
in the Florida Current transport, both in observations and in model simulations. It is
demonstrated that transport changes in Florida Straits have a significant influence on the
transport variability on monthly to decadal time scales. Differences (and changes) be-
tween the ring shedding period and seasonal cycle lead to an interannual to decadal beat
frequency, which explains large parts of the variability of the Florida Current transport in
the model simulations, even exceeding atmospheric forcing variability on the considered
time scales. Although additional trigger events might support the ring shedding process,

the Florida Straits transport is influenced mainly by internal dynamics.

The second part focuses on the influence of the Loop Current eddy shedding on the
heat budget of the Gulf of Mexico at changing sea levels, different wind stress forcings and
topographic effects. The model simulations imply that the process of eddy shedding was
most likely absent during the Last Glacial Maximum at lowered sea level and modified
Yucatan Strait topography. Subsequently, eddy shedding increases gradually across the
deglaciation thereby warming the Gulf of Mexico. In support, paleoceanographic proxy
data reveal a continuous sea surface temperature increase in the northern Gulf. Although
little is known about the glacial atmosphere, a strengthened atmospheric circulation is as-
sumed for the LGM with a shift in the ITCZ position towards the south. As a consequence,
glacial wind stress causes enhanced Sverdrup transport within the Subtropical Gyre thus
leading to a strengthened Florida Straits and Yucatan Strait through-flow. Eddy shed-
ding decreases the stronger the transport is. Paleoceanographic proxy data are ambiguous

in this respect. Although atmospheric circulation was stronger during the Last Glacial



Maximum due to the enhanced meridional temperature gradients, paleoceanographic re-
constructions reveal both, negative and positive sign in Florida Straits transport for the

Last Glacial Maximum.

Finally, in the third part of this thesis the glacial position of the Gulf Stream is discussed.
While the lowered sea level by itself does not lead to significant changes in the current
system of the North Atlantic, the combination with glacial wind stress forcing does. The
changes in the glacial atmospheric circulation leads to the geographical expansion of the
northern recirculation gyre towards the south with a subsequent increase in the Ekman
pumping within the gyre. Therefore, the line of zero wind stress curl and the Gulf Stream
are shifted southwards. The subtropical gyre, hence, is weaker during the LGM. Paleo-
evidence is unfortunately scarce mainly due to the highly variable and strong current
regime in this region preventing a good conservation of sediment records. Nevertheless,
paleoceanographic proxy reconstructions reveal a shift of the polar front due to the large
continental ice sheets and the changes in wind supporting the results of this study. Other
paleo-observations thus suggests only a slight shift of the present Gulf Stream position
during the LGM which contradicts the simulated response to changes in wind forcing.
Overall, the separation process off the coast itself is very sensitive to a variety of factors
and therefore, a combined effect together with the influence of the atmospheric circulation

is also conceivable.
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1 Introduction

1.1 Motivation

The transport of heat by ocean currents from the equatorial regions to the high latitudes
is a critical component in the global climate system. Ocean general circulation models
(OGCMs) are powerful tools for understanding and predicting climate and climate change
on regional and global scales. Reconstructions of important climate periods such as the
Last Glacial Maximum (LGM), the Younger Dryas (YD)! cold event and the present
interglacial provide the opportunity to test the ability of OGCMs to simulate extreme
changes in climate and to improve our understanding of the mechanisms of climate change.
In particular, high resolution models can reveal meso-scale processes such as meso-scale
eddies that may play an important role in regional oceanic heat transport (i.e. in the
Gulf of Mexico). The reliability of future climate projections depends strongly on our
understanding of the underlying driving mechanisms for climate change (Marotzke, 2000,
and references therein). For this, it is essential to validate models against observations
and climate proxy reconstructions. The large number of available proxy data allows us
to constrain and compare them to the model results. A proxy is a measured variable
(e.g. isotope ratios) used to infer the value of a variable of interest in the climate research
state, such as ocean temperature or salinity. Proxy reconstructions from marine sediment
cores or corals can then be compared to model results allowing for the validation of model

results.

The diagram of the global overturning circulation in Figure 1.1 displays surface flow
in the ocean and deep bottom currents (Richardson, 2008) and is a revised figure of the
IPCC report of 20012 now including gradients of water mass density transformations.
Further, schematic anticyclonic eddies are illustrated, demonstrating that in some parts of
the Atlantic the overturning circulation consists of large, translating and coherent eddies.
The general circulation implies that the warm upper layers of water in the North Atlantic

are cooled and transfered to the cold, fresh and dense waters at high latitudes at a rate

The Younger Dryas was named after the alpine-tundra wildflower Dryas octopetala, which was common
in Germany and Scandinavia during this time.

2http://www.grida.no/climate/ipcc_tar/slides/04.18.htm, Fig. 4-2 of the “Climate Change-2001
Synthesis Report”
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Figure 1.1: Schematic diagram of the global meridional overturning circulation. Recirculation
loops are implemented by Lumpkin (2007). Shown are shallow surface currents (red),
deep bottom currents (blue) and currents between surface and the deep ocean which
are displayed by a gradient from red to blue.The Loop Current in the Gulf of Mexico
belongs to the strongest surface currents feeding the Gulf Stream. Adapted from
Richardson (2008).

of 15 to 20 x 105 m3/s (Gordon, 1986; D&os, 1995), forming North Atlantic Deep Water
(NADW). The NADW flows southward as a Deep Western Boundary Current (DWBC)
in the North Atlantic, crossing the South Atlantic, continuing into the Indian Ocean and
finally into the Pacific Ocean. In the Pacific, the deep water masses are transformed
mostly by diapycnal mixing processes into warmer upper layer waters that split and flow
back into the Indian Ocean returning to the Atlantic Ocean passing around Cape Horn.
The cold water route, where sub-antarctic water is transported form the Pacific to the
Atlantic Ocean within the Drake Passage, is of minor importance for the warm water
route transport (~25%). The path of the warm water return flow leads from the Pacific
to the Indian Ocean through the Indonesian Seas. These waters are then advected from
the Indian Ocean, through the Mozambique Channel, entering the South Atlantic by a
branch of the Agulhas Current. Finally the upper waters are advected northward to the
subtropical gyre of the South Atlantic (Gordon, 1986).

The wind driven upwelling in the Southern Ocean brings Circumpolar Deep Water
(CDW) to the surface within the zone of the Antarctic Polar Front (APF). The APF is
a region of strong currents with high horizontal gradients in density, temperature and
salinity and marks the location where Antarctic surface waters moving northward are
transformed to sub-antarctic waters (Moore et al., 1999, and references therein). Part

of the water masses of the CDW loses buoyancy and eventually forms Antarctic Deep
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Figure 1.2: Map of the Caribbean Sea and the main passages between the Atlantic Ocean and
the Caribbean Sea. Displayed in blue and simplified are the main surface currents
including the Florida Current, the LC = Loop Current, the YC = Yucatan Current,
the Caribbean Current, the North Equatorial Current, the Guiana Current and the
Antilles Current. Figure modified after (Johns et al., 2002).

Water (AADW). The other upwelled water masses move northward under the forcing
of the prevailing westerly winds. The driving mechanisms of the Wind-driven upwelling
and vertical mixing are contributing to driving the Meridional Overturning Circulation
((MOC); Kuhlbrodt et al., 2007).

The current circulation system in the Gulf of Mexico (GoM) and adjacent ocean basins,
also shown in Fig. 1.2, plays an important role because it features large water mass
transports flowing through the Yucatan Channel as the Loop Current (LC) and exiting
the GoM through the Straits of Florida as the Florida Current (FC). The LC and the FC
are of major importance for past and present climates because of the large amounts of
heat and freshwater they transport northward. The Florida Current is a component of the
western boundary current system of the North Atlantic subtropical gyre. In addition to
being a component of this wind-driven gyre, it is also a pathway for the warm water return
flow of the Atlantic Meridional Overturning Circulation (AMOC) which is important in the
context of climate change. These circulation systems are highly variable and sensitive to
various changes that occurred in the past (e.g. the shift of the Intertropical Convergence
Zone (ITCZ) (Peterson et al., 2000, and references therein)) and at present (e.g. the
possible slowdown of the North Atlantic gyre (Quadfasel, 2005, and references therein)).
The ITCZ is a region close to the equator and marks the boundary where the northern

and the southern trade winds converge (see Chapter 1.6 for more information).
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Figure 1.3: Snapshot of barotropic streamfunction in the Gulf of Mexico in Sv (colors) from the
1/12° model (from June). The positive values indicate transports that can be associ-
ated with elevated SSH. Negative values show the cyclonic eddies and are associated
with depressions. The velocity/current speed is displayed by the vectors (in cm/s).

Moreover, the ocean circulation in the Gulf of Mexico is important to the oil and gas
industry, especially since the 2010 Deepwater Horizon oil spill incident. A proper under-
standing of ocean currents in this region is crucial to understand the transport pathways

of the oil and its remnants.

1.2 The ocean circulation system in the Gulf of Mexico and adjacent

seas

The circulation system in the Caribbean (see Fig. 1.2) is strongly influenced by the
North Brazil Current which feeds the Guiana and the Antilles Current. The Guiana
Current enters the Caribbean together with the North Equatorial Current through the
Lesser Antilles, flowing as the Caribbean Current towards the Yucatan Channel were it
becomes the Yucatan Current (YC). This current connects the Caribbean Sea with the
Gulf of Mexico, where the Loop Current is located. During most times of the year, the
Loop Current forms a loop in the GoM north of the Yucatan Channel and turns into
the Florida Current bending again to the North and continuing between Florida and the
Bahama Islands becoming eventually the Gulf Stream. The Loop Current occasionally
forms a complete eddy that separates from the main current and travels to the northern/
northwestern flank of the Gulf, influencing the Florida Straits outflow. A sketch of this
eddy shedding process is displayed in Fig. 1.3 showing the barotropic streamfunction
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(colors) overlain by the current speed in cm/s. The anticyclonic and cyclonic eddies are

important for the heat and salt budget of the Gulf.

The Florida Current between Florida and the Bahamas has been investigated and ob-
served since the 1980’s when the Subtropical Atlantic Climate Studies (STACS) program
was initiated by the National Oceanic and Atmospheric Administration (NOAA) (Moli-
nari et al., 1985) followed by submarine cable measurements (Larsen et al., 1985). Since
2004 the monitoring with a mooring array became an essential part of the ’Rapid Climate
Change/Meridional Overturning Circulation and Heatflux Array’ (RAPID/MOCHA) pro-
gram which was implemented to understand the flow compensation associated with the
MOC at 26°N (Kanzow et al., 2007). The first measurements of the Florida Current re-
vealed a mean transport of 30 Sv (1 Sv = 10° m3/s) with a 34 Sv maximum in summer
and a 25 Sv minimum in early winter (Niiler et al., 1973). The annual cycle was investi-
gated by several authors (Schott et al., 1988; Schmitz et al., 1991; Larsen, 1992; Baringer
et al., 2001), but modern transport estimates from submarine cable data confirmed that
the FC does not have an annual cycle. Combining the inflow from the Antilles island and
the Caribbean Sea passages, Johns et al. (2002) calculate a ’combined’ Florida Current
transport of ~30 Sv. The small contributions of river runoff and the atmospheric water
balance in the Gulf are only minor contributions to the transport in the Florida Straits

(L. Czeschel, pers. comm.).

The Yucatan Current between Florida and Cuba was analyzed by Hamilton and Lee
(2005) from December 1990 to November 1991. They found a mean transport of ~25 Sv.
This observation agrees well with the estimated 23.8 Sv of Sheinbaum et al. (2002) during
the CANEK? program which started in late 1996 and ended in mid 2001. During this
program shipboard Acoustic Doppler Current Profiler (ADCP) and CTD (conductivity,
temperature, depth) measurements were applied. A current meter mooring array was
also deployed to monitor the transport changes in the Yucatan Channel. The transport
estimates revealed a lower transport in the Florida Straits than reported in other studies
(see above). The missing ~ 8 Sv are suggested to pass through the Old Bahama Channel,
north of Cuba and through the passages between the Bahama Islands (Baringer et al.,
2001), but estimates by Atkinson et al. (1995) of 1.9 Sv for the Old Bahama Channel and
of 2-3 Sv in the North West Providence Channel by Leaman et al. (1995) are not sufficient
to compensate for the missing outflow. A possible higher contribution from the Santaren

Channel of 6.6 Sv was also suggested by Atkinson et al. (1995).

The Loop Current is the most prominent surface circulation feature in the GoM and can

3named after an important Mayan character in the Mexican literature
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extend as far to the north as the Mississippi river delta or the continental shelf (Wiseman
at al., 1988). It sheds anticyclonic (clockwise) eddies on an irregular basis at intervals of
6 and 11 months (Sturges et al., 2000) into the GoM. The shedding itself is a long process
that can take up to several months. Leben (2005) found separation periods ranging from
3 to 18 months, illustrating the high variability of the current system. The formation of
cold cyclones that form around the shedding eddy during the separation period was also
observed and analyzed by Fratantoni et al. (1998) and Schmitz (2005). Moreover, the LC
position is extremely variable depending on many different controlling factors including

the topography or the inflow from the YC.

Since the 1970’s, observations from satellite infrared data were analyzed to understand
the shedding behavior, although 3-4 months per year of the flow field could not be inter-
preted because of the uniform, warm surface temperatures in summer (Vukovich and Maul,
1985). In 1992 the topographic observations improved due to the use of multi-satellite sam-
pling techniques by altimeters aboard the TOPEX /Poseidon, ERS-1 and ERS-2 satellites.
These measurements are still collected today (Sturges et al., 2000) allowing for a better
reliability of the data and thus leading to a continuous record of sea surface height (SSH)

data.

In summary, the Yucatan Channel and the Florida Straits transport variability and the
mechanism of the LC eddy shedding are current research topics, and yet highly contro-
versial and debated in observational and modeling studies. The mechanism of the ring
shedding (e.g. when it occurs or what the final separation process determines) is not com-
pletely understood because of the complex and chaotic behavior of the LC. Coherencies
between the Loop Current retraction and extension and the seasonal migrations of the
ITCZ are assumed to play a role in its variability (Johns et al., 2002; Poore et al, 2004).
The mechanism controlling the ring separation frequency is still under debate but is often
related to the mass and/or vorticity flux through Yucatan Channel (e.g. Pichevin et al.,
1997; Candela et al., 2002) which is partly controlled by the local wind (Chang and Oey,
2010, 2012). Bearing in mind that the LC is assumed to be chaotic, a forcing by biannual
wind is not conceivable. The apparent non-existing annual cycle in FC transport calcu-
lated from conductivity measurements of a submarine cable at 27°N supports this theory.
Impacts due to changes in the MOC, with a maximum inflow to the southern Caribbean
in summer and a minimum in fall (Johns et al., 2002) are also unlikely for the same reason.
Romanou et al. (2004) proposed the baroclinic transfer of eddy potential to eddy kinetic

energy as the main mechanism for eddy shedding.

High-resolution models show a strong correlation between eddy shedding and minimum
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transport in the Yucatan Channel (Lin et al., 2010) and in the Florida Straits. The strong
non-linear shedding mechanism is not yet determined though, many attempts have been
made to connect the LC intrusion into the GoM and eddy shedding with the transport and
flow structure of the YC (e.g. Sturges et al., 2000; Bunge et al., 2002; Sheinbaum et al.,
2002; Candela et al., 2003; Leben, 2005). However, the variability in the LC system,
including the FC and the YC, and the associated eddy shedding remains elusive. The
main purpose of this study is to determine the main driving mechanisms that control the

LC variability in the past and in the present.

1.3 The Earth’s energy budget

The Earth receives most of its energy from the sun. Energy from the Earth can either
be reflected or emitted back into space. Earth’s albedo affects the amount of solar energy
that is reflected back to space. The albedo of the planet can change according to Earth’s
surface conditions and changes in cloud cover. The Earth’s temperature rises if the amount
of energy received is higher than than the amount that is emitted. Nevertheless, it is
assumed that the present Earth-ocean-atmosphere system is in balance. This balance can
be modified by greenhouse gas concentrations in the troposphere and water vapor causing
increased reflection and heat radiation back to Earth leading to a warming (Colling, 2001).
The oceans play an important role in this context because its heat capacity is 1000 times
larger than that of the atmosphere (Bindoff et al., 2007), resulting in much slower heating
and cooling compared to the atmosphere. Redistribution of heat between low and high
latitudes is carried out by winds and the ocean circulation. Especially in the tropics where
heat gain of the ocean is greatest, changes in the energetic balance play a crucial role with
impacts on the atmospheric and ocean circulation system. These variations can have an
impact on the ocean currents therefore leading to significant climate changes (Webb et al.,
1997). The amount of heat stored in the ocean therefore, plays a crucial role in controlling
Earth’s climate, and influences in particular variations on seasonal to decadal time scales

with regard to currents, heat and freshwater content and stratification.

1.4 Climate fluctuations during the last glacial-interglacial cycle

During ice ages, a substantial volume of fresh water was stored in large continental ice
sheets that covered parts of Northern Europe and large parts of North America. Results
from ice core records like the North Greenland Ice Core Project (NGRIP) covering the last
123 kyr (Andersen et al., 2004) and Antarctica (Vostok) covering the last 420 kyr including
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the four past glacial cycles (Petit et al., 1999) hold information about the atmospheric
gas concentrations of past climates. These ice cores contain enclosed gas bubbles and are
therefore of major interest for climate scientists. Fig. 1.4 displays the variations in climate
for the last 800 kyr.

1.4.1 Milankovitch cycles

Some events that affected changes in the past climate system are well known or can be
reconstructed with great confidence including the Milankovitch cycles (Hays et al., 1976,
and references therein). A dramatic and frequent shift in Earth’s climate occurred over the
last million years, with Earth’s climate alternating between ice ages (glacials) and warmer
periods (interglacials) known as Milankovitch cycles. These glaciation cycles occurred on
periods near 23, 41 and 100 kyr (1 kyr = 1000 years). The direction of the axial tilt of
the Earth has a 19-23 kyr cycle (precession), the variation in the Earth’s amplitude of the
axial tilt has a 41 kyr cycle (obliquity) and the main orbital eccentricity has a 100 kyr

cycle.

These cycles modify the latitudinal and seasonal distribution of solar radiation reaching
the Earth’s surface and hence the energy it receives from the sun. The quasi-periodic cycles
agree to a good extent with the climatic variations shown in Figure 1.4. Temperatures
estimated from stable isotope analyses are shown in Fig. 1.4 a and c, atmospheric CO,
in Fig. 1.4 b and the chemical information from e.g. ash layers of volcanic eruptions can
be calculated from sediment reflectance and is displayed in Fig. 1.4 d. The 41 kyr cycle
is associated with an insolation increase (poleward) in both hemispheres, while the 23 kyr

cycle dominates insolation changes at low and mid latitudes (Fairbanks, 1989).

Atmospheric CO9 varied between 180 and 300 ppm (parts per million) over the glacial
and interglacial cycles of the last ~700 kyr (Jansen et al., 2007; Sigman et al., 2010)
with an estimated concentration of 190 ppm for the LGM (Bouttes et al., 2011). Terres-
trial changes cannot explain the low glacial values of the atmospheric CO2 concentration
though, because terrestrial storage of carbon was also low at the Last Glacial Maximum
due to low global biosphere productivity. Atmospheric CO» is mainly governed by the in-
terplay between air-sea gas exchange, ocean circulation, marine biological activity, ocean-
sediment interactions, and seawater carbonate chemistry during the last glacial/deglacial

period (Jansen et al., 2007).
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Figure 1.4: Variations in climate over the last 800 kyr BP (before present). Fig. 1.4 a) shows
a compilation of benthic foraminiferal 6’80 records revealing changes in continen-
tal glaciations and deep ocean temperature, 1.4 b) atmospheric COs reconstructed
from Antarctic ice cores. In 1.4 c¢) the Antarctic air temperature derived from the
deuterium content of an Antarctic ice core is displayed and in 1.4 d) the sediment
reflectance of the Antarctic sediment core ODP 1094 revealing the export of biogenic
material out of the upper ocean layers. Grey shaded are warm intervals (interglacials).
Figure from Sigman et al. (2010).
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1.4.2 Heinrich events

The last glacial cycle marking the transition to the Holocene was not homogeneous. Promi-
nent cold-deglacial events like Heinrich events* (Figure 1.5) and warm-deglacial rapid cli-
mate fluctuations like the Dansgaard-@eschger (D-O) events (the Bglling-Allergd is the

latest of these events) occurred.

Heinrich events are characterized by layers in eastern and northern Atlantic sediments
with high ratios of ice rafted debris and occurred at intervals of roughly 10 kyr. These
sudden inputs are the result of debris released during melting of massive icebergs into the
North Atlantic that may stem from surges along the eastern margin of the Laurentide
ice sheet, thereby reducing the circulation (Heinrich, 1988; Broecker et al., 1991). A
contribution of other ice sheets during these events mostly based on Sr-Nd isotope signals
of ice-rafted debris (Bard et al., 2000; Grousset et al., 2000) is discussed. The input of
freshwater from the melting icebergs is a possible mechanism for the shutdown of the
MOC. A freshening of the North Atlantic ocean, with a decrease in the density of the
surface waters could have suppressed the formation of NADW formation. When the MOC
is shut down, heat transport between the hemispheres is strongly disturbed, leading to an
interhemispheric see-saw effect (Broecker et al, 1985; Stocker, 1998; Seidov et al., 2001).
The see-saw effect is characterized by a contemporaneous warming in some regions of
the Southern Hemisphere due to the reduction in NADW. The decreased meridional heat
transport from the south leads to a cooling in the Northern Hemisphere (Clark et al.,
2002).

1.4.3 Dansgaard-Oeschger events

Dansgaard-Oeschger events are characterized by an abrupt warming (up to 10°C tem-
perature rise within a few decades) during cold glacial conditions and occurred about 25
times during the last glacial period (see Figure 1.5, not all events are shown). Sixteen
of these events between 25 kyr and 60 kyr occurred on average every 2000 years. These
events are reflected by a warming in the North and cooling in the Southern Ocean due
to the enhanced northward transport of heat (Bond et al., 1993). A possible freshwater
feedback on the MOC (slow-down) with greenhouse gas concentrations in the atmosphere
that deviate from the present levels is conceivable and has been analyzed in a model study

by Clark et al. (2002). D-O events can last between 10 and 100 years and are followed by

“Heinrich events are named after the German oceanographer Hartmut Heinrich (* March, 5th 1952); H.
Heinrich: Origin and consequences of cyclic ice rafting in the northeast Atlantic Ocean during the past
130,000 years, 1988.
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Figure 1.5: SST reconstruction from Greenland ice and from ocean sediments. The green line
displays the proxy data from the Atlantic (Sachs et al., 1999), the blue line displays
data from GISP2 (Greenland). Several Dansgaard-Oeschger events are indicated
with numbers, Heinrich events are indicated by red squares. The thin lines dis-
plays intervals of 1470 kyr pointing to a tendency of periodic re-occurrence of the
Dansgaard-Oeschger events. Figure from Rahmstorf (2002).

a slow cooling over approximately 1000 years back to glacial conditions (Gornitz et al.,
2009).

The mechanisms behind the timing and the amplitude of the D-O events are still not
understood but a possible coupling between the Scandinavian ice sheets, the ocean and

the atmosphere was assumed by Bond et al. (1993).

1.5 The past and the present ocean circulation in the North Atlantic

The present surface circulation in the North Atlantic with major currents is shown in Fig.
1.6. The circulation in the Atlantic is part of the global thermohaline circulation consisting
of the zonal currents (wind-driven) and the primarily (thermohaline) meridional flows that
involve the transformation of warm to cold water at high latitudes. The transport of heat
from the equator to the poles is mostly accounted for by the atmosphere but also by ocean
currents (Talley et al., 2011). Warm tropical surface waters are transported northwards
within the strong western boundary current (the Gulf Stream) which is part of the wind-
driven North Atlantic subtropical gyre. North of ~40°N there are subpolar and polar
current systems, tropical currents systems can be found at low latitudes south of ~20°N.

The equatorial current system is located in the vicinity of the equator.

In the subtropical North Atlantic the AMOC dominates the meridional heat flux while
in subpolar latitudes and in the subtropical South Atlantic the gyre circulations are more
important. The AMOC can be monitored by measuring arrays that span over the entire
North Atlantic e.g. at 26.5°N or 43°N. The entire water column can be observed on a
daily basis improving the understanding of AMOC variability in terms of density and

bottom pressure variability. The zonally integrated geostrophic flow in combination with
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Figure 1.6: Surface circulation scheme of the North Atlantic Ocean from Talley et al. (2011).

temperature and salinity measurements can be carried out over the complete array. Wind
driven surface variability is derived from QuickScat satellite observations to complete the

survey (Cunningham et al., 2010).

Due to the fact that paleo evidence is scarce, only little is known about the North
Atlantic ocean circulation during the LGM. Nevertheless, the prevalent paradigm is that
the LGM circulation was weaker than today. Lynch-Stieglitz et al. (1999) concluded that
the geostrophic shear in Florida Straits was diminished, reflecting a reduced gradient of
North Atlantic thermohaline circulation during the LGM. Nevertheless, it is neither yet
clear whether the MOC was reduced (Lippold et al, 2012, and references therein) nor if the
Florida Straits transport was reduced. Assuming the glacial periods were characterized
by stronger winds than the non-glacial periods, the proposed reduction is hard to justify.
The higher radiocarbon ages compared to the present found in foraminifera shells by
Broecker et al. (1991) could also be interpreted as an increase in mass circulation due
to the enhanced input of southern hemisphere water into the North Atlantic (Wunsch,
2003). In contrast to these findings there are studies by LeGrand et al. (1995) and Yu
et al. (1996) who support the hypothesis of an unchanged or increased North Atlantic

circulation which is more conceivable regarding the stronger wind system. The higher
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dust deposits in marine sediment cores during these times (Grousset et al., 1998) support

this theory.

For the LGM, models show a large discrepancy in simulating the Atlantic deep circu-
lation (Oka et al., 2012). The abyssal circulation is thermohaline and wind-driven with a
major influence from tidal forcing. The lowered sea level during the LGM may have lead
to a decrease in shelf areas and therefore to a possible increase in the deep ocean mixing.
In addition, stronger winds and the thermohaline forcing could have contributed to an
increase in the vertical mixing and with it to the strength of the AMOC (Munk et al.,
1998).

Ocean models are critical tools in the reconstruction of LGM conditions due to their
capability of implementing varying boundary conditions. A model study by Oka et al.
(2012) showed a weakening of the AMOC when freshwater fluxes are increased, but a
strengthening when heat fluxes are applied. The authors further conclude that there is
a thermal threshold controlling the AMOC and already slight changes in surface cooling
or wind stress changes can lead to very different responses of the AMOC. Additional
sensitivity experiments contribute to the understanding of the ocean circulation changes
in the past and in the present and are also a major focus of this thesis. Nevertheless,
also models are set up with boundary conditions and assumptions that can have totally

different effects on the ocean circulation and have to be set up and analyzed carefully.

1.6 The role of the present and the glacial wind system over the North

Atlantic with special focus on the Caribbean

Climate in the tropical North Atlantic is mainly controlled by variations in the strength of
the trade winds, the position of the ITCZ, and SSTs. The ITCZ controls the hydrological
cycle over the tropics and changes position following the seasonal cycle of insolation. The
present maximum southern position occurs in January, whereas the northernmost position

is reached in July (Fig. 1.7).

The atmospheric circulation has the potential to influence local/regional and large scale
ocean circulation. Little is known about wind stress over the North Atlantic during the
LGM, but the large air temperature oscillations reconstructed from Greenland ice cores
imply massive reorganizations of the atmosphere/ocean system during this time period
(Bond et al., 1993). A southward shift of the ITCZ during the LGM is assumed, caused
by the large continental ice sheets in the Northern Hemisphere (Chiang et al., 2005). The

subsequent cooling of the Northern Hemisphere is likely accompanied with a modification
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Figure 1.7: Mean position of the recent ITCZ (Robinson et al., 1999) shown for July (left) and
January (right). During boreal summer the ITCZ is in its northernmost position
while in austral summer it is shifted to its southernmost position below 10°S.

of the westerly winds (Slowey et al., 1995). Stronger winds during the LGM over tropical
west Africa are also proposed by Grousset et al. (1998) analyzing stable Sr-Nd isotopes
in Saharan sediments. The position of the ITCZ in the eastern equatorial Pacific during
the last 30 kyr has been reconstructed by Koutavas et al. (2005) using measurements of
oxygen isotopic composition (*¥0) and magnesium/calcium ratios (Mg/Ca) in planktonic
foraminifera from deep-sea sediment cores. The ratio of the heavier oxygen isotope *O
to the lighter oxygen isotope 60 is used to estimate temperatures of the surrounding
water of the time where e.g. a foraminifer grew. 0 preferentially evaporates first from
sea water leaving an ocean enriched in 'O in the tropics. Alterations in global patterns
of evaporation and precipitation due to changes in climate can therefore change the 0O
ratio. Mg/Ca is a paleo proxy for deriving SSTs in planktonic foraminifera but can also
be used for estimating paleo bottom water temperatures. The advantage of combining
180 and Mg/Ca is to isolate the record of the 5'80Oyater- Changes in precipitation and
evaporation can then be reconstructed but also changes in the continental ice volume (e.g.
Lea et al., 2000). As an indicator of the ITCZ front/boundary e.g. Koutavas et al. (2005)
use the intensity of the Atlantic equatorial cold tongue, which is seasonally appearing.
They suggest that during the LGM a weaker cold-tongue I'TCZ front prevailed, indicating
a more southerly ITCZ at that time. The position can further be inferred from the
color or the mineralogy of the marine sediments from Cariaco Basin (located north of the
Venezuelan coast) revealing the rainfall intensity (Peterson et al., 2000; Haug et al., 2001;

Lea et al., 2003; Wang et al., 2004). Results from foraminiferal Mg/Ca ratios and the
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gray-scale records by Lea et al. (2003) seem to be in phase, corroborating their estimation
of the glacial/deglacial ITCZ position. There are also indications that the ITCZ shifted
due to changes in the interhemispheric temperature contrast found in model experiments
by Broccoli et al. (2006).

The influence of glacial winds on the subtropical gyre in the North Atlantic with its
influence on the transport through the Caribbean Sea is a major focus of this thesis with
regard to the possible influence on the Loop Current eddy shedding in the Gulf of Mexico
and the possible successive consequences. The GoM as part of the gyre circulation of the
subtropical North Atlantic, and hence the eddy shedding process, can be influenced by
the wind stress due to the connection of the GoM with the Caribbean Sea. A stronger
subtropical gyre will influence also the Gulf because the water masses need to be recircu-
lated in the gyre and enter therefore the Caribbean between the Lesser Antilles Islands

due to mass balance.

1.7 Sea level fluctuations during the last glacial period

Global climate fluctuation like the Heinrich events or the Dansgaard-Oeschger events over
the last glacial cycle have led to changes in the oceanic and the atmospheric circulation.
These fluctuations in the past climate have been reconstructed from a large number of
paleo proxies, revealing the order of magnitude such climate impacts can have. In the ge-
ological past, periods of lowered sea level (see Figure 1.8) are linked to significant changes
in the global ice volume, and consequently the oceanic and atmospheric circulation pat-
terns. These sea level fluctuations occurred during the glacial periods as a result of the
periodic changes in Earth’s axis rotation and orbit around the sun. The changes in ice
volume associated with it can either be inferred from geological mapping or from marine
oxygen isotope reconstructions (Fairbanks, 1989; Sidall et al., 2003). A lowered sea level
can influence the ocean dynamics in ocean basins with extended shelf areas like the Gulf
of Mexico, due to a narrowing of e.g. the Yucatan Channel or the Florida Straits leading

to variations in the throughflow.

The Last Glacial Maximum

The last glacial maximum marks the peak of the last glacial period ranging from 26.5
kyr until 19-20 kyr (Peltier, 1994; Clark et al., 2009). At the height of the LGM, when ice
sheets were at their maximum extension (see Fig. 1.9 for a reconstruction of the northern

hemisphere ice sheets obtained from relative sea level history and a variety of geomorpho-
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Figure 1.8: Sea level history estimates from Barbados coral records (blue symbols), prediction
with ICE-5G(VM2) model and values from Lambeck et al. (2002) (cyan) for Barbados,
Bonaparte Gulf (orange), Huon Peninsula (grey), Tahiti (purple) for the Sunda Shelf
(black). Light green transparent bars mark the LGM at 26 kyr, the H1 event at ~16
kyr and the YD at ~12 kyr. Small figure shows the sea level reconstruction (black
line) and its error (grey surrounding) by Waelbroeck et al. (2002) for the last 120 kyr
derived from oxygen isotope measurements, red line displays the prediction by the
ICE-5G model. Figure modified after (Peltier et al., 2006).

logical and modern geodetic constraints), the global mean sea level was approximately 120
m lower than today because large amounts of water were bound in huge continental ice
sheets (Fairbanks, 1989; Waelbroeck et al., 2002; Wright et al., 2009). Nevertheless, also
minimum subpolar SST (Bard et al., 2000) and colder air temperatures over Greenland
(Grootes et al, 1993) occurred during H1 and hence suggest that the LGM should not
be viewed simply as a climatic extreme event everywhere on the globe (McManus et al.,
2004). An interesting aspect of the topography change, or rather a change in the coast
line during these times of lowered sea level, is the dynamical impact on the circulation in
the GoM, in particular on the changes in the regional depth-averaged circulation, changes
in the LC and its associated eddy shedding. A possible alteration in the circulation most
likely affects the heat budget in the Gulf, thus influencing paleo-records from this region

and associated ocean basins e.g. the Caribbean.

The Younger Dryas

The Younger Dryas was a cold and short geological period between approximately 12.9
and 11.5 kyr (Edwards et al., 1993; Carlson et al., 2007). During the YD, climate fluctua-

tions led to large changes in the continental ice volume and a lowered sea level (Fig. 1.8)
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Figure 1.9: Locations of relative sea-level records and the northern hemisphere continental ice
sheets at the Last Glacial Maximum from Peltier et al. (2006)

of ~70 m (Fairbanks, 1989; Waelbroeck et al., 2002).

A disintegration of the North American ice sheets is discussed as the initiating event
for the onset of the YD cold period, eventually followed by the onset of runoff from glacial
lakes like Lake Agassiz (see Fig. 1.10, (Peltier, 1994)). The large amount of freshwater
discharge associated with it may have sustained the effects due to a decrease in the oceanic
surface water density in the North Atlantic hence leading to a slowdown of the AMOC
(Clark et al, 1999; Carlson et al., 2007) or an interruption of NADW formation (Barker
et al., 2009; Schmidt et al., 2011). The freshwater might have caused a reduced surface-
to-deepwater transformation with a decrease in the northward flow from tropical surface

waters, and hence a reduction in northward heat transport from the southern hemisphere.

Nevertheless, the forcing of the AMOC reduction is not yet resolved (Carlson et al.,
2010). Modeling studies suggest, that low *C content in the deep ocean indicates a weak
conveyor belt. Although “C concentration is highest in the early Younger Dryas and
declines gradually, an additional mechanism which lowers the *C during this period of
possibly reduced deep-water formation is assumed by Hughen et al. (1998). An increase in
North Atlantic Intermediate Water (NAIW) and a possible export to other ocean basins
could have led to an increased uptake of atmospheric COs by the ocean. An increase in
the convection in the Southern Ocean is also assumed as a possible sink for atmospheric
COa.
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Figure 1.10: Map of total area covered by Lake Agassiz during its 5 kyr history (Leverington et al.,
2003). Arrows and letters show the main routes of overflow; NW=northwestern out-
let, S=southern outlet to the Gulf of Mexico via the Minnesota and Mississippi river
valleys, K=eastern outlets through Thunder Bay area, E=eastern outlets through
Nipigon basin, KIN=Kinojvis outlet, HB=Hudson Bay route of final drainage. Col-
ors are sea surface temperatures from Levitus (red = warm, blue = cold).

The routing of glacial Lake Agassiz, which was located in the middle of the northern
part of North America and fed by glacial meltwater is not yet clear (Clark et al., 2001;
Broecker, 2006). Nevertheless, wherever the freshwater originated from - the underlying
mechanism forcing these waters to flow into the Atlantic at the onset of the YD remains
elusive. Speculations about meteorites (Fireston et al., 2007; Bunch et al., 2012) still
circulate, but are not confirmed (Mayewski et al., 1993). Large volcanic eruptions were

proposed by Bay et al. (2006) as another mechanism for Pleistocene climate variability.

The Holocene

The period of the Holocene started at around 12 kyr following the YD cold period. Rem-
nants of glacial ice sheets were still present in northeastern North America and Scandinavia
in the early Holocene (Peltier, 1994). The post Younger Dryas sea-level rise appears to
have been rapid and uniform until 9 kyr years ago at a rate of about 15 mm/year (Lam-
beck et al., 2002). They interpret their combined data set as a linear, but still rapid, rising
sea-level after the Younger Dryas. At around 7 kyr the sea level approached present day
level (Peltier, 1994).

As mentioned earlier, greenhouse gas concentrations have an influence on the energy
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budget of the Earth and are associated with temperature changes. Atmospheric COs2 con-
centrations increased from about 180 ppm at the LGM to 265 ppm in the early Holocene
(~12 kyr (Monnin et al., 2001)) and increased even further to a concentration of ~280
ppm in the pre-industrial (Ruddimann et al., 2011). At present, the CO2 measured at
Mouna Loa, Hawaii is at a level of ~400 ppm (http://www.esrl.noaa.gov/gmd/ccgg/
trends/). Insolation changes dominate the climate forcing during the Holocene. In the
early Holocene, warming occurred in northern and southern high latitudes and is at-
tributed to the enhanced tilt compared to present day (Berger, 1978). The steep CO2
increase since the 19"" century is most likely anthropogenically influenced (Keeling et al.,
1989).

1.8 Observations in the Gulf of Mexico and its connections to the

glacial environment

Instrumental records of global temperature exist since the 1850s (Brohan et al., 2006).
However, climate proxies provide useful information about climatic conditions because
they yield preserved physical characteristics. These proxies are thus of high importance
for understanding past climates and mechanisms that led to the large changes in past
climate regimes found in the paleo records. Proxies can be derived from ocean and lake
sediments, corals, pollen, tree-rings and ice cores because they yield chemical elements
e.g. certain isotopes that were produced and build into e.g. foraminifera shells or corals
under different climatic conditions. During the time of growth of a proxy or deposition
they have influenced the genesis of a proxy (e.g. the growth rate or deposition character)
and can give useful information when undisturbed. After deposition the proxies can loose
important information due to bioturbation (information loss due to benthic organisms
reworking the marine sediment) and compaction in marine sediments (sediment is losing
porosity due to the effect of loading) or solubility (e.g. shells can dissolve in the ocean
due to an increase of the pH caused by the uptake of anthropogenic carbon dioxide) and
therefore they would not be suitable for precise climate reconstructions anymore. Due to
the unknown extent of the impact such alterations can have respectively the magnitude
of errors, proxies need to be analyzed with caution. Problems can further arise by the
applied sampling method or during the physical interpretation e.g. transferring core depth

into age etc. (Huybers et al., 2010).

Besides the high importance of the variable Loop Current, the Gulfs’ hydrography is
also influenced by the freshwater discharge of the Mississippi River. The Mississippi River
is one of the largest drainage systems (~3800 km; http://ga.water.usgs.gov/edu/
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riversofworld.html 08.04.2013) in North America beginning as a small stream flowing
from lake Itasca in the northern USA down to Mississippi and Louisiana with an annual
discharge of 13500 m? s~! (Morey et al., 2003). It became of major importance in the
past during glacial periods when the melting of the North American ice sheets occurred.
These major important hydrographic features exert a combined influence on sea surface
temperature (SST) and sea surface salinity (SSS) in the Gulf of Mexico. During the LGM,
the sea surface salinity in the GoM was significantly reduced. A number of studies in the
GoM (e.g. Aharon, 2003; Flower et al., 2004; Hill et al., 2006) found negative *O ex-
cursions during the deglacial leading to the assumption of so called ’super flood events’
and also model studies by Kim et al. (2002) assume a threefold increase of Mississippi
discharge. The reconstructed SSS and SST in the northern GoM and in the Caribbean
ideally reflect the temporal dynamics of the hydrological system and show an enhanced
gradient between these areas especially during cold phases. In addition to the increased
Mississippi discharge, Niirnberg et al. (2008) point to the connection of the development
of the Atlantic Warmpool and the position of the ITCZ (Fig. 1.7) also influencing the hy-
drology of this region. They also propose that the cooling and freshening in the northern
GoM is a combination of the less established Loop Current with a strengthened Mississippi
discharge and a more southerly position of the I'TCZ. This could explain the differences
in sea surface temperature and salinity derived from combined Mg/Ca and stable iso-
tope analyses on planktonic foraminifera that are found in the paleorecords between the
Caribbean and the Gulf of Mexico, showing higher temperatures for the Cariaco Basin
in the Caribbean (Niirnberg et al., 2008; Schmidt et al., 2011). The deglacial tempera-
ture increase in the north eastern GoM calculated from SSTysy/c, of 6.5°C is linked to
the northward propagation of the I'TCZ in combination with the northward shift of the
Atlantic Warmpool due to the waning ice cover over North America (see also Chapter
1.6).

1.9 The present and the past Gulf Stream separation latitude

Nowadays, the Gulf Stream system (see Fig. 1.11) extends into the North Atlantic up
to approximately 50°W (Rasmussen et al., 2012; Talley et al., 2011), where it splits into
four different branches: the North Atlantic Current and the Azores Current, a southern
recirculation gyre and a northern recirculation gyre (Schmitz, 1996). Observations by
current meters reveal a transport of 29-31 Sv (Schott et al., 1988; Leaman et al., 1995),
submarine cable measurements estimate approximately 29-33 Sv (Baringer et al., 2001)

and geostrophic estimates reveal transports between 28-30 Sv (Schmitz et al., 1968). Spe-
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Figure 1.11: Major currents in the westernmost North Atlantic from Schmitz (1996). Displayed
is the DWBC (Deep Western Boundary Current) in blue, the Gulf Stream in red
and typical features accompanying the GS like warm core rings (WCR) and cold
core rings (CCR).

cial features of the Gulf Stream are the warm core rings evolving on the northern side
of the current and the cold core rings that evolve in the south and pinch off from the
main current. The position of the Gulf Stream can be estimated with a good accuracy
from satellite images (e.g Minobe et al., 2008). It flows parallel to the North American
coast as a western boundary current until it turns east near Cape Hatteras passing the
New England Seamount chain. The boundary between the North Atlantic subtropical
and subpolar gyre is the line, where no convergence or divergence of water in the directly
wind-forced surface layer of the ocean occurs (line of zero Ekman pumping/line of zero
wind stress curl (see Stommel, 1948; Munk, 1950)). This line is referred to as a mark for
the boundary between the Gulf Stream and the North Atlantic Current system in ocean

general circulation theories (Keffer et al., 1988).

Modeling the strongly meandering Gulf Stream is still a challenge. Early simulations of
numerical OGCMs often failed in simulating the separation latitude off the coast at Cape
Hatteras and could not reproduce the volume transport correctly (Dengg et al., 1996). The
improvement in modeling the GS separation was achieved by a resolution refinement (1,/10°
and higher). Using finer grids allows for processes like meso-scale baroclinic instabilities
and the first baroclinic Rossby radius of deformation can be resolved (Smith et al., 2000;
Bryan et al., 2007). Increasing the resolution also led to larger Reynolds numbers due to

the possibility of implementing smaller viscosities (Dengg et al., 1996).
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Observations are available from Expendable Bathythermograph (XBT) surveys, buoy
and ship observations, moorings and infrared and altimeter satellite data providing a basis
for statistical analyses of the GS position. Some of the observations though are not avail-
able at high resolution (Niiler et al., 2003) and are only useful to obtain the current main
axis position. The validation of high resolution OGCMs by comparing them to satellite
data is difficult because precise computations of the ocean mean dynamic topography are
not available due to the lack of an accurate geoid on the meso-scale (Chassignet et al.,
2008). Nevertheless, OGCM results were analyzed in the past regarding due to their high
sensitivity of different subgrid scale parameterizations (Bryan et al., 2007). Best results
were obtained when the viscosity operator is prescribed as a combination of the Lapla-
cian (harmonic) and the biharmonic operators (Chassignet et al., 2001). Recapitulating,
numerical models of at least 1/10° resolution provide a common basis and are capable of
simulating today’s Gulf Stream position. Nevertheless, the separation from the coast is
very sensitive to a variety of factors like representation of topography, DWBC strength,
subpolar gyre strength and water mass properties and subgrid meso-scale parameterization
(Munk, 1950; Haidvogel et al., 1992; Dengg et al., 1996; Bryan et al., 2007, and references

therein).

Only little is known from observations for the glacial Gulf Stream position because it
is a challenge to recover marine sediment cores that contain undisturbed glacial sediment
due to the strong current regime. Nevertheless, studies of the LGM emphasized that wind
stress plays an important role for the changes in the North Atlantic circulation system. A
cooling of the northern hemisphere and the changes in the atmospheric circulation system
are assumed to be accompanied by a southward shift of the polar front during the LGM. A
southward shift of the currents in the North Atlantic due to this shift has been found in the
paleo-records by Ruddiman et al. (1981). However, the present and the past Gulf Stream
position were analyzed in a study by Matsumoto et al. (2003). Their reconstruction of
todays Gulf Stream axis using planktonic foraminifera yielded satisfying results so they
extended their study to the LGM with the conclusion that the glacial GS had almost the
same position compared to the present. This motivates further research as undertaken in
Chapter 4 to test the response of the Gulf Stream circulation system to a stronger wind

field as prevalent in the LGM.

1.10 Thesis outline

This dissertation contains three chapters each addressing an independent research question

written in the style of journal publications. Each chapter can be read self-contained and
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includes an introduction, experimental set up (design), results, and discussion section.

The main objective of this thesis is to understand the regional climate variability in
the Gulf of Mexico in both the past and in the present. Numerical ocean circulation
models and observations are used to investigate the main physical processes responsible
for the Loop Current variability and its interconnection with the Caribbean Sea on glacial-
interglacial timescales. The influence of the Loop Current eddy shedding on the heat
budget of the GoM at changing sea levels and different wind stress forcings as well as
topographic effects are studied based on high resolution model results. In particular, this
research comprises (1) the use of a three-dimensional OGCM to simulate deglacial ocean
circulation, ocean dynamics and variability in the Caribbean, the Gulf of Mexico and
the Florida Straits assessing the models behavior, and (2) the analyses of observational
data (such as stable isotope analyses for e.g. temperature and current reconstruction in
marine sediment cores, current observations (e.g. submarine cable data at 27°N) and sea
surface height from satellite observations (e.g. AVISO) and with a validation/comparison
to the model results. A three dimensional high resolution OGCM is used instead of a fully
coupled climate model because ocean dynamics can evolve more efficient than in fully
coupled models with a large number of parameterizations and prescriptions, sometimes
even flux adjustments, to allow for a better stability of the respective model. OGCMs are
therefore considered to be more realistic. It is further computationally much less expensive

allowing for more experiments.

Manuscript No. 1 presents a study of the mechanism of the Loop Current variability.
Models are compared at different resolutions to sea surface height (SSH) satellite data
(AVISO) and to Florida Straits cable transport data. The influence of different boundary
conditions as well as different surface forcings in MIT (model with no slip conditions and
free surface) and FLAME (model with free slip conditions and rigid lid) are investigated
focusing in particular on todays LC dynamics. It is suggested that internal variability
may play a significant role in Florida Current transport variability on monthly to decadal

time scales and that the position of the Loop Current eddy plays an important role.
Therefore, the following question is addressed in the first manuscript:

1. What causes the interannual to decadal variability in the Florida Straits/Yucatan

Channel transport?

In manuscript No. 2 the Loop Current variability and its influence on the hydrology in
the Gulf of Mexico during the last deglaciation is investigated. Here the different setups

of the FLAME model experiments are described in detail. Moreover, changes on the
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circulation due to different sea levels are analyzed as well as due to different wind stress
anomalies, in order to separately evaluate the role of sea level and wind stress. The wind
stress anomalies were calculated using PMIP 2 (Paleoclimate Modelling Intercomparison
Project 2) wind stress data and compared to the CONTROL experiment (present day
conditions) and to proxy data from marine sediment cores by e.g. Niirnberg et al. (2008)
and Schmidt et al. (2004).

These sensitivity experiments complete the understanding of the variability of the ocean
circulation in the Caribbean, the Straits of Florida, in the Gulf of Mexico and in the Gulf
Stream area during the last ~26 kyr.

The questions addressed in manuscript 2 are as follows:

1. How did the ocean circulation change in the Gulf of Mexico and adjacent seas during

the transition from glacial to interglacial times?
2. How does the process of Loop Current eddy shedding affect
a) the heat budget of the GoM?
b) the salt budget of the GoM?
b) the surface circulation pattern of the GoM?
3. What causes the eddy shedding and why does it change through time?

Some experiments of manuscript 2 are further investigated and compared to model
studies using high resolution model experiments of the FLAME model in manuscript 3.
Due to the well known bias of low resolution models to accurately represent the position of
the present Gulf Steam axis, experiments with the high resolution model were performed
and analyzed. Bearing in mind, that only little is known about the Gulf Stream position
during the LGM, model experiments can help to improve the understanding of processes
that could have led to a southward shift of the current system in the North Atlantic. As
processes and mechanisms are still controversially debated, manuscript 3 investigates the

Gulf Stream separation in more detail, addressing the following questions:

1. Where was the Gulf Stream separation latitude located during the LGM?

2. If a southward shift in separation latitude occurred, what are the possible causes?

Finally, major findings of this thesis are summarized in Chapter 5, also addressing future

research topics related to this thesis.
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2.1 Abstract

It is suggested that internal variability plays a significant role in Florida Current (FC)
transport variability on monthly to decadal time scales. A clear relationship is found
between different stages within a ring shedding cycle of the Loop Current (LC) in the
Gulf of Mexico and minima in the FC transport, both in observations and in meso-scale
eddy-permitting ocean model simulations. Differences (and changes) between the ring
shedding period and seasonal cycle lead to an interannual to decadal beat frequency, which
explains large parts of the variability of the FC transport in the model simulations, even
exceeding atmospheric forcing variability on the considered time scales. Model simulations
without ring shedding produce significantly less variability in FC transport. Simulations
without interannual variability in the surface forcing show almost as large (or even larger)

interannual FC transport changes as without forcing variability.

2.2 Introduction

In this study the Loop Current variability in relation to a reduced Yucatan and Florida
Straits transport at times, where the LC is about to shed a ring, is investigated. Fig. 2.1
shows the observed monthly mean time series of FC transport from 1982 to 2005, based

on cable voltage measurements between Florida and the Bahamas (Baringer et al., 2001).

Experiment mean FC | ¢ monthly | ¢ annual
transport
Cable 32.07 2.52 1.17
LOW 23.93 3.05 1.26
LOW-ncep 24.23 3.39 1.58
LOW-noeddy-ncep 28.90 1.30 0.62
HI 20.38 2.38 1.08
HI-ncep 22.39 2.29 0.81

Table 2.1: Mean volume transports between Florida and the Bahamas (79.2°W; 25.5°N) in the
observations and the model experiments and standard deviations of the monthly and
annual means. All values are given in Sv.

The mean transport calculated from these measurements is close to 32 Sv (1 Sv = 10°
m?3/s). Already a subjective visual inspection of the FC transport time series indicates
significant variability on time scales from months to decades. A statistical analysis (Peng
et al., 2009; Meinen et al., 2010) indicates a slightly red spectrum with no significant
maxima or minima. In particular, no clear seasonal cycle can be found, hence the mean

seasonal cycles calculated from different periods of the time series differ substantially



2.2 Introduction 29

w
o

Transport [Sv]

N
o

A M l | AL A LOW-ncep
IR (AW AR | N A AW Y| T T W V- . ol O VAR W
O i ok A '.” Lar ' ','A"‘t”"w & A".“mul‘.'y_,'-." ‘,“,~—,”"

1 1 1 I LOIW-noeddy- e
1975 1980 1985 1990 1995 2000 2005

Time [years]

Figure 2.1: Time series of volume transport between Florida and the Bahamas (79.2°W at
25.5°N) from observations (Cable) and model simulations (HI, HI-ncep, LOW, LOW-
ncep, LOW-noeddy-ncep). Blue lines denote annual averages, black lines monthly
averages. Note that except for Cable, arbitrary mean transports have been added to
the time series in order to shift them vertically. The dashed black lines denote zero
means for each experiment, respectively. Mean transports in the model simulations
are listed in Table 2.1.
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(Baringer et al., 2001; Sturges et al., 2005; Meinen et al., 2010). In fact, the systematic
seasonal cycle related to the atmospheric forcing — essentially given by the wind forcing —
was shown by Czeschel et al. (2011) using an adjoint model approach to be much smaller

than the observed variability of the FC transport.

Moreover, the observed FC transport shows significant interannual to decadal variations.
These changes have been related to atmospheric forcing on corresponding time scales, in
particular to the North Atlantic Oscillation (e.g. Baringer et al., 2001; Meinen et al.,
2010). DiNezio et al. (2009) also suggest that a substantial fraction of the Florida Current
transport variability at periods of 3 to 12 years might be driven by low-frequency variability
in wind stress curl over the North Atlantic. On the other hand, Atkinson et al. (2010) find
that variability on timescales >60 days cannot be significantly connected to the North
Atlantic wind field. Meinen et al. (2010) find that the long-term relationship is only
sporadic, e.g. it does not hold for the period 1970 to 2000.

In this study, we argue that a large part of the interannual to decadal fluctuations in
FC transport is internally driven by the seemingly chaotic behavior of the Loop Current
ring shedding in the Gulf of Mexico. Although clearly of fundamental importance, the
dynamics and mechanism leading to a shedding of a ring from the Loop Current is still not
fully understood yet. Recent studies suggest that the Loop Current system may behave
with some regularity forced by the biannually-varying trade winds [e.g. Chang and Oey
(2012)]. However in the following we consider the Loop Current variability and the ring
shedding process as internally driven, while the precise understanding of the ring shedding

process is beyond the scope of our study

Using a regional model of the western subtropical North Atlantic, Lin et al. (2009)
demonstrated that ring shedding of the Loop Current is related to transport minima
through Yucatan Channel and Florida Straits. A substantial fraction of the FC transport
variability driven by internal ocean dynamics in a model simulation was also reported by
Atkinson et al. (2010). In this study we find similar to Lin et al. (2009) a relationship
between ring-shedding and FC transport changes in a variety of model simulations and

demonstrate its significance for interannual to decadal variability of FC transport.

2.3 Model and data

We are using monthly mean Sea Surface Height (SSH) satellite altimeter observations
(AVISO, http://www.aviso.oceanobs.com) and estimates of monthly mean FC transports

based on cable voltage measurements between Florida and the Bahamas (Baringer et al.,
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2001). In addition, we are discussing meso-scale eddy-permitting numerical models sim-
ulations, at high (1/12°cos ¢, where ¢ denotes latitude) and low resolution (1/3°cos ¢).
All models are members of the Family of Linked Atlantic Model Experiments, cover-
ing the North Atlantic from 20°S to 70°N with 45 vertical levels. The regional models
are described in detail in e.g. Eden and Boning (2002) and in Eden and Dietze (2009).
The high-resolution regional model experiments are either climatologically forced using
a Haney-type formulation by Barnier et al. (1995) (experiment HI), or monthly mean
anomalies of wind stress, surface heat flux and friction velocity for the mixed layer closure
are added to the climatological forcing (HI-ncep). The surface forcing anomalies are taken
from the NCEP/NCAR reanalysis data (Kalnay et al., 1996) for the period 1988 - 2005
(note that, although observations to 2012 are available, we do not expect the model versus
observations comparison to change significantly neither qualitatively nor quantitatively
after 2005).

While in HI the scheme for vertical diffusivity by Gaspar et al. (1990) is used, in HI-
ncep the scheme by Kraus and Turner (1967) and also additionally isopycnal diffusivity
is used. These small differences in the model configuration are assumed as minor without
significant impact on the model results discussed here. The low resolution models (LOW
and LOW-ncep) use the forcing as in HI and HI-ncep and are identical otherwise. All
models permit meso-scale eddy activity, except for an additional simulation at 1/3° cos ¢
resolution (LOW-noeddy-ncep) in which we inhibit this variability by adding eddy-driven
velocities to the tracer advection following Gent and McWilliams (1990) with an isopycnal
thickness diffusivity of 2000 m?/s and harmonic instead of biharmonic friction. Conse-
quently, meso-scale eddy activity including Loop Current ring shedding is suppressed in
LOW-noeddy-ncep. LOW-ncep and LOW-noeddy-ncep are integrated from 1975 to 2005.
All model simulations shown here are proceeded by a 10 year long spinup integration, in

order to reach a quasi-dynamical equilibrium.

2.4 Results

Fig. 2.2 shows (negative) correlations of monthly mean SSH anomalies from the AVISO
satellite data and observed FC transport variability (1992-2010) at different lags (data

available from www.aoml.noaa.gov/phod/floridacurrent/).

At negative lags (Fig. 2.2a-d), i.e. before a minimum in FC transport, the Loop
Current begins to extend more and more into the Gulf of Mexico and after the separation

(which occurs between lag 0 (Fig. 2.2e) and lag 1 (Fig. 2.2f)) the ring heads towards
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SSH leads 4 months

-80

Figure 2.2: Lagged (negative) correlation of observed monthly mean SSH and FC transport
anomalies (1992-2010). Note that negative correlation coefficients are shown to indi-
cate the relation between positive SSH anomalies and FC transport minima. Correla-
tions are shaded only when they are significantly different from zero with a likelihood
of 95%. Also shown is the mean SSH taken from Niiler et al. (2003) as thin lines
(contour distance of 10 cm) and the coastlines as thick lines.
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Figure 2.3: a) Transport between Florida and Bahamas at 25.5°N in HI (in Sv). b) Monthly
mean volume transport (in Sv) in HI at 24°N in the Gulf of Mexico. ¢)-j) Composites
of monthly mean streamfunction (in Sv) and FC transport minima as indicated in a)
and b) by solid dashed lines in HI for lags -3 to 0 (c-f) and lags 1 to 4 months (g-j,
FC leads). In the 8 year long time series, we found 9 minima of FC transport and
corresponding ring shedding. Contour interval is 5 Sv.

the north /north-west (Fig. 2.2f-i). Note that the colors only display lags and leads where
the correlation is above the significance level (i.e. significantly different from zero at the
95% level). Also shown (as contour lines) in the figure is the mean sea level (Niiler et al.,
2003). At lag 0 (Fig. 2.2e), there is a significant correlation of about 0.3 between FC
transport minima and reduced SSH gradient across the Florida Straits, in agreement to
reduced local surface geostrophic flow measured by the satellite altimeter. In addition,
however, significant correlations of similar or larger magnitudes show up within the Loop
Current ring shedding region: A positive SSH anomaly in this region is related to FC
transport minima and indicates an ongoing ring shedding. FEven larger correlations in
the ring shedding region can be seen when SSH leads the FC transport by one month
(Fig. 2.2d). This points to a possible blocking situation in the Yucatan Channel before
the LC ring detaches from the main current (as discussed below). Further, a westward
propagation of the positive SSH anomaly in the ring shedding region at lag zero, can be
seen going from lags where SSH leads to zero lag (Fig. 2.2a-e), and to lags where the
FC transports leads (Fig. 2.2f-i). This propagation is also indicative of a ring shedding
process. The observations thus suggest a relation between ring shedding and FC transport
variability, as previously noted by Lin et al. (2010). The relation can be seen more clearly
in the model simulations: Fig. 2.3c-j show composites of monthly mean streamfunction of
the depth-integrated flow leading (c-f) and lagging (g-j) the FC transport minima in an 8

year long time series (shown in Fig. 2.3a+b) of the high-resolution model simulation HI.
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Altogether 9 minima were identified in the FC transport — indicated by the dashed
vertical lines in Fig. 3a and b — which are all related to a ring shedding process. Further,
the composite of the streamfunction shows a similar shedding and westward propagation
as indicated in Fig. 2.1. In Hl-ncep we also find transport minima in FC whenever a ring

is about to shed from the Loop Current (not shown).

The ring shedding process in the model simulations HI and HI-ncep shares many features
with the observed ring shedding (Leben, 2005; Sturges et al., 2000), insofar that it is
irregular with periods of individual shedding events between 6 and about 17 months with
a mean period close to 12 months. On the other hand, ring shedding in LOW has a mean
period of 13 month and appears too regular. The reason might be the missing smaller scale
cyclonic eddy activity, which often surrounds the ring and might influence its shedding
(Schmitz, 2005). These smaller scale eddies are largely unresolved in LOW but present in
HI, which might therefore be more realistic compared to observations in its more chaotic

ring shedding process.

A further model bias is given by the too low mean FC transport compared to obser-
vations (about 32 Sv, Table 2.1). A trend can be seen in the FC transport during the
spinup phase of each of the models, showing higher transports in the first years of the
model simulations (not shown). Mean FC transports after the spinup phase are 23.93 and
24.23 Sv for experiments LOW and LOW-ncep, respectively, while in HI and HI-ncep we
find even lower values of 20.38 and 22.39 Sv, respectively. Smith et al. (2000) also report
a FC transport of only 24.9 Sv in their regional eddy-permitting model. This low bias has
not been resolved in more recent global versions of that model (A. Griesel, pers. comm),
and thus appears to be a common problem of basin-wide eddy-permitting models. Note
that the strength of the mean MOC (Meridional Overturning Circulation) in HI and LOW
is in the range of standard model solutions (Eden and Béning, 2002; Smith et al., 2000)
and also to what observations suggest (Xu et al., 2012). Further, the interannual variabil-
ity of the mid-latitude MOC in HI-ncep and LOW-ncep is also in the range of previous
model solutions. Sensitivity experiments with LOW and HI using different topography
(i.e. changes in depth and width of Windward Passage, etc.), different surface and lateral
boundary formulations, and different wind stress products do not show any improvement
of the Florida Currents’ low bias in Sv transport. However, we assume here that the low
bias in the simulated FC transport does not affect significantly the FC transport variability

in the model simulations, which is the focus of the present study.
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Figure 2.4: Two stages of LC ring shedding cycle. (a) shows a blocking situation in Yucatan
Strait. (b) release of blocking together with ring shedding

2.4.1 Mechanism

Loop Current rings are characterized by positive SSH anomalies, i.e. the Loop Current
looses volume after detachment of a ring, which might explain the minimum of the FC
transport. However a typical ring with a radius of 300 km and a SSH anomaly of 30 cm
would result in a negative transport anomaly of only 0.1 Sv for 10 days, i.e. much less
than the FC transport anomalies found in the models. Furthermore all model experiments
discussed here use a rigid lid formulation and the mechanism described above is absent in
these experiments. A companion experiment using a free-surface formulation shows nearly
identical results (not shown) so that the loss of volume by the Loop Current rings can not

explain the accompanied transport minima of ~ 4-8 Sv in the FC transport (Fig. 3a).

We here suggest a simple mechanism following the idea of atmospheric blocking. The
basic mechanism is sketched schematically in Fig. 2.4 showing the streamlines before (a)

and after (b) a ring sheds from the Loop Current.

In a) a strong coherent ring is embedded within the Loop Current forcing the stream-
lines to go round it. As this blocking takes place in the relatively narrow Yucatan Strait
some of the transport is forced to flow south of Cuba. The signal of the resulting trans-
port minimum in Yucatan Strait is then propagating through the Florida Straits by fast
barotropic waves leading to a high correlation between Yucatan Strait and FC transport.
The situation changes when the Loop current expands further northwards which is typ-
ically the case during a ring shedding process, such that the embedded coherent ring no
longer blocks the inflow into the Gulf of Mexico. A northward intrusion of the Loop Cur-
rent into the Gulf of Mexico is usually accompanied by a ring shedding (Fig. 2.4b) but

the exact timing of the shedding is not critical for the observed increase in the transport
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Figure 2.5: a) Maxima (red circles) and minima (blue circles) in Florida Straits cable derived
transport in Sv, b) a composite of SSH (in cm) derived from AVISO satellite data
for all the marked minima minus maxima in Florida Straits cable derived transport,
c¢) composite of all minima in the cable transport (blocking situation shortly before a
ring is shed), and d) composite of all maxima in the cable transport (after or during
a ring detachment).

through the Yucatan and Florida Straits, since the ring might reattach again to the Loop

Current.

The described mechanism is apparently evident in all our model runs (see e.g. Fig.
2.3(c-f) for the blocked and Fig. 2.3(g-j) for the unblocked throughflow). Observations
further support our hypothesis: Fig. 2.5a shows the 15-day running mean filtered FC

transport (in Sv) derived from the cable measurements.

Marked are the maxima (red circles) and minima (blue circles) in the transport. Fig.
2.5¢ and d show composites of the SSH from weekly AVISO satellite data calculated
for minima and maxima in the cable transport, respectively. Fig. 2.5¢ represents the
blocking situation with a strong anti-cyclonic ring just north of Yucatan Strait leading
to southward flow on the eastern side of Yucatan Strait. Fig. 2.5d shows the situation
where the ring has cleared the way and moved to the north/west. The maximum values in
the FC transport are usually reached when the ring has shed from the Loop Current, but
often the ring is still attached or is reattaching again to the Loop Current. Fig. 2.5b gives
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the difference between both situations. The corresponding geostrophic surface currents
show a southward anomaly east of Florida and in the Yucatan Strait, indicating reduced
transport. In the Caribbean south of Cuba we have anomalous eastward flow similar to

the blocking situation sketched in Fig. 2.4a.

2.5 Discussion

In agreement to Lin et al. (2009), we found a clear relation between the Loop Current
evolution and FC transport minima both in model solutions and observations. They
suggest a bottom form drag mechanism to explain this relation, i.e. the density and
resulting bottom pressure anomalies during the Loop Current evolution act in concert with
the variable bottom topography between Cuba and Florida to reduce the FC transport.
Here we suggest a simpler mechanism focusing on the pronounced minima seen in the
FC transport: A coherent ring just north of the relatively narrow Yucatan Strait and
embedded in the Loop Current partly blocks the inflow into the Gulf of Mexico. The
blocking situation occasionally holds up for several months (see Fig. 2.3) causing an
anomalous FC transport. The low transport through the Yucatan Strait might be partly
compensated by a counter clock-wise flow around Cuba and an increased flow through the
Old Bahama Channel (Lin et al., 2009).

As the Loop Current grows and intrudes further into the Gulf of Mexico the embedded
ring moves to the north and releases the blocking. The transport through Yucatan and
Florida Straits increases whereas the ring is perhaps still attached to the Loop Current
but is now more likely to shed. On the other hand, the actual ring detachment and a
possible reattachment modulates the transport through the straits only slightly compared
to the blocking mechanism. The mechanism controlling the ring separation frequency is
still under debate but is often related to the mass and/or vorticity flux through Yucatan
Strait (e.g. Pichevin et al., 1997; Candela et al., 2002) which is partly controlled by the
local wind (Chang and Oey, 2010, 2012). Here we want to point out that the development
of the ring itself has a feedback on the mass and vorticity flux through the Yucatan Strait.
Additionally there might be trigger events supporting the ring shedding process. Sturges
et al. (2010) find a pulse of increased FC transport approximately 20 days before ring
separation. Oey and Chang (2011) state that several model studies show that such a
downstream trigger is not necessary for a ring to separate and hold the view that more

cautious investigations are necessary.

The internally driven ring shedding leads to interannual changes in FC transport because
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it is irregular but has a mean period close to but not identical to the seasonal cycle, which
can be seen both in the observations and the eddying model simulations. Adding seasonal
cycle and the mean period of ring shedding leads to a beat period of the FC transport
changes on interannual to decadal scale (a ring shedding period of e.g. 11, 10 or 9 months
would generate a beat period of 11, 5, or 3 years, respectively). The idea of the beat
frequency was first postulated by Sturges et al. (2000). They speculated that a lack of
power at 12 months might be caused by a beat-frequency effect and that the power at a

lower frequency modulates the power at the annual period.

Experiment HI shown in Fig. 2.1 and 2.3 is climatologically forced, which means that
the atmospheric forcing is the same in each year (but monthly varying), such that any
kind of variability in the FC transport, except for the seasonal cycle, is driven by internal
ocean dynamics, i.e. the ring shedding. The beat period leads to considerable interannual
to decadal variation in the FC transport with magnitudes on the order of the variability
in the cable data (see also Tab. 2.1). Fig. 2.1 also shows the monthly mean FC transport
times series in LOW and LOW-ncep. In LOW-ncep interannual variability is not much
larger compared to the climatologically forced experiment LOW: standard deviation of
annual (monthly) means of FC transport are 1.26 Sv (3.05) and 1.58 Sv (3.39) in LOW
and LOW-ncep, respectively (Tab. 2.1). In LOW and LOW-ncep fluctuations are too
regular due to the missing smaller scale cyclonic eddy activity during eddy-shedding.
However, in HI, and HI-ncep fluctuations are irregular and in much better agreement with
observations. Annual (monthly) mean standard deviations are here of similar magnitude
— in fact even higher — in HI compared to HI-ncep. The higher variability in HI might be
related to the small differences in vertical and lateral mixing parameterizations between
the model setups, or to exceptionally high variability in HI simply for statistical reasons.
We conclude that most of the interannual variability in FC transport in the eddying models
LOW-ncep and Hl-ncep can be caused by internal dynamics of the ocean, related to the
ring shedding. Adding interannual changes in the surface forcing, lead to an increase of

only 10% of the total FC transport variability in LOW-ncep compared to LOW.

On the other hand, the relative amount of atmospherically forced variability in FC
transport can also be quantified using the simulation LOW-noeddy-ncep, showing indeed
much smaller interannual variability. Note, however, that westward propagating eddies
from the interior, which might also influence western boundary currents (Kanzow et al.,
2009), are also missing in LOW-noeddy-ncep. The standard deviation in LOW-noeddy-
ncep of annual (monthly) means of 0.62 Sv (1.30), amounts to only 39% of the variability
in the eddying model LOW-ncep.
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Based on our model simulations, AVISO satellite observations and FC cable derived
transport, we attribute the variability in FC transport changes to a large extent to internal
variability, i.e. to the ring shedding, and not to the direct effect of interannually changing
surface forcing. On the other hand, possible important events which trigger or delay
ring shedding (Sturges et al., 2010; Chang and Oey, 2010) can be attributed to surface
forcing and might explain the previously reported correlations between wind stress and
FC transport (Baringer et al., 2001; DiNezio et al., 2009; Peng et al., 2009). However, this

correlation shows up only sporadically as shown by Meinen et al. (2010).

In the models we found a very close relation between ring shedding and FC transport
changes. In contrast, the correlations between observed monthly mean SSH anomalies
and cable transport data in Fig. 2.2 although significant are lower, i.e. at maximum
only 0.4. It appears that it is either not possible to transfer the model results to the
real ocean because of missing processes or model biases, or the noise in the observational
estimates hampers the statistical analysis. We are not able to answer this question, but
note that the correlation between FC transport and SSH gradients from the Bahama
Islands to Florida, i.e. the geostrophic relation, is even weaker than the correlation with
ring shedding. A detailed discussion about the difficulties of obtaining transport estimates
from satellite SSH data over sloping topography near the boundaries is given in Kanzow
et al. (2009). Note also that variance on sub-monthly time scales dominates FC transport
variance (Meinen et al., 2010), which is not present in the model simulations which are
driven by monthly mean surface forcing. We assume that variability at time scales shorter

than a month does not affect the seasonal to interannual variability.
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3.1 Abstract

The role of wind stress and sea level changes across the deglaciation and their impact on
transports and on the eddy-shedding dynamics of the Loop Current in the Gulf of Mexico
are discussed. We use an eddy-permitting regional model of the North Atlantic, driven
by changes in wind stress as given by the PMIP 2 database and at different scenarios of
lowered sea level. Last Glacial Maximum (LGM) wind stress leads to a stronger Yucatan
Channel and Florida Straits transport, due to the equatorward shift of the Intertropical
Convergence Zone, a stronger meridional gradient in zonal wind above the Subtropical
Gyre and thus, to an increase in the Sverdrup transport of the Subtropical Gyre in the
North Atlantic. The lowered sea level during the LGM tends to reduce eddy-shedding,
which comes along with a reduced oceanic heat transport into the Gulf of Mexico. In-
creased transport between Cuba and Florida and Yucatan Strait transport also tend to
decrease eddy shedding. According to our results we propose that during LGM, the Loop
Current eddy-shedding was most likely absent and heat transport into the Gulf of Mexico

reduced.

3.2 Introduction

Ocean heat transport from the equatorial regions to high latitudes is a critical component
to the global climate system. The current circulation system in the Gulf of Mexico features
large transports flowing through the Yucatan Channel (YC) as the Yucatan Current.
Most prominent in the Atlantic Ocean, in this respect, is the Yucatan Current flowing
northward into the Gulf of Mexico and changing into the Florida Current (FC). When
bending eastward, meso-scale eddies shed on an irregular basis into the Gulf transporting
oceanic heat into the northern Gulf as the Loop Current (LC). This circulation system is
the initial part of the large-scale western boundary current system of the North Atlantic. In
addition to being a component of the wind-driven gyre, the LC is also a component of the

pathway for the warm-water return flow of the global meridional overturning circulation

(MOC).

Motivation to model the dynamics of the circulation in the Gulf of Mexico during
the last 25 kyr are the paleorecords of high salinity and temperature variability differing
between the Gulf and the Caribbean. Fig. 3.1 shows the sea surface temperatures (SST)
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Figure 3.1: Sea surface temperatures reconstructed from marine sediment core MD02-2575 (blue)
from De Soto Canyon (Niirnberg et al., 2008), EN32-PC6 (red) from Orca Basin
(Flower et al., 2004) and from ODP-999 (green) from Columbia Basin (Schmidt et al.,
2004) (see also Fig. 3.2 for core locations) overlain by the relative sea level curve after
Waelbroeck et al. (2002) for the last 80 kyr. Grey shaded are the even marine isotope
stages (MIS) representing cold glacial periods and in dark grey the Younger Dryas
(YD) and the Last Glacial Maximum (LGM).

reconstructed for the last 80 kyr from marine sediment cores at different locations in the
Gulf and in the Caribbean Sea: MDO02-2575 (Niirnberg et al., 2008) from the De Soto
Canyon (north-east Gulf), EN32-PC6 (Flower et al., 2004) from Orca Basin (northern
Gulf) and ODP Site 999 (Schmidt et al., 2004) from the Columbia Basin. For comparison
the relative sea level curve of Waelbroeck et al. (2002) is shown. Positions of the sediment
cores are indicated in Fig. 3.2. The reconstructed SST within the Gulf (De Soto Canyon
and Orca Basin) shows much larger variability and a much larger increase during the
deglaciation than the Caribbean SST record (ODP Site 999). It is likely that the large
variability is related to changes in the circulation system of the Gulf of Mexico. We here
hypothesize that Loop Current eddy-shedding in YC plays a dominant role in influencing
SST and sea surface salinity (SSS) patterns in the Gulf of Mexico. At times of high (low)
eddy-shedding, the heat and freshwater transports into the central Gulf of Mexico were
enhanced (lowered), which might explain the large changes in surface ocean properties in

the Gulf during the deglaciation.

The YC has been monitored since the 1970’s. Transport estimates by Schlitz (PhD
thesis, 1973) range from 23 Sverdrup (1 Sv = 10% m3/s) to 33 Sv (Ochoa et al., 2001), while
Johns et al. (2002) report a transport of 28.5 Sv. During the CANEK program, moorings
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Figure 3.2: Wind stress for CONTROL (arrows, in N/m?) and Ekman transport in m/year (see
legend). Positive values denote Ekman suction, while negative values denote Ekman
pumping. Note that the Ekman transport cannot be calculated within ~ 5°f the
equator. Also shown are the marine sediment core locations mentioned in Fig. 3.1.
The white square marks the area considered for the velocity calculations shown in
Fig. 3.5.

with Acoustic Doppler Current Profilers (ADCPs) and thermometers were deployed across
the YC from 1999 to 2001 revealing a mean transport of 23.1 Sv (Candela et al., 2003).
Between May 2001 and May 2006 Rousset and Beal (2010) used ADCPs for transport
estimates of the Yucatan Current. They found a mean transport between 28.2 Sv and
33.6 Sv.

The FC has been monitored since the late 1960s and almost continuously since the early
1980s. The transport measured in mooring arrays by Schott et al. (1988) revealed a mean
transport of 30.5 Sv, while transport calculated from marine cable measurements exhibits
a long term mean transport of 32.3 Sv (Baringer et al., 2001). Mean Florida Straits (F'S)
transport calculated from transects from the 1960s by Schmitz Jr and Richardson (1968)

are in the range of the cable derived mean transport.

The modern LC connecting the Caribbean with the Gulf of Mexico and Florida Straits
has been in the focus of various studies (e.g. Chérubin et al., 2006; Nof and Pichevin, 2001;
Sturges, 1992) but not much is known about its behavior during the past, in particular
during cool climate stages when sea level was drastically lower than today. Today, the
LC sheds meso-scale eddies on an irregular basis and with an anticyclonic pattern (warm

core rings (WCR)). The separation is defined as the final detachment of a ring-like eddy
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shed from the LC with no later reattachment. These WCR can have diameters ranging
between ~ 100 up to 300 km (Vukovich and Maul, 1985) and a depth signature of up to
1,000 m. The average diameter is ~ 180 km (Elliott, 1982; Hamilton et al, 2002). These
eddies propagate westwards at speeds of ~ 2 — 5 km day~! (Coats, 1992; Elliott, 1982)
and supply heat to the inner part of the Gulf. Hamilton and Lee (2005) found similar

L whereas their swirl velocities

zonal propagation speed ranging from 3 to 6 km day™
amount to 100 — 150 cm/s. The formation of cold core cyclones in the surrounding area
of the separating LC ring is also observed and was described by (e.g. Cochrane, 1972;
Vukovich and Maul, 1985; Chérubin et al., 2006). Eddy-separation periods are highly
variable ranging between 3 and 18 months (Leben, 2005). The average shedding period
in observations is 11 months. Although the seasonal dependence is not clear, observations
from satellite data combined with in situ and ship measurements between 1974 and 2010
by Chang and Oey (2012) show a high frequency of ring separation in March while during

December no separation of rings was observed.

Being part of the basin-scale gyre circulation of the subtropical North Atlantic, the
circulation system in the Gulf of Mexico including the eddy-shedding process is governed
by the wind stress over the North Atlantic. Little is known about wind stress changes
during the LGM, but the large air temperature oscillations first observed in the oxygen
isotopic composition (6'80) of Greenland ice cores reflect massive reorganizations of the
atmosphere/ocean system during the last glacial period (Bond et al., 1993). Climate
in the tropical North Atlantic is mainly controlled by variations in the strength of the
trade winds, the position of the Intertropical Convergence Zone (ITCZ), and sea surface

temperatures.

The ITCZ marks the boundary where north and south trade winds confluence. It reg-
ulates the hydrological cycle over the tropical continents and interacts tightly with the
tropical oceans. The north-south position of the ITCZ nowadays has its northern maxi-
mum position in January while it reaches its southernmost position in July. A southward
displacement of the ITCZ and the Polar Front during the LGM is attributed to the large
continental ice sheet induced cooling of the Northern Hemisphere going along with mod-
ifications in the westerly wind field. Evidence for the southward shift of the Polar Front
can be found in Kuhlemann et al. (2008). The variability of the ITCZ during the past
30 kyr was estimated by using oxygen isotope and foraminiferal Mg/Ca paleothermom-
etry techniques by (Koutavas et al., 2005). As an indicator for the front of the ITCZ
the authors use the intensity of the cold tongue, which is seasonally appearing in the
equatorial Atlantic. They suggest that during the LGM a weaker cold tongue-ITCZ front

prevailed, indicating a more southerly ITCZ at that time. The position can further be
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inferred either from the color or the mineralogy of the marine sediments from Cariaco
Basin to reconstruct the rainfall intensity (Haug et al., 2001; Lea et al., 2003; Peterson
et al., 2000; Wang et al., 2004). Results from foraminiferal Mg/Ca ratios and the gray-
scale records by (Lea et al., 2003) seem to be in phase corroborating their estimation of
the glacial /deglacial ITCZ position. There are also indications that the ITCZ shifted due
to changes in the interhemispheric temperature contrast found in model experiments by
Broccoli et al. (2006).

The key questions we want to address in this paper are as follows:

1. How did the oceanic circulation change in the Gulf of Mexico and adjacent seas

during the transition from glacial to interglacial times?

2. How does the process of Loop Current eddy shedding affect the heat and salt budget

and the surface circulation pattern of the Gulf?
3. What causes eddy shedding and why does it change through time?

In the following our modeling experiments will be described in detail including exper-
iments at different sea level stands followed by experiments including glacial wind stress
anomalies, and finally by experiments with a combination of lowered sea level and wind
stress anomalies. The model results will be discussed in view of observational and modeling

studies.

3.3 Modeling approach

We use an eddy-permitting ocean general circulation model of the Atlantic Ocean (FLAME,
http://www.ifm.zmaw.de/mitarbeiter/prof-dr-carsten-eden /numerical-models) to assess the
impact of sea level change on the dynamics of the Gulf of Mexico upper ocean circula-
tion. The model is based on a revised version of Geophysical Fluid Dynamics Laboratory
(GFDL) Modular Ocean Model 2 (MOM2; (Pacanowski, 1995)) and has been used to
address various topics (e.g. Dengler et al., 2004; Eden et al., 2004). To resolve meso-scale
processes such as the eddy-shedding in the Gulf of Mexico the model version used in the
present study is based on a configuration for the Atlantic Ocean from 20°S to 70°N and
16°E to 100°W with 45 vertical levels (10 m thick at the surface increasing to 250 m start-
ing from 2,300 m below sea level to the maximum depth of 5,500 m/bottom) and with a
spatial resolution of 1/3°cos ¢. All model experiments are forced using a Haney-type heat
flux condition as given by Barnier et al. (1995). Atmospheric forcing is taken identical to

the present day reference simulation also given by Barnier et al. (1995) and a restoring
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Figure 3.3: Topography changes for different sea level experiments compared to CONTROL
(landmasses in black). The blue line marks the coastline for a lowered sea level by 200
m (CONTROL-200). The red line is for lowered sea level by 110 m (CONTROL-110).
The CONTROL-67 scenario (green) implies a lowered sea level by 67 m. CONTROL-
24 has the same coast line as CONTROL.

boundary condition for sea surface salinity, using the Antonov et al. (1998) climatology,
which serves also as initial condition. Northern and southern margins of the domain are
formulated as open boundaries after Stevens (1991). The temperature and salinity clima-
tology are taken from Levitus and Boyer (1998). For further model details see the control
run (prognostic) in Eden et al. (2004).

In a first set of experiments, we re-configure our CONTROL experiment of the FLAME
model with different sea levels corresponding to the cold-glacial period LGM (approxi-
mately 21,000 yr BP (before present) and cold-deglacial period Younger Dryas (YD; lasted
approximately 1300 years between 12,800 yr and 11,500 yr BP). For the period of the LGM
the sea level was lowered by 110 m (CONTROL-110), for the YD it was lowered by 67 m
(CONTROL-67), for the late Holocene it was lowered by 24 m (CONTROL-24), respec-
tively, according to observational estimates from Barbados, the North Atlantic and New
Jersey by Fairbanks (1989); Waelbroeck et al. (2002); Wright et al. (2009). In addition, a
sensitivity test was performed by lowering the sea level by 200 m (CONTROL-200).

We have reduced the sea level in the model by eliminating the first 2, 6, 9 and 13 levels
of the original vertical grid of 45 levels of the model, respectively (see also Fig. 3.3, shown

are the different land marks for different sea level experiments). In all experiments we
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allow for a dynamical quasi-steady equilibrium of the basin-wide circulation, which the
model reaches after approximately 50 model years. Note that due to the restricted length
of the integrations, the simulations are not in equilibrium with the thermohaline surface
forcing and the water mass characteristics prescribed at the open boundaries. Further, we
note that we do not have changed the thermohaline forcing in the model, i.e. it represents
current climate. Therefore we do not aim to realistically simulate the response of the
thermohaline circulation in our model simulation, but to focus on the response of the
wind-driven, quasi-geostrophically balanced regional circulation in the Gulf of Mexico to

the changes in sea level and wind stress.

We have performed experiments with LGM wind stress taken from the PMIP2 database
(LGM-wind experiments). Available to us are results from the HadCM (HadCM3M2)
(Gordon et al., 2000), CCSM (the National Center for Atmospheric Research CCSM3
model) (Otto-Bliesner et al., 2006), FGOALS (FGOALS-1.0g) (Yu et al., 2002), MIROC
(the CCSR/NIES/FRCGC MIROC3.2.2 (medres)) (Hasumi and Emori, 2004) and the
ECBILT (ECBilt/Louvain-la-Neuve CLIO intermediate complexity) (de Vries and Weber,
2005) model. All models in PMIP2 use the same boundary conditions namely ICE-5G
(ice sheet) and topography described among others in Lainé et al. (2009) and online
accessable from http://www.pmip2.lsce.ipsl.fr. They provide large continental ice sheets
over North America and northern Eurasia. Forcings for PMIP2 models differ from present
day insolation due to a difference in the Earth’s orbit. Derived from the Greenland and
Antarctic ice core records they included the changes in atmospheric carbon dioxide (185
ppmv - parts per million by volume) concentration , methane (350 ppbv - parts per billion
by volume) and nitrous oxide (200 ppbv). Also these models are fully coupled atmosphere-
ocean-ice models. We calculated anomalies of monthly mean wind stress from steady
state model solutions for 21 kyr simulations minus present day control simulations of each
PMIP model mentioned above and added this anomaly to our monthly varying forcing
of CONTROL to create a new forcing for each experiment (altogether five with LGM-
wind). These experiments can also be found in Tab. 3.1 named as follows: HadCM-wind,
CCSM-wind, FGOALS-wind, MIROC-wind and ECBILT-wind.

As a further experiment we combined the wind stress anomalies with the lowered sea
level. These experiments can be found in Tab. 3.1 named as follows: HadCM-wind-110,
CCSM-wind-110, FGOALS-wind-110, MIROC-wind-110 and ECBILT-wind-110.



Model- forcing forcing:  forcing: forcing forcing: Eddy-shedding FS surface
experiment sea level sea level sea level sealevel LGM wind period transport  heat flux
-24m -67 m -110m  -200 m  anomalies  [month] 1930 — 50 [Sv] [PW]

ECBILT-wind - - - - vV 9.3 20.83 -0.027
HadCM-wind - - - - Vv - 31.44 -0.020
FGOALS-wind - - - - Vv 14.6 25.09 -0.029
MIROC-wind - - - - \/ 14.3 26.01 -0.032
CCSM-wind - - - - V - 31.86 -0.026
ECBILT-wind-110 - - v - N 12.6 17.79 -0.018
HadCM-wind-110 - - vV - v/ - 30.48 -0.014
FGOALS-wind-110 - - v - v - 2311 -0.016
MIROC-wind-110 - - V - vV - 24.52 -0.018
CCSM-wind-110 - - Vv - vV - 31.09 -0.017
CONTROL - - - - - 13.2 23.32 -0.025
CONTROL-24 \/ - - - - 17.1 23.16 -0.016
CONTROL-67 - V - - - 18.3 20.95 -0.020
CONTROL-110 - - vV - - 46.1 20.16 -0.016
CONTROL-200 - - - vV - - 17.98 -0.010

Table 3.1: List of experiments and forcings applied and the calculated eddy shedding periods, and Florida and Yucatan Channel water mass, heat
and salt transports. The Florida Straits fluxes were calculated for the area 23.17°and 24.39°N at 81.83°W (between Cuba and Florida)
whereas Yucatan Channel fluxes were calculated between 87.17°and 84.5°W at 21.94°N in CONTROL. For the experiments at lowered
sea level, the transports were calculated considering new coastlines due to the exposed shelf areas (see Fig. 3.3). The values are mean
transports for 20 model years (1930 — 1950). The surface heat flux is calculated from 3 years of daily averages and reveals the amount of
heat being delivered to the atmosphere. Higher negative values denote a higher amount of heat delivered to the atmosphere.
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three month after shedding six month after shedding
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Figure 3.4: Eddy separation process in CONTROL shown by sea surface elevation depicted as
composite from 20 years simulation (18 events in total) in meters; contour lines are
0.8 — 1.2 meters with 10 cm interval.

3.4 Model results

3.4.1 CONTROL simulation analysis

In CONTROL we find a FC transport of 23.32 Sv calculated for the last 20 model years,
which is low compared to observations. A detailed debate of this issue can be found in the
discussion section. Nonetheless, we assume that the low bias in the simulated FC transport
does not affect significantly the FC transport variability in the model simulations, which
is the focus of the present study. Note that the goal of this study is not to reproduce the
absolute transport through the straits but rather to capture the sensitivity of the transport

to the different sea level and wind stress conditions during the YD and the LGM.

Fig. 3.4 shows a mean eddy shedding event in CONTROL as a composite of the surface
pressure that was averaged over the 20 year period after 30 years of integration time.
A composite is here the average of 18 eddy shedding events in total, showing the char-
acteristic situation in the Gulf of Mexico and adjacent ocean basins. Fig. 3.4a shows
the composite three months before a shedding event. The LC eddy has already almost
completely developed north of the YC. Fig. 3.4b shows the situation directly after the
detachment from the LC. In Fig. 3.4c the composite three months after shedding is dis-
played. The eddy has already propagated half way towards the western boundary of the
Gulf. Six months after the eddy has separated from the main current, it is degraded to
a small anticyclone with lower surface elevation than three months after shedding (Fig.
3.4d). The next eddy has already developed in the area of the LC. Note that the detach-
ment can take months though, until a complete new separation will be completed. Just
before the complete separation in every shedding event we often observe a small cyclone
in the east of the LC possibly supporting the shedding process. This small cyclone fos-
ters the detachment with its westward movement in the area, where the connection to

the main current is getting weaker with the shedding progress. However, these features
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are not visible in the composites due to averaging over the 18 events. These so called
"Tortugas cyclones’ where also found by Vukovich and Maul (1985), in hydrographic data
and current meter moorings, as well as in satellite infrared data by Leben (2005) and by
Oey et al. (2005), who found these features in both model results and observations from

radiometry.

The mean shedding period Tp.q averaged for the last twenty model years are given in
Tab. 3.1, while Fig. 3.5. shows the mean absolute velocities in YC as a time series over
the same period. Since a local minimum in speed occurs whenever an eddy is shed, Fig.
3.5 shows the individual eddy shedding events. However, to detect eddy shedding in an
objective manner, we are using the criteria of the breaking of the 0.8 m contour in sea
surface deviation. Based on this criteria, the shedding period in CONTROL (Fig. 3.5a)
varies from 10.3 to 15.5 months and has a mean period of 13.2 (Tab. 3.1), which is in
good agreement with observations by Leben (2005) and by Vukovich (1995).

Heat transport into the Gulf of Mexico and the eddy shedding are related: Fig. 3.6a
shows a time series of eddies as they propagate from east to west within the Gulf of Mexico.
Shown is the speed for CONTROL at 100 m water depth averaged between 23°— 27°N.
The black line in Fig. 3.6b shows the amount of heat that remains between YC (see also
section A in Fig. 3.7) and FS (see also section B in Fig. 3.7). This amount can either be
transported into the western part of the Gulf heating the water or it can be released to
the atmosphere. The red line in Fig. 3.6b displays the amount of heat that crosses the
meridional section in the middle of the Gulf displayed also as red section in Fig. 7. The
heat transport divergence through YC and FS is calculated for a 3-year mean (0.015 PW

on average) using daily averages of the model variables as

24.39°N  p0m

Trs—yc = poCp,0 Tudydz
23.17°N J—5000m
87.17°W  Om (3.1)
pgép’o/ / Tvdxdz.
84.50w  J—5000m

where pg is a reference density and ¢, a mean heat capacity of seawater at constant
pressure. Note that Trg_yc denotes the advective heat transport into the Gulf and
balances in steady state the surface heat flux over the Gulf (if one neglects diffusive heat
transports in the model). For FS it is calculated at 81.83°W, for YC at 21.94°N. Whenever
we find an eddy separating from the main current, we can also detect that a higher amount
of heat, than under normal circumstances, is transported with this separating anticyclone
towards the west. Fig. 3.7 also shows the annual mean surface heat flux which is obviously

greatest in the western boundary current in the North Atlantic but concerning the Gulf we
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Figure 3.5: Transect of velocities averaged between 22°N and 24°N and between 87°W and 84°W
(see white square in Fig. 3.2) in m/s through Yucatan Channel for 20 model years at
200 m water depth. Shown are the experiments for lowered sea level and CONTROL

(description of the experiments can be found in the text).

Note the increase in

eddy shedding across the deglaciation derived from these experiments. Typeq is the
shedding period of the LC from one eddy detachment until the next.
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Figure 3.6: a presents a time series of speed (m/s) calculated from 10 years of daily averages
at 100 m water depth averaged between 23°- 27°N; b reveals two time series of heat
transport in PW across section A-B (black line) and C (red line) calculated for the
same time period; both figures show data of CONTROL.
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Figure 3.7: Annual mean surface heat flux in W/m? calculated from 10 years of daily averages
from CONTROL.
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find the highest annual mean surface heat flux in the region where eddy shedding occurs
and also in the region where the eddies of the LC dissipate. Negative values denote here

the transport into the atmosphere, while positive values show the flux into the ocean.

3.4.2 Sea level experiments

Next, we describe the changes in the circulation in the Gulf and the eddy-shedding at
lowered sea level. Fig. 3.3 shows the topographic changes for all experiments with varying
sea level. The most prominent changes obviously occur when lowering the sea level by
67 m (CONTROL-67). This entails a reduction of the YC profile by 7.5% in area com-
pared to CONTROL and by 10.2% in FS. In CONTROL-110 the profile changes are most
striking along the west Florida shelf region while smaller differences occur around Cuba
and Mexico. The YC is reduced in area by 12% compared to CONTROL and by 15%
in FS. For our sensitivity experiment CONTROL-200, the most dominant changes are on
the southern shelf of Florida and to a smaller extent around Campeche Bank. The YC
is reduced by 20.5% in area while the FS profile was 26.8% smaller than in our reference
experiment CONTROL.

Over the twenty-year period, the transport through YC and FS is reduced by 0.7%
in CONTROL-24 and by 10.2% in CONTROL-67 compared to CONTROL due to the
lowered sea level. The transport in CONTROL-110 is further reduced by 3.4%. We
find the lowest mean transport in CONTROL-200. In this sensitivity experiment, YC
transport is reduced by 23% compared to CONTROL. The reductions in transport follow
closely the profile reductions of F'S and YC and the wind stress forcing and the resulting
wind-driven Sverdrup transport remain the same in all experiments. It follows that an
increasing part of the wind-driven Sverdrup transport recirculates east of the Caribbean

Sea in the experiments with reduced sea level.

Furthermore, the reduced sea level comes along with reduced eddy-shedding: Fig. 3.5b
simulating the late Holocene shows already an extended shedding period compared to
CONTROL, while Fig. 3.5c indicates that the shedding period for the Younger Dryas in
CONTROL-67 becomes also longer but also less regular (18.3 months on average, Tab.
3.1). The range of the individual shedding period is also more variable ranging from 14.8
up to 31.7 months. CONTROL-110 (Fig. 3.5d), simulating the low sea level during LGM,
shows even more decreased eddy-shedding. An eddy in this experiment is shed every
46.1st month on average. Also note that the shedding becomes even more intermittent
than in CONTROL and CONTROL-67 with even longer shedding intervals (Tab. 3.1).
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The shedding period is highly variable and lies between 26.5 and 84.1 months. For a
lowered sea level by 200 m (CONTROL-200, Fig. 3.5e), no eddies are shed anymore over

the complete simulated period (50 years in total).

Lowering the sea level leads to a reduction in heat transport between YC and FS:
Younger Dryas sea level conditions (CONTROL-67) lead to a reduction in heat transport
into the Gulf by approximately 30%, while LGM sea level conditions (CONTROL-110) re-
duce the heat transport by 46%. We observe the most extreme difference in heat transport
in CONTROL-200, where the reduction is 80%. Although the heat fluxes in the Gulf and
the relative changes in heat transport between FS and YS are not balanced completely,
heat content changes and surface heat flux (Tab. 3.1) show the same trend. The lower
the sea level the smaller the heat transport into the Gulf going along with a reduction in
surface heat flux from the Gulf. The imbalance is to a large extent related to the heat

storage, while diffusive heat transports contribute to a lesser extent.

3.4.3 Wind stress experiments

Changes in wind stress during glacial periods also have the potential to influence transports
through the Caribbean Sea, YC and FS and thus, might have affected eddy-shedding
and heat transport into the Gulf of Mexico. We describe experiments with changes in
wind stress (LGM-wind hereafter) according to the PMIP2 model ensemble for the LGM
scenario as described above, to see if changes in wind stress support or counteract the sea
level changes. Fig. 3.2 shows the present-day wind stress vector 7 in CONTROL. Also
shown is the Ekman pumping velocity, wg = k x V - 7/f. Note that positive values of
wg denote Ekman suction, while negative values denote Ekman pumping. The negative
values in the center of the subtropical gyre generate southward volume transport — the
Sverdrup transport — which is compensated at the western boundaries by northward flow,
and thus in part by the circulation system in the Caribbean Sea. Changes in wind stress

during the LGM can increase or decrease this way the amount of YC and FS transports.

From Fig. 3.2 it becomes obvious that the Ekman pumping and Sverdrup transport in
the Subtropical Gyre of the North Atlantic is governed to a large extent by the meridional
gradient of the zonal wind stress 7., and it is reasonable to assume that this holds also
during the LGM. Fig. 3.8 shows the zonally averaged 7, from the LGM-wind experiments
and from CONTROL. In most experiments with LGM wind forcing, 7, is strengthened
compared to CONTROL. Only in CCSM-wind we find a decrease in zonal wind between
30°N and 60°N of 20%. In addition to the increase, we see a southward shift of 7, which is
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Figure 3.8: Zonal wind stress averaged between 100°W and 20°E in N/m? for all model experi-
ments forced with LGM wind (colored lines) and CONTROL (black line).

related to the southward shift of the ITCZ during the LGM. This results in an increase of
7, between 30°N and 60°N ranging from 20% (MIROC-wind) and 100% (FGOALS-wind),
with corresponding effects on the meridional gradient, the wind stress curl and thus, on

the Sverdrup transport.

Fig. 3.9 (left column) shows the streamfunction g, for the Sverdrup transport V cal-
culated from BV =k x V - 7, using the wind stress 7 of the LGM-wind experiments (Fig.
3.9¢c,e,g,] and k) and CONTROL (Fig. 3.9a, while on the right right column the mean
streamfunction v for the actual depth integrated transport by the individual experiment
is shown. Here, 3 is the meridional gradient of the Coriolis parameter, and V is the verti-
cally integrated meridional mass transport according to the linearized barotropic vorticity
equation for steady motion and flat bottom. The streamfunction g, with V' = 0g, /0x
and correspondingly U = —0tg, /0y was calculated by integrating the meridional Sver-
drup transport V from the eastern boundary of the North Atlantic towards the west. For
the streamfunction 1 for the depth-averaged flow ff’h w dz the relation | ,? udz = —0¢ /0y
and fghvdz = O0Y/0x holds. Fig. 3.9 shows the average of 1 over 5 years at the end
of the spin-up to eliminate the strong meso-scale eddy signals which differ between the

individual experiments.

Fig. 3.9 shows that in the interior of the ocean, Sverdrup transport g, and actual

simulated transport ¢ are rather similar. In particular, a strengthening in transport in
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20°N

10°

Figure 3.9: Comparison between transport calculated from the Sverdrup relation (after Sverdrup
(1947); panels to the left) and from the actual simulated stream function (5-yr mean
Sverdrup transport; panels to the right) for CONTROL and the different LGM-wind
experiments; CONTROL (A, B), CCSM-wind (C, D), HadCM-wind (E, F), MIROC-
wind (G, H), FGOALS-wind (I, J), and ECBILT-wind (K, L). See text for definition
of different models applied.
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the subtropical gyre can be seen in the LGM-wind experiments, except for ECBILTCIO-
wind. The similarity of ¢ and g, does not come as a surprise, since it was shown
by Hughes and de Cuevas (2001) and Eden and Olbers (2010) that the depth-averaged
vorticity budget is dominated in the interior of the ocean basin by the balance between
the planetary vorticity change of a water particle and the torque given by the wind stress
forcing, which means that the interior North Atlantic is in Sverdrup balance. According

to our model experiments, this also holds during LGM.

In the western boundary layer, on the other hand, the planetary vorticity is balanced
to a large extent by a torque related to the pressure variations at the bottom of the ocean
and the Sverdrup balance fails (Hughes and de Cuevas, 2001; Eden and Olbers, 2010).
However, we can still infer from the increase in the Sverdrup transport an increase in the
compensating western boundary currents. We see in ECBILT-wind a reduction in the
meridional gradient of 7, (Fig. 3.8), accordingly a reduction in Sverdrup transport (Fig.
3.9) and also a reduction of 10.7% relative to CONTROL in the YC and FS transport.
In all other LGM-wind experiments, we see an increase of the gradient in 7, (Fig. 3.8),
the Sverdrup transport (Fig. 3.9), and YC and FS transport. The largest increase in
YC and FS transport can be seen in HadCM-wind and CCSM-wind, by 34.8 and 36.6%,
respectively. Note that changes in wind stress do not correspond directly to the changes
in F'S transport The strongest increase in the interior Sverdrup transport can be seen in
FGOALS-wind, while we see only an increase of 7.6% of the YC and FS transport in
FGOALS-wind. It thus appears that it is not the overall strength of the interior Sverdrup
transport, which determines the increase in the through-flow of the Caribbean Sea, but
rather it appears that the details of the forcing over and east of the Caribbean Sea deter-
mines the through-flow. Note that the value of ¢g, just east of the Caribbean Sea between
10 and ~20°N appears to be largest in the experiments with largest increase in YC and
FS transport. It appears that this value determines the through-flow of the Caribbean
Sea and the FS and YC transport in our experiments. From the sum of our experiments
using the PMIP2 model ensemble we can conclude that the wind stress during the LGM
most likely acted to increase the YC and FS transports. This wind driven increase in YC
and FS transport during LGM tend to reduce eddy-shedding, thus supporting the impact
of the reduced eddy shedding on the LGM cooling of the Gulf.

In the experiments with largest increase in YC and FS transport, HadCM-wind and
CCSM-wind, the eddy-shedding stops. While in the experiments with moderate increase
in YC and FS transport, FGOALS-wind and MIROC-wind, the eddy-shedding period is
similar to CONTROL, the period decreases for the experiment with reduced YC and FS
transport in ECBILT-wind. The shedding period in MIROC-wind lies between 13.83 and
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23.63 months, in FGOALS-wind between 12.0 and 17.1 and in ECBILT-wind we find very
rapid shedding between the 8.2 and the 10.7 months.

While a decreasing FS transport was related to an increase in period and eventual
stopping of the eddy-shedding in the experiments with reduced sea level, it thus appears
that wind-driven transport increases for todays sea level are not directly related to the
eddy-shedding. Only when the transport increases above a certain threshold in HadCM-
wind and CCSM-wind, the eddy-shedding stops, while the decreased transport in ECBILT-
wind is related to an intensification of eddy-shedding, in contrast to the experiments with
reduced sea level. We conclude that it is not the reduced transport but the change in the
profile of the YC, which leads to the diminishing eddy-shedding in the experiments with
reduced sea level. The wind driven increase in YC and FS transport during LGM tend to
reduce eddy-shedding, thus supporting the impact of the reduced eddy shedding on the
LGM cooling of the Gulf.

The surface heat flux in the Gulf increases when the period of the eddy shedding is
higher than in CONTROL (see Tab. 3.1) and the FS transport is similar compared to
CONTROL. When FS transport increases and the eddy shedding ceases, the surface heat
flux is almost stationary or even less than in CONTROL. In ECBILT-wind a very low FS
transport rate and eddy shedding with an elevated eddy shedding frequency compared to
CONTROL permits a slight increase in surface heat flux. As mentioned before, the surface
heat flux from the Gulf is not completely balanced by the differences in heat transport
between FS and YS but since the model is not in complete balance, parameters show the

same qualitative behavior.

3.4.4 Combining lowered sea level and LGM wind stress forcing

Lowering the sea level only (e.g. CONTROL-110) leads to a reduction in FS transport
and an extension of the eddy shedding period whereas LGM-wind forcing produces higher
transports in FS (except in ECBILT-wind) and with this an increase of the period or a
total cease in eddy shedding.

We find the FS and YC transport also to decrease when combining lowered sea level with
the LGM wind stress anomalies (ranging from 1.1% with respect to the difference between
CCSM-wind/CCSM-wind-110 to 14.6% with respect to the difference between ECBILT-
wind/ ECBILT-wind-110). Obviously the changes in topography play a dominant role in
these experiments. The eddy shedding is absent in all LGM-wind-110 experiments except
in ECBILT-wind-110 where F'S transport is rather low compared to the other with LGM
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wind and lowered sea level (LGM-wind-110 hereafter) experiments.

However, the combination of sea level and wind stress anomalies does not evolve in a
linear way: the difference in transport through FS between CONTROL and CONTROL-
110 is much larger (3.16 Sv) than the differences between LGM-wind (all experiments
with LGM wind stress forcing) and LGM-wind-110 experiments (e.g. FGOALS-wind
and FGOALS-wind-110). We find lower absolute and relative transport changes between
all LGM-wind /LGM-wind-110 experiments except between ECBILT-wind /ECBILT-wind-
110, where relative transport changes are in the same range as in CONTROL/CONTROL-
110.

The diminished eddy shedding in the LGM-wind-110 experiments (except ECBILT-
wind-110) seems to be a reasonable consequence given that eddy shedding was highly
reduced in CONTROL-110 and also given that the shedding period was elevated or absent

in the LGM-wind experiments.

We also find a decrease in surface heat flux from the Gulf in all LGM-wind-110 experi-
ments (Tab. 3.1) and a decrease of absolute heat transport into the Gulf (not shown) when
comparing them to our LGM-wind experiments. Note that The reduced heat transport
into the Gulf is related to the cease in eddy shedding. Although F'S transport is similar to
CONTROL in our experiments FGOALS-wind-110 and MIROC-wind-110, eddy shedding
stops with the lowered sea level. Only in ECBILT-wind-110, as mentioned before, eddy
shedding can still be detected at a very low FS transport leading to the assumption that

a very low F'S transport allows eddy shedding also when the sea level is lowered.

3.5 Discussion

To unravel the interlinks in the system, it is necessary to study particular scenarios in
isolation. Hence, we performed experiments with different sea levels, wind stress anomalies
of the LGM combined with present day sea level and finally a combination of wind stress

anomalies of the LGM and lowered sea level to test the individual responses.

Many aspects of the present circulation in the Gulf of Mexico in CONTROL are similar
to a higher (1/12°) resolution version of the same model (HI-ncep) used in Eden (2007)
FS transport in CONTROL is 23.32 Sv calculated for the last 20 model years, which
is very close to the value in Hl-ncep of 22.39 Sv (Mildner et al., 2012). Hl-ncep is the
same model, using the same forcings and boundary conditions except for a resolution of

1/12°cos ¢. Sensitivity experiments with CONTROL and HI-ncep using different topog-
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raphy (i.e. changes in depth and width of Windward Passage) and different wind stress
products and topography do not show any improvement of the low bias. Although CON-
TROL reproduces the observations in many cases quite well, a common bias of both models
and also others (e.g. Smith et al., 2000) is the low volume transport between Cuba and
Florida (compare Tab. 3.1). This low bias is also apparent in more recent global versions
of the model by Smith et al. (2000) (A. Griesel, pers. comm), and thus appears to be
a common problem of basin-wide eddy-permitting models. Nonetheless, we assume that
the low bias in the simulated FC transport does not affect significantly the FC transport
variability in the model simulations, which is the focus of the present study. Note that
the goal of this study is not to reproduce the absolute transport through the straits but
rather to capture the sensitivity of the transport to the different sea level and wind stress
conditions during the YD and the LGM

Little is known about the ocean circulation of the inner Gulf of Mexico for the Last
Glacial Maximum and what we know are fragments of the whole picture due to limited
facilities and uncertainties that can arise from observational dating methods. Slightly more
observational and modeling studies involve more recent climatic abrupt events e.g. the
Heinrich 1 event, the Younger Dryas or the Bolling Allergd (B/A; ~ 14 kyr BP) focusing
mainly on the Caribbean. Observations in marine records from the Gulf of Mexico and
the Caribbean show large variations in the SST during the last 21 kyr (Flower et al., 2004;
Nirnberg et al., 2008; Schmidt et al., 2004). It is the aim of the present study to relate

these differences to changes in the circulation.

We use the PMIP database to reconstruct wind stress forcing. A common signal in all
models in the PMIP database is a southward shift of the ITCZ during the LGM. This seems
robust, as observations from Cariaco basin allow also this assumption based on alkenones
in comparison with Mg/Ca ratios and foraminifera proxy records from sediment cores
(Haug et al., 2001; Koutavas et al., 2005; Kuhlemann et al., 2008; Schmidt et al., 2011).
Further studies by Lea et al. (2003); Wang et al. (2004) support this assumption. Due to
the shift of the ITCZ, a southward shift of the trade winds can be observed in most of our
LGM-wind and LGM-wind-110 experiments. As a consequence the wind driven transport
into the Caribbean increases and as a result also the transport in YC and FS. The model
results also suggest that the lower the sea level, the longer the shedding period of the LC
going along with decreased heat and salt transport into the Gulf of Mexico. These results
point towards a warming of the GoM across the deglaciation. Also, the interval of the

mean shedding period of the LC increases at lower sea levels.

Note that we did not consider salt fluxes. This is due to the salt relaxation surface
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conditions in FLAME where we lowered the sea level and where we might miss the influence
of the Mississippi freshwater discharge (at the northernmost boundary of the Gulf). Parts
of the Mississippi freshwater input into the GoM are not resolved in this case so that the

Mississippi freshwater discharge may not be mapped correctly.

The meso-scale anticyclonic eddies shed by the LC are an important component for
the heat budget of the Gulf as they transport warm and salty waters into the northern
and western part of the Gulf. A high probability of no eddy shedding and reduced heat
transport during the full glacial according to our experiments is in good agreement with the
observations who suggest a decrease in SST in the Gulf by about 4°C for the LGM based
on sediment analyses form De Soto Canyon by Niirnberg et al. (2008) and from Orca Basin
Flower et al. (2004). The continuous increase in eddy shedding across the deglaciation
found in the model experiments goes also along with a reconstructed continuous 6.5°C SST
increase across the deglaciation calculated from marine sediments from De Soto Canyon
(Niirnberg et al., 2008). The higher temperatures in the Caribbean found by Schmidt et al.
(2004) and the lower SST in the Gulf during the LGM might be related to changes in heat
and freshwater transport due to a cease in eddy shedding. Overall the differences in SST
records and model results hold information about the eddy shedding behavior during the

last 21 kyr.

Observations in this area concerning the FS transport during the LGM contradict each
other. Whereas observations of a study by Schonfeld et al. (2005) propose an enhancement
in transport through the southern glacial FS by 20% using Sortable Silt estimations as
a paleo-flow proxy, observations by Lynch-Stieglitz et al. (1999) propose a reduced FS
transport for this period. Lynch-Stieglitz et al. (1999) calculate the glacial FS transport
from a density gradient between Florida and the Bahamas using the §'¥O.qcize values of
foraminifera shells and find glacial F'S transports ranging between 15 — 18 Sv. Calculating
a horizontal density gradient needs the assumption of a level-of-no-motion at the bottom,
which is discussed controversial among others by Wunsch (2010). However, it contradicts
our model results regarding the FS transport estimates as they all show a stronger FS
transport for the LGM (except ECBILT). The reason for the discrepancy in Lynch-Stieglitz

et al. (1999) findings and our results remains unknown.

In our five CONTROL experiments we lowered the sea level according to the relevant sea
level reconstructed from observations but with fixed surface forcing. We find a reduced
transport in FS and YC the lower the sea level is. This is in agreement with earlier
model studies using the Regional Ocean Modeling System by Ionita et al. (2009) who also

neglected changes in wind. They lowered the sea level by 120 m and came to similar
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results compared to our CONTROL-110 experiment, namely that the transport in F'S and
YC reduces when the sea level is reduced and present day wind stress is applied. With
the present study we have also shown that the wind stress plays an important role with

respect to the changes in the circulation.

Note that we did not change the thermohaline forcing and the lateral boundary condi-
tions in our experiments. This is based on the assumption that the overturning has not
changed much during the LGM as there is no consensus so far (e.g. Lippold et al, 2012,
and references within). Oka et al. (2012) propose in their recent study a thermal threshold
for the AMOC, where stadial periods of glacial climate experience a weak AMOC whereas
interstadial periods undergo a relatively strong AMOC. However, there are also indica-
tions from a model comparison study by Otto-Bliesner et al. (2007) who suggest that the
MOC was neither appreciably stronger nor weaker than modern MOC. Note also that the
hydrological cycle, and its processes and feedbacks in stabilizing or destabilizing the THC
is still largely unknown also for present day ocean circulation. However, concerning the
process of the eddy shedding in the Gulf under different forcings we are able to compare

the different model results to the observations and draw conclusions based on these results.

3.6 Summary

We used an eddy permitting model to study the dynamics of the Loop Current eddy
shedding in the GoM, for different sea levels (late Holocene: 24 m, YD: 67 m, LGM: 110
m and sensitivity experiment: 200 m) and using different wind stress forcings appropriate
to LGM conditions (PMIP2 coupled model simulations). The results are summarized in
Fig. 10.

e Applying glacial wind stress leads to an equatorward shift of the westerly winds, a
stronger meridional gradient of the zonal wind above the Subtropical Gyre and thus
to an increase in the wind stress curl and an enhancement of the Sverdrup transport
within the Subtropical Gyre. These are the direct results of the intensified wind

stress and are common features in the PMIP2 models (Murakami et al., 2008).

e To summarize our findings, Fig. 10a shows the eddy shedding frequency as a function

of transport between Cuba and Florida and sea level:

1. Transport between Cuba and Florida tends to increases when applying glacial

wind stress.
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Figure 3.10: a shows the eddy shedding frequency as a function of the transport between Cuba
and Florida and the sea level. The numbers next to the experiment names reveal
the frequency of eddy shedding. b shows the surface heat flux [in PW] as a function
of FS transport and eddy shedding frequency. Higher negative values denote higher
surface heat flux to the atmosphere. The contour lines in both figures show linearly

interpolated data.

2. Lowering the sea level leads to a reduction in or to the total absence of eddy

shedding.

3. Increasing transport between Cuba and Florida leads to a decrease in or the

total absence of eddy shedding.

e Fig. 10b shows the surface heat flux as a function of transport between Cuba and

Florida and eddy shedding frequency, which both determine the heat budget of the

Gulf of Mexico:

1. Increasing eddy shedding frequency increases surface heat loss in the Gulf of

Mexico.

2. The increasing Florida Current and transport between Cuba and Florida also

increase surface heat loss from the Gulf of Mexico.
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4.1 Abstract

In this manuscript, the effect of changes in wind stress and sea level during the Last
Glacial Maximum (LGM, ~18-24 ka) for the Gulf Stream position are discussed using a
1/12° ocean general circulation model (OGCM). LGM wind stress is enhanced in the region
of the tropical and polar easterlies and the prevailing westerlies are shifted southwards. As
a consequence, the line of zero wind stress curl (V x 7 = 0), is also located further south
by up to 3°during the LGM compared to present day. The Intertropical Convergence Zone
(ITCZ) experiences a latitudinal shift of ~4° to the south. A stronger subpolar gyre and a
southward extended northern recirculation gyre lead to a shift of the complete circulation
system. The subtropical gyre is less developed and also displaced to the south. The
model response suggests a southward shift of the Gulf Stream to the position between
32.5 and 34°N in the experiments (according to the 15°C isotherm in 200 m water depth).
Moreover, a more zonal characteristic of the Gulf Stream axis during the LGM was found
in our experiments compared to the more meridionally tilted axis of the present Gulf
Stream. With a lowered sea level alone sea level did not change the Gulf Stream position,

we conclude that the glacial wind plays an important role.

4.2 Introduction

Nowadays the position of the Gulf Stream and its variability are well observed and its
importance for the European and the regional climate is known. The Gulf Stream’s origin
is located in the Gulf of Mexico and it carries the tropical waters from the Florida Straits
along the coast as a western boundary current. It leaves the coastline off Cape Hateras
near 35°N, carrying its warm waters over the New England Seamount chain to the northern
parts of the North Atlantic. At around 50°W, the Gulf Stream splits into several currents.
The most important currents are the North Atlantic Current, the Azores Current, the

southern and the northern recirculation gyre (Schmitz et al., 1993; Schmitz, 1996).

Although its pathway is well known from satellite images, modeling of the strong me-
andering Gulf Stream is still a challenge. Unlike high resolution OGCMs, low resolution
ocean models often fail to resolve the separation process correctly (Chassignet et al., 2008).
By using finer grids, processes like meso-scale baroclinic instabilities at the scale of the
first baroclinic Rossby radius of deformation are better resolved (Smith et al., 2000; Bryan
et al., 2007). Increasing the resolution also led to the larger Reynolds numbers due to the
possibility of implementing smaller viscosities. It has been shown by different authors that

the Reynolds number has to exceed a certain threshold for the separation to occur (Dengg
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et al., 1996; Munday et al., 2005). For an extensive discussion of the GS separation, we
refer to the reviews by Dengg et al. (1996) and Chassignet et al. (2008). Ocean circulation
theories predict that the position of the Gulf Stream respectively the North Atlantic cur-
rent system and the subpolar-subtropical front is set by the line of zero Ekman pumping
at which there is no convergence or divergence of water in the directly wind-mixed surface
layer of the ocean (Keffer et al., 1988; Gangopadhyay et al., 1992) which is in the area of
the observed line of zero wind stress curl. This line was first supposed to mark the position
of the Gulf Stream - North Atlantic Current system in ocean general circulation theories
by Stommel (1948) and Munk (1950). Considered realistically, this line of zero wind stress
curl shows considerable seasonal variation. Taylor et al. (1998) highlight the importance
of wind stress and show that stronger westerlies and trade winds lead to a northward
shift of the Gulf Stream separation latitude indicating a connection to the North Atlantic
Oscillation (NAO) index. Several attempts have been made towards the understanding of
the mechanisms of the separation processes but the dynamics controlling the separation

of the Gulf Stream remains poorly understood.

Still today, direct observations of the Gulf Stream are hampered due to its large variabil-
ity resulting in frequent/numerous eddies, filaments and other instabilities. No consistent
seasonal cycle was found e.g. in a study by Taylor et al. (1998) who analyzed a 30 year time
series of monthly data of the Gulf Stream northern boundary based on surface, aircraft,
and satellite observations. Even higher uncertainties arise, if this highly variable system is
extrapolated to past ocean circulation conditions. First measurements of the Gulf Stream
transport were conducted from hydrographic sections by the US Naval Oceanographic
Office since the late 1960s.

The present day Gulf Stream position has also been estimated from geological proxy
reconstructions by Matsumoto et al. (2003) using oxygen isotope ratios of deep-dwelling
planktonic foraminifera. During the LGM the Gulf Stream was probably shifted further
south and did not reach subpolar North Atlantic regions north of ~50°N due to the surface
melt water layer postulated by Ruddiman et al. (1981). Following a study by Lynch-
Stieglitz et al. (1999), who identified a reduction in Florida Current transport and also a
reduction of the southern Gulf Stream transport during the LGM, Matsumoto et al. (2003)
and LeGrande et al. (2007) reconstructed the latitude of the separation for the LGM and
came to the conclusion that the Gulf Stream had almost the same position compared to its
modern state. Additionally, they state that the location of the Gulf Streams’ intermediate
depth density gradient was the same during the last ice age as today. The increase in wind
strength in the North Atlantic, as assumed by the PMIP community for the LGM, would

lead to an increase in circulation strength, is questioned by Huybers et al. (2010). Model
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studies by Hewitt et al. (2001) suggest a stronger subtropical gyre during the LGM and
(also) a southward shift of the Gulf Stream, which is not consistent with the line of zero
Ekman pumping in their results. The most difficult part when comparing numerical model
results to geological records is that sediments are often scarce for the LGM Gulf Stream
because of the strong prevailing currents. Characteristic for the North Atlantic are slumps
and turbidity currents on the continental margin hindering the recovery of undisturbed

and adequate sediment material.

In this paper, we evaluate Gulf Stream position during the Last Glacial Maximum based
on a high resolution ocean circulation model study. The advantage of a high resolution
ocean general circulation model is the resolution of the first Rossby radius of deformation
hence providing a good representation of baroclinic instability processes such as meso-scale
eddies. We analyze our model results to assess whether the position of the Gulf Stream

has changed during the Last Glacial Maximum.

4.3 Experimental design

We use an eddy-permitting ocean general circulation model of the Atlantic Ocean (FLAME,
http://www.ifm.zmaw.de/mitarbeiter/prof-dr-carsten-eden /numerical-models) to assess the
impact of sea level change and glacial wind stress on the dynamics of the North Atlantic
upper ocean circulation as well as the Gulf Stream separation latitude. The model is based
on a revised version of Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean
Model 2 (MOM2; (Pacanowski, 1995)) and has been used to address various topics (e.g.
Dengler et al., 2004; Eden et al., 2004). To resolve meso-scale processes such as eddies
in the Gulf Stream the model version used in the present study is based on a configura-
tion for the Atlantic Ocean from 20°S to 70°N and 16°E to 100°W with 45 vertical levels
(10 m thick at the surface increasing to 250 m starting from 2,300 m below sea level to
the maximum depth of 5,500 m/bottom) and with a spatial resolution of 1/12°cos ¢. All
model experiments are forced using a Haney-type heat flux condition as given by Barnier
et al. (1995). Atmospheric forcing is taken identical to the present day reference simula-
tion also given by Barnier et al. (1995) and a restoring boundary condition for sea surface
salinity, using the Antonov et al. (1998) climatology, which serves also as initial condition.
Northern and southern margins of the domain are formulated as open boundaries after
Stevens (1991). The temperature and salinity climatology are taken from Levitus and
Boyer (1998).

In a first set of experiments, we reconfigure our CONTROL experiment of the FLAME
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model with glacial sea level corresponding to the cold-glacial period of the LGM. For
the period of the LGM the sea level was lowered by 110 m (CONTROL-110), according
to observational estimates from Barbados, the North Atlantic and New Jersey by (e.g.
Fairbanks, 1989; Waelbroeck et al., 2002; Wright et al., 2009) (see also Tab. 4.3).



Model- forcing: forcing: Florida  Antilles Deep Western  Vertical eddy EKE

experiment sea level LGM wind  Straits = Current Boundary bouancy [TW]  [Joule]
-110 m  anomalies transport Current

CONTROL - - 20.7 12.9 -17 0.0063 8.4x101°

CONTROL-110 vV - 14.8 14.0 -11.3 0.0034 5.8x1010

HadCM-wind-110 v v 19.0 14.2 -12.8 0.0040 6.5x10'0

CCSM-wind-110 vV Vv 19.0 17.6 -10.4 - -

Table 4.1: List of experiments and forcings applied and the calculated Florida Straits transports. The Florida Straits fluxes given in Sverdrup were
calculated for the area 26°N between 79.1° and 81.1°W (between the Bahamas and Florida), Antilles Current in the area 26°N and between
76.1° and 71.6°W over the top 1000 m. Vertical eddy buoyancy was calculated between 32°N and 42°N, and between 50°W and 75°W and
averaged over the top 500 m. All values are averaged over 5 model years.
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In addition, we have reduced the sea level in the model by eliminating the first 9 levels of
the original vertical grid of 45 levels of the model. We allow for a dynamical quasi-steady
equilibrium of the basin-wide circulation, which the model reaches after approximately 10
model years. Note that due to the restricted length of the integrations, the simulations are
not in equilibrium with the thermohaline surface forcing and the water mass characteristics
prescribed at the open boundaries. Further, we did not change the thermohaline forcing
in the model, i.e. it represents current climate. Therefore we do not aim to realistically
simulate the response of the thermohaline circulation in our model simulation, but to focus
on the response of the wind-driven, quasi-geostrophically balanced regional circulation

in/of the Gulf Stream to the changes in sea level and wind stress.

Our model experiment are forced by LGM wind stress anomalies calculated from model
results of the PMIP2 community (LGM-wind experiments) and combined the wind stress
anomalies with lowered sea level due to glacial conditions. Available to us are results
from the HadCM (HadCM3M2) (Gordon et al., 2000) and from the CCSM (the Na-
tional Center for Atmospheric Research CCSM3 model) (Otto-Bliesner et al., 2006) model.
All models in PMIP2 use the same boundary conditions namely ICE-5G (ice sheet)
and topography described in Lainé et al. (2009) and which are online accessible from
http://www.pmip2.lsce.ipsl.fr. They provide large continental ice sheets over North Amer-
ica and northern Eurasia. Forcings for PMIP2 models differ from present day insolation
due to a difference in the Earth’s orbit. Derived from the Greenland and Antarctic ice
core records they included the changes in atmospheric carbon dioxide (185 ppmv - parts
per million by volume) concentration, methane (350 ppbv - parts per billion by volume)
and nitrous oxide (200 ppbv). Also these models are fully coupled atmosphere-ocean-ice
models. We calculated anomalies of monthly mean wind stress from steady state model
solutions for 21 kyr simulations minus present day control simulations of each PMIP model
mentioned above and added this anomaly to our monthly varying forcing of CONTROL
to create a new forcing for each experiment (altogether two with LGM-wind and lowered
sea level). These experiments are listed in Tab. 4.3 and named HadCM-wind-110 and
CCSM-wind-110.

4.4 Results

The Gulf Stream position in the model agreed quite well with the observations, although
it had a slight overshoot to the north at its observed separation point off Cape Hatteras
(Frankignoul et al., 2001). While observations found the long-term mean separation point
at ~36.5°N, it occurred about 1.5-2° further north in the model. The split of the Gulf
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Stream into several different currents e.g. the North Atlantic Current and the Azores
Current at about 50°W (Fuglister et al., 1951) was therefore nicely reproduced by FLAME.
The Azores Current could be clearly seen in the mean SSH field and the North Atlantic
Current could be seen in the mean velocity field (not shown). The analyses revealed a
width of the Gulf Stream in CONTROL of ~130 km which is in good agreement with
observations by Johns et al. (1995) from a mooring array at 68°W. Note that although the
Gulf Stream had this slight overshoot to the north, we assume here that this well known
model bias did not affect significantly the results. The bias might be a result of the choice
of the lateral boundary conditions applied (Chassignet et al., 2008).

4.4.1 Influence of sea level and glacial wind stress forcing

As criteria for the separation latitude of the Gulf Stream, Hansen (1970) suggested the
depth of the 15°C isotherm at 200 m water depth which indeed agreed well with the model
results (see Fig. 4.3). Further, the line of zero wind stress curl marking the boundary
between the subtropical and the subpolar gyres as separation criteria suggested by Keffer
et al. (1988) was found in the model, where the thermoclines rose towards the Gulf Stream
and was located a little further to the south (Fig. 4.1a+b). Nevertheless that shelf areas
were reduced during the LGM and therefore also in CONTROL-110 without the glacial
wind forcing, only a slight shift in the position of the Gulf Stream was found compared to
CONTROL. However, in both experiments the slight overshoot to the north existed. The
Gulf Stream itself was located as in CONTROL close to the western boundary. However,
the strength of the current flow was reduced by ~30%. This was further supported by the
Eady growth rate (after (Eady, 1949)) and the mean eddy kinetic energy (EKE, see Fig.
4.2).

1 — =
EKE. gz =5 * (W + (V") (4.1)

The EKE is a measure for the ocean dynamics and turbulence, where u is a long term mean
with v = v/ + @ and is strongly reduced (averaged over the top 500 m) in the experiment

with lowered sea level.

1

OBady — \/—?Zf (42)

The Eady growth rate comprises the Richardson number which is defined as ]g—j, where N

is the buoyancy frequency and S is the vertical shear of the geostrophic horizontal velocities
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Figure 4.1: Colors display the simulated barotropic streamfunction (in Sverdrup) averaged over 5

years. In contour lines overlain the curl 7 (in N/m?) calculated from the climatological
wind stress is shown whereas positive wind stress curl causes divergence in the Ekman
layer and upward Ekman pumping, while negative wind stress curl causes convergence
and hence Ekman suction. Curl 7 was smoothed using a Hanning window.
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Figure 4.2: a)-c) the eady growth rate in 1/day; d)-f) the eddy kinetic energy in cm?/s?. Both
parameters are averaged over the top 500 m and over 5 years.

and the Coriolis parameter f. It assesses baroclinic instability through the vertical gradient
in horizontal wind speed and is therefore a measure of baroclinic stability. Fig 4.2 b
shows a slight reduction but also a slight northward shift. A calculation of the vertical
eddy buoyancy gradient in the entire Gulf Stream region provided further evidence of the
assumption that baroclinic instabilities were reduced in CONTROL-110 revealing a total
reduction of 46%. Although these two parameters were strongly reduced (see also Tab.

4.3) their extent was almost the same as compared to CONTROL.

The present northward heat transport in the Atlantic was in good agreement to what
observations suggest (Garzoli et al., 2007). The LGM Atlantic ocean transported less heat
northward than in CONTROL especially in the tropics and mid-latitudes. Beyond 57°N
the differences became less extensive. The decreased heat transport in the mid-latitudes
and in the tropics was a consequence of the weaker meridional overturning circulation (not
shown). In the north, a stronger subpolar gyre evolved with an extended northern recircu-
lation gyre between 38°N and 55°N. The gyre heat transport in this area was increased in
HadCM-wind-110 and CCSM-wind-110 expressed in elevated temperatures in the top 500
m. However, the decreased overturning during the LGM was accompanied by a decrease
in the amount of heat and salt transported northwards in the tropical and mid-latitude
Atlantic and possibly also influences the separation latitude of the Gulf Stream. These
findings could be consolidated by a reduced Deep Western Boundary Current (DWBC),
an increased Antilles Current (see Tab. 4.3) and also the reduced heat, gyre, salt and

overturning transport.

The line of zero wind stress curl appeared more as a boundary between the northern
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Figure 4.3: Displayed is the current speed in at 200 m water depth in m/s. The contour line
show the location of the 15°C isotherm at 200 m water depth.

recirculation and the subtropical gyre in the model results (Fig. 4.1). This line of zero
Ekman pumping where no convergence or divergence of water in the directly wind-forced
layer occurred, coincides with the sloping of the thermoclines that became strongest in the
Gulf Stream. The line of the 15°C isotherm in 200 m water depth (Fig. 4.3) matched again
quite well as separation criteria. Although the separation in CONTROL occurred a little
to far in the north, a striking shift in the separation latitude during the LGM could be
distinguished. The separation latitude in experiment CCSM-wind-110 and HadCM-wind-
110 shifted to ~32°N (Fig. 4.3). This made a latitudinal shift of the Gulf Stream towards
the south by ~6° compared to CONTROL. The horizontal extent of the Gulf Stream
during the glacial was also enhanced and can be seen in the barotropic streamfunction in
Fig. 4.1.

The zonally averaged wind stress in CONTROL and in CONTROL-110 only deviated
between 45°N and 60°N (Fig. 4.4).

The most prominent changes could be analyzed in CCSM-wind-110, where a strong
southward shift of the westerly winds occurred combined with an increase in the polar

easterlies and the northeast trades at tropical and mid latitudes. Stronger westerlies in
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Figure 4.4: Zonally averaged wind stress for the model experiments between 10°N and 70°N in
N/m?2.

HadCM-wind-110 occurred between 48°N and 63°N and also stronger NE trades between
10°N and 25°N. In the mid latitudes a southward shift in the easterly and westerly winds
could be observed, whereas in CCSM-wind-110 a more pronounced southward shift oc-

curred.

Further, the eady growth rate shifted towards the glacial Gulf Stream position but
became also enhanced within the northern recirculation gyre (Fig. 4.2). A calculation of
the vertical eddy buoyancy gradient in the entire Gulf Stream region showed a reduction
by 36%. The mean EKE was also strongest in the 'new’ Gulf Stream area but slightly
reduced compared to CONTROL.

In addition the character after separation changed. The LGM-wind experiments dis-
played a more zonal Gulf Stream compared to the modern, more meridional character.
This feature was more distinct in CCSM-wind-LGM than in HadCM-wind-110.

4.5 Summary and conclusions

The details of external forcings such as a reduced sea level or glacial wind and glacial
sea level on the dynamics of the ocean circulation in the North Atlantic were investigated

using a high resolution ocean general circulation model.
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Northward heat transport decreased strongest in the tropics and mid latitudes owing to
a reduced overturning and processes initiated by the LGM wind which was supported by
several studies who found a reduction in SST at Blake Ridge of ~3-4°C (Carlson et al.,
2008; Schmidt et al., 2011). This involves, that subpolar surface waters were cooler and
that deep-water production was reduced as already described by Ruddiman (1977). The
importance of wind stress was previously analyzed e.g. by Taylor et al. (1998), who
proposed a connection between the NAO and the Gulf Stream separation latitude also
showing the possible influence of stronger westerlies and trade winds during high index
NAO phases. Due to the absence of glacial ice sheets in the northern hemisphere in their
study they found the Gulf Stream shifting towards the north two years after phases of a
high NAO index, whereas our experiments during the last ice age were influenced by the
large continental ice sheets and associated stronger winds. Furthermore, the formation
of a stronger northern recirculation gyre in our LGM experiments lead to a southward
displacement of the Gulf Stream separation latitude. A former study by Keffer et al.
(1988) supports our assumption. They also suggest that the ice sheet modified the field
of Ekman pumping and a shallower overturning rate existed during the LGM also found
by Vidal et al. (1997).

A southward shift of the Gulf Stream was also analyzed in a model study by Zhang
(2010) during times when an anomalous cyclonic gyre propagates to the south of the Grand
Banks, strengthening also the DWBC. Nevertheless, in the LGM model experiments with
a similar increase in the northern recirculation gyre and an associated southward shift
of the Gulf Stream we found a reduced DWBC, but therefore recirculating water masses
rejoin the Antilles Current increasing its transport. Transports in Florida Straits were
similar in magnitude to the present although a weaker overturning was assessed in the
model experiments. However, there is no consensus about Atlantic meridional overturning

circulation strength during the LGM (Lippold et al, 2012).

It is proposed that during the LGM the atmospheric circulation system was probably
stronger due to the ice covered land masses. With a strengthened wind-system, the total
transport was likely to be larger than today, rather than smaller (Wunsch, 2003). But
Huybers et al. (2010) question also lately the conclusion that an increase in wind strength

would lead to an increase in circulation strength.

The higher available potential energy in the northern recirculation gyre was shifted
to the south due to the shift in the Ekman pumping derived from the wind stress curl
which is positive in the northern recirculation gyre and negative in the subtropical gyre.
In CCSM-wind-110 and HadCM-wind-110 higher Ekman pumping rates and therefore
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higher upwelling in the northern recirculation gyre occur. The available potential energy
is degraded through baroclinic instabilities which were highest in these areas and became
visible in the strong eady growth rate. The shear rate increased with the evolution of the
baroclinic instabilities and build up EKE in the main Gulf Stream area. This supports the
assumption that the mean EKE in the experiments was mostly influenced by the glacial

wind and to a lesser extent by the lowered sea level

Previous studies have suggested that the reason for the reorientation of the Gulf Stream
axis is related to atmospheric forcing, but the exact mechanism remain unclear. This study
supports the assumption that winds play a crucial role for the Gulf Stream separation.
The implication of these findings is that especially changes in the wind stress and to a
lesser extent the changes in ocean bathymetry due to sea level drop changed the overall
circulation pattern of the western North Atlantic under LGM conditions compared to the

present day.
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The Loop Current plays an important role transporting mass, heat, salt and other tracers
into the Gulf of Mexico on one side via the YC with its irregular anticyclonic eddy shedding
in the GoM and on the other side via the FC into the North Atlantic circulation. This
circulation system is of major importance for the past and present climate because of its
warm water transport into the northern hemisphere. Using a number of different model
experiments and various observations, the dynamics of the Loop Current and adjacent
seas are examined in this study. The aim of this thesis was therefore to improve the
present understanding of the Loop Current and the Gulf Stream system in the past and
in the present. Using a combined approach of model experiments and observations from
satellites, an undersea telephone cable, and oceanographic and climatic proxy data from
marine sediment cores enabled to contribute to improve the understanding of the ocean
dynamics in the western subtropical North Atlantic. The role of the eddy shedding period
and the decadal to interannual variability in Yucatan Channel on the Florida Straits
transport and the Gulf Stream position during the LGM were investigated using an eddy-
permitting OGCM at two resolutions (1/3° and 1/12°). The higher resolution version of
the numerical model was used to better resolve the small-scale processes and also to verify

the model results from the lower horizontal resolution model simulations.

In Chapter 2, the transport changes in the Florida Current and their relation to the
ocean dynamics, especially the variability of the Loop Current and its eddy shedding into
the Gulf of Mexico were discussed. The experiments were compared to the long term
daily mean transport of the Florida Current inferred from voltage measurements of a deep
sea telephone cable located at 27°N between Florida and the Bahamas and to sea surface

height satellite data.

The main result of Chapter 2 is that the observed low-frequency variability in the
Florida Current is mostly driven by the internal dynamics related to the Loop Current
eddies in the Yucatan Channel. The results of this study suggest a strong influence
by the eddy shedding and to a lesser extent by the wind forcing on the Florida Straits
transport, in contrast to what has been hypothesized in the past. Nevertheless, additional

mechanisms might also support the eddy shedding process. Transport changes in Florida
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Straits have a significant influence on the transport variability on monthly to decadal
time scales. Differences (and changes) between the ring shedding period (~9 month) and
the seasonal cycle of the Florida Straits transport (~12 month) lead to an interannual to
decadal beat frequency, which explains large parts of the variability of the Florida Current
transport in the model simulations, even exceeding atmospheric forcing variability on the
considered time scales. Whenever an eddy is stationary north of the Yucatan Strait,
it blocks the outflow to the North Atlantic in the model simulations and water masses
recirculate into the Caribbean and are therefore reduced in the Florida Straits. A blocking
mechanism is assumed to explain large parts of this variability in Florida Straits transport.
A release of the blocking occurs once the eddy separates from the Loop Current or when it
intrudes further northwards into the Gulf. As a consequence this process is accompanied
by an increase in the Florida Straits transport A combined comparison from observations
including sea surface height data and transport estimates from the undersea telephone
cable confirm the hypothesis that the Florida Straits transport can be strongly influenced
by this blocking mechanism.

Although the variability of the Florida Straits transport seems to be influenced by the
Loop Current eddy position, the processes that induce the separation of an eddy needs
further investigations to resolve the mechanisms. The short period of lowered heat trans-
port due to the short duration of the blocking mechanism under present day climatic
conditions would only have a minor impact on the North Atlantic. Nevertheless, assum-
ing that under different climatic conditions the blocking would occur permanently in the
Yucatan Strait, the Florida Current transport would be permanently reduced transport-
ing less heat towards Europe. An associated cooling in the North Atlantic would thus
have consequences for the atmospheric and oceanic circulation system. Further research
could imply extended model studies for past climates to investigate under what climatic

conditions a permanent blocking was conceivable.

Chapter 3 discusses the influence of changes in wind stress forcings and sea level on
the ocean dynamics according to different climatic events in the past 25 kyr. The influence
of sea level changes on the heat and salt budget of the Gulf of Mexico and the associated
influence of the Loop Current eddy shedding during the last glacial-interglacial cycle were

investigated.

The results of this study suggest that a reduced sea level compared to the present has
an important influence on the Loop Current eddy shedding. The Florida Straits and
Yucatan Channel transport decreased with a decrease in sea level. Moreover, under these

conditions eddy shedding was attenuated while the eddy shedding interval increased. As
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a consequence, the heat and the salt transport into the Gulf of Mexico were reduced.

In other experiments with LGM wind stress, the eddy shedding was absent while Florida
Straits transport increased by >80% and the heat transport into the Gulf of Mexico was
accordingly reduced. It was also absent in most of the experiments with glacial wind stress
and lowered sea level. Although the different wind stress products of the PMIP2 models
use the same boundary conditions, applying the wind stress anomalies to our climatological
forcing did not lead to a linear response. Nevertheless, if transport in Florida Straits and
Yucatan Channel increases or decreases, the heat transport is very low in all experiments

suggesting the absence of eddy shedding during the LGM.

Our experiments revealed a complex relationship between Yucatan Channel and Florida
Straits transport, sea levels, eddy shedding, salt and surface heat fluxes. A main finding in
Chapter 3 is the proposed absence of eddy shedding during the LGM. Stronger westerlies
caused an enhanced Sverdrup transport within the Subtropical Gyre leading to an increase
in Florida Straits and Yucatan Strait transport with a decrease in eddy shedding with
increasing transport. The heat and salt transport into the Gulf was reduced when eddy
shedding was less frequent or absent. This study supports observations in the Gulf that
revealing a temperature increase across the deglaciation which in turn could be related to
an enhancement of the eddy shedding into the Gulf of Mexico approaching present day

conditions.

The atmospheric and oceanic circulation changes during the LGM are reflected in the
oxygen isotopic composition of Greenland ice cores. Recent results from corals and pollen
records indicate a global ~4-6° C cooling which is also consistent with the cooler surface
temperatures of the same range estimated for the northern Gulf of Mexico during the
LGM. These fresher and cooler conditions in the Gulf, most likely resulted from higher
fluvial discharge from the Mississippi river and less or no eddy shedding from the Loop
Current. This is consistent with observations in the Gulf of Mexico which suggest an
increase in SST across the deglaciation in the northern Gulf. Although little is known
about the glacial atmosphere, massive wind stress changes are assumed for the LGM with
a shift in the ITCZ position towards the south. This can be analyzed to a good extent
from sedimental isotope records combined with Mg/Ca analysis revealing the past rainfall
intensity. The elevated increase in Florida Straits and Yucatan Channel transport can be
related to the wind forcing and is a common signal in all PMIP2 LGM model simulations
where westerly winds are shifted equator-ward and the trade winds strengthen over the
North Atlantic ocean. Further studies with a coupled model similar to PMIP2 and an

idealized LGM atmospheric model resembled similar results, in which the response was
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related to an equator-ward shrinking of the Hadley circulation as a response to the reduced
tropical convection. The equator-ward shift in wind stress is assumed to lead to a stronger
meridional gradient of the zonal wind above the subtropical gyre and thus, to an increase in
the Sverdrup transport of the subtropical gyre in the North Atlantic. Since the subtropical
gyre has to be in Sverdrup balance, the enhancement was also observed in the simulated

depth integrated volume transport of the models used in this study.

Paleoceanographic proxy records are ambiguous concerning the LGM Florida Straits
transport. While a consistent increase in the Sortable Silt fraction from Holocene to
Glacial would support the model results, other studies assume a weaker Florida Straits
transport. Nevertheless, with a strengthened atmospheric circulation system a stronger

transport in the Florida Straits is more conceivable.

In Chapter 4, the Gulf Stream position was analyzed for the present day situation
and during the LGM. The model simulations were evaluated with regard to the glacial
circulation patterns in the western part of the North Atlantic and compared to paleo-proxy
observations focusing on the Gulf Stream position under different atmospheric conditions

and sea level.

The results of this study show a southward shift of the complete current system in the
North Atlantic during the LGM. This shift is accompanied by a southward shift in the
isotherms, of the line in zero wind stress curl, of the EKE and the Eady growth rate
maxima. As a consequence, the Gulf Stream is also deflected towards the equator. This
leads on the other hand to a change in the upwelling intensity of the northern recirculation
gyre. The northern recirculation gyre is reduced in all experiments but has almost the same
position compared to the present if only implementing a lowered sea level. For continuity
reasons also the experiments with the lower resolution models were analyzed (not shown
in manuscript 3). The same models that revealed the displacement in the high resolution
simulations, indicated the southward shift in the low resolution simulation. However, the
Gulf Stream shift did not occur in three of the low resolution simulations neither did the
shift of the line in zero wind stress curl. This supports the hypothesis that the wind is the

major driving force for the southward displacement of the Gulf Stream circulation system.

Previous studies already emphasized that wind stress plays an important role for the
changes in the North Atlantic circulation system especially with regard to the position
of the Gulf Stream. If the Iceland low pressure system strengthens, the Gulf Stream
becomes weaker and hence the northern Atlantic cools down. Consequently the westerly
winds strengthen. The cooling of the northern hemisphere and the changes in the wind

system are assumed to be accompanied by a southward shift of the polar front during the
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LGM that retained its modern position around ~ 6000 years BP with less pronounced
re-advances afterwards. A southward shift of the currents in the North Atlantic due to

this shift has been found in the paleo-records.

However, observations from paleoceanographic proxy records are scarce for the Gulf
Stream axis due to the highly variable and strong current regime. The observations
that exist for the glacial position of the Gulf Stream are not consistent though. Fur-
ther sediment cores from the Atlantic interior between 32°N and 36°N could support our
present study to estimate the latitudinal changes in the mixing zone between southern
and northern source waters and therefore the past Gulf Stream position. Locations with
less or preferentially undisturbed sedimentation rates are crucial for the investigations and
should be dilled offshore around 65°W in the open Atlantic. To verify the stronger up-
welling associated within the strengthened northern recirculation gyre one would expect
higher concentration of nutrients and an abundance of certain species. This could be an-
alyzed by drilling sediment cores north of 34°N. Further investigations are also needed to
study if the wind induces a cooling in the northern recirculation gyre and therefore shifts

the isotherms.

This study comprises integrated numerical ocean model results with paleoceanographic
proxy data during the last 25 kyr. In summary, future work motivated by this thesis
should address combined high resolution studies of observations and models in the Florida
Straits and in the North Atlantic to tackle the unanswered questions and improve the
understanding of ocean dynamics in the past and in the present. The conflicting obser-
vations concerning the Florida Straits transport during the LGM or the position of the
Gulf Stream should be investigated carefully. A better knowledge of the general ocean
circulation and mixing processes is needed to verify model results. Meso-scale and small-
scale parameterization can then be applied and tested over a range of model resolutions

to improve the models for future simulations.






6 Appendix

6.1 The model

The model used in this study is the FLAME (Family of Linked Atlantic Model Ex-
periments) model and has been developed by the FLAME group (Dengg et al., 1999)
and was further refined by C. Eden (see also https://ifm.zmaw.de/fileadmin/files/
theoretical_oceanography/Modelldaten_CE/spflame.pdf). It is an ocean general cir-
culation model based on the Princeton GFDL (Geophysical Fluid Dynamics Laboratory)
MOM (Modular Ocean Model) code (version 2.1) (Pacanowski, 1995) and can be run on
parallel high performance vector computational systems. It is discretized on an Arakawa-

B-grid.

The model is a regional model of the North Atlantic spanning from 20°S to 70°N and
100°W to 16°W. It has three different spatial resolutions. The coarsest resolution is 4/3°
in longitude, 4/3° cos(¢) in latitude. The next higher spatial resolution is 1/3° resulting
in a mesh size of 37 km at the equator decreasing to 26 km at the subpolar boundaries.
The highest spatial resolution is 1/12° resolving 8.4 km at 25°N. The vertical is discretized
in 45 non-equidistance levels in all models, with a spacing of 10 m in the uppermost level
and a smooth increase to 250 m at 2500 m depth. Below 2500 m the vertical grid box
thickness is a constant 250 m up to a maximum depth of 5500 m. The model topography
is realistic (shown in Fig. 6.1) and is taken from ETOPO5 [NOAA, National Geophysical
Data Center, Boulder, Colorado, 1988] dataset.

The lateral boundary conditions are closed with the no-slip boundary condition. The
parcels that are in direct contact with the boundary have to be at rest. This leads to a
gradual removal of energy. Northern and southern margins of the domain are formulated
as open boundaries after Stevens (1991). The initial conditions for the northern and
the southern boundaries prescribing temperature and salinity are taken from Levitus and
Boyer (1998). Wind stress and heat flux of a monthly climatology were implemented,
using a three year analysis performed at ECMWEF by Barnier et al. (1995) to obtain a
quasi dynamical equilibrium of the model. The heat flux forcing that builds the surface

boundary conditions is formulated after Haney (1971):
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Figure 6.1: Model domain. Ocean bathymetry in m of the 1/3° model of the Atlantic.

. 0
Q = Qo+ Q1(SSThodet — SSTeiim) with Q1 = % SSTeim (6.1)

To the prescribed heat flux Qg a flux correction term is added composed of a climatolog-
ical SST (SSTgm) that is temporally and spatially varying. The relaxation that evolves

from equation 6.1 restores the model SST to a temperature T* as follows:

Q = Ql(SSTmodel — T*) where T* = SSTclim — QO/Ql (62)

It is necessary to implement such a surface boundary condition because a relaxation of
the modeled SST to a climatological SST with a fixed time scale would lead to a vanishing

of surface heat flux for a realistically modeled SST.

In order to avoid the severe limitation on the time step due to the fast gravity waves
a rigid lid formulation on the ocean is used as this affects the large-scale motions only
slightly. Of course, wind stress and heat flux can penetrate through this ’lid’. Another

advantage of using the rigid lid formulation is that a barotropic streamfunction can be
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calculated. The bottom friction is parameterized as a quadratic function.

Vertical mixing (diapycnal mixing) via small scale processes like the breaking of internal
waves is implemented into the model by a turbulent kinetic energy (TKE) scheme of
Gaspar et al. (1990). The friction is implemented as biharmonic friction in both versions
to reduce damping on scales larger than the model grid. The 1/3°and 1/12°models permit
meso-scale eddy activity, except for an additional simulation at 1/3°cos ¢ resolution in
which we inhibit this variability by adding eddy-driven velocities to the tracer advection
following Gent and McWilliams (1990) with an isopycnal thickness diffusivity of 2000 m? /s
and harmonic instead of biharmonic friction. The Gent and McWilliams parameterization
is also used in the non-eddy-resolving 4/3°model version, which is, however, not discussed

in this study.

6.2 Model configuration for paleoclimate experiments

A set of time slice experiments is set up changing certain boundary conditions to test the
model response to different forcings. In a first set of experiments the sea level is lowered

due to different climatic events in the past.

6.2.1 Sea level experiments

In a first step the sea level is reduced by eliminating the first 2, 6, 9 and 13 levels of the

original vertical grid of 45 levels of the model, respectively (see also Fig. 6.2).

In all experiments we allow for a dynamical quasi-steady equilibrium of the basin-
wide circulation, which the model reaches after approximately 30 model years. Due to
the restricted length of the integrations, the simulations are not in equilibrium with the
thermohaline surface forcing and the water mass characteristics prescribed at the open
boundaries. Further, we do not have changed the thermohaline forcing in the model, i.e.
it represents current climate. Therefore we do not aim to realistically simulate the response
of the thermohaline circulation in our model simulation, but to focus on the response of
the wind-driven, quasi-geostrophically balanced regional circulation in the Gulf of Mexico

to the changes in sea level and wind stress.
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Numerical labels of the different levels denote the k-th element of the vector zt().
The levels itself represent the elements of the vector zw() (Pacanowski, 1995).
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6.2.2 Wind stress experiments

In a second step an anomaly of glacial wind stress was added upon our climatological
wind stress of ECMWF. To perform these experiments, data from the PMIP 2 database
is used. All models are global fully coupled atmosphere-ocean-ice models. The anomalies

are calculated and added to the climatological wind stress of Barnier et al. (1995).

LGMwind = AT = Tpreindustrial — TLGM (63)
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Figure 6.3: Wind stress of CONTROL (a) and the LGM wind stress anomaly that was added
upon the climatological wind stress of CONTROL (i.e. the forcing) of each PMIP
2 model used in this study (b-f) in N/m? overlain by the wind stress vectors also
displayed in N/m?.

The Pre-Industrial wind stress products between the individual models that take part
in the PMIP project differ slightly. The LGM,;nq is therefore the difference of each PMIP
2 product (see also Fig 6.3) between LGM (21 kyr) and the Pre-Industrial (0 kyr) to be
able to directly compare the model results after adding these to our climatological wind
stress. Available to us are results from the CCSM3 model (the National Center for At-
mospheric Research, (Otto-Bliesner et al., 2006)), the HadCM3M2 model (Gordon et al.,
2000), FGOALS-1.0g model (Yu et al., 1996), ECBIilt/Louvain-la-Neuve CLIO intermedi-
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ate complexity model (de Vries and Weber, 2005) and the MIROC3.2.2 (medres) model
(Hasumi and Emori, 2004). The PMIP models all have the same boundary conditions.
First, they all use the ICE-5G (ice sheet) and topography described in Lainé et al. (2009).
This provides large continental ice sheets over North America and northern Eurasia. Sec-
ond, the PMIP models all differ from present day insolation due to the differences in the
Earth’s orbit during the LGM. Furthermore, the atmospheric composition measured in
Greenland and Antarctic ice core records revealed a different atmospheric composition of
methane and nitrous oxide for the LGM. These were also implemented into the 21 kyr
forcing of the PMIP 2 models.

The model integrations of this study were performed on a NEC-SX9 at the University
Kiel and on a IBM Power6 at the Deutsches Klimarechenzentrum (DKRZ), Hamburg.
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