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Abstract

The signals of high-latitude forcing in the North Atlantic can be communicated to the
rest of the ocean basin in two ways: the advective route proposed by Marotzke and
Klinger (2000); or a much more rapid coastal trapped wave response, as suggested by
Johnson and Marshall (2002), in the form of baroclinic Kelvin waves. The Johnson and
Marshall (2002) study has important implications for the rapid climate change question;
however, their reduced-gravity, vertical sidewalls model did not address the effect of
topography or allow for the barotropic mode. Therefore this thesis aims to determine
which of the advective or coastal trapped responses is the main rate-setting adjustment
process, and then to address the effect of including topography on the coastal trapped

response, and subsequent adjustment pattern of the Atlantic Ocean.

Detailed wave mode calculations allowed us to identify three main wave modes: a very
fast mode 0 deep ocean or double Kelvin wave propagates around the basin within days,
initiating westwards propagating barotropic Rossby waves from the eastern boundary
and, thus, provides a very fast full ocean response; a fast coastal Kelvin wave-like mode
1; and a slower slope-trapped mode 2 wave. The effect of stratification, in speeding up
the waves, was dominated by the effect of a decreasing f parameter, which slows the

mode 1 and mode 2 waves as they approach the equator.

Idealised modelling using the MIT General Circulation Model revealed that the most
important effect of topography was to (i) alter wave speeds and (ii) alter the pattern of
flow and sea level in the western boundary region of the North Atlantic, with coastal
sea level changing quite markedly between the various cases. A JEBAR theory of
barotropic adjustment explained the basic mechanism for the response to forcing; rapid
propagation away from the forcing region was only apparent when forcing occurred over

a slope region.

We conclude that the coastal trapped response is clearly the most important adjustment
process in response to high-latitude forcing. The fundamental dynamical rapid response
of Johnson and Marshall (2002) remains largely valid for a topographic ocean. However,
the inclusion of topography results in a number of wave modes being supported which

travel considerably faster than the baroclinic Kelvin wave leading to an even more rapid



response along the western boundary, although it is not clear whether propagation as

far as the eastern boundary will also be enhanced.

Additionally, the location of the forcing region, the form of the topography and frictional
influences have a significant impact on the sea level at the western boundary. This may
have implications for the use of western boundary sea level as a proxy for strength of

the Meridional Overturning Circulation.
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Chapter 1

Theoretical Review

1.1 Introduction

The question of rapid climate change in the ocean due to the effects of a changing cli-
mate prompted the UK Natural Environment Research Council (NERC) to launch the
£20 million six-year RAPID Climate Change programme. The aims of the programme
were to investigate and understand the causes of rapid climate change with a focus on
the Atlantic Thermohaline Circulation (THC).

How we are able to detect changes to the driving forces of the Atlantic THC is vital
to addressing the question. This thesis examines how topography affects the response
of the ocean to such a change in forcing. This chapter starts with a description of the
Thermohaline Circulation (Section 1.2) and potential signals of a change (Section 1.3)
which include a coastal trapped wave response. The theoretical background of coastal
trapped waves will then be outlined (Section 1.4) followed by an evaluation of their
forcing effects (Section 1.5) and boundary conditions (Section 1.6). Section 1.7 will
then provide a summary of the key points of the chapter before the aims of the thesis

are outlined in Section 1.8.

1.2 The Thermohaline Circulation

The THC is the conveyor belt of warm and cold currents within the ocean which is
effectively driven by the high-latitude cooling in the North Atlantic (Fig 1.1). The deep
outflow of the North Atlantic Deep Water (NADW) is matched by a warm northward
surface flow which transports heat into the North Atlantic where it is released into the
atmosphere, intensifying the jet stream, and moderating the climate of northwestern
Europe (Vellinga and Wood, 2002).



PACIFIC

Figure 1.1: A three dimensional diagram of the global Thermohaline Circulation
(Schmitz, 1996) showing the deep water formation in the North Atlantic that is not
observed in the other ocean basins.



There is no deep water convection in the Pacific as it has much greater freshwater input
in comparison to evaporation from the surface. This is due to the tropical Trade winds
dumping moisture from the Atlantic Ocean into the Pacific. The resulting cooler sea
surface temperatures reduces the overlying atmosphere’s ability to hold moisture there-
fore reducing the evaporation rates and salinity of the ocean (Rahmstorf, 1995). In the
North Atlantic the freshwater input is almost matched by the evaporation rates, which
are heightened by the warmed atmosphere. As a result the Atlantic is significantly

more saline driving an enhanced deep water convection.

1.2.1 Predictions for the future THC

C™ and 9'0 studies including Broecker (1995) and Keigwin et al. (1991) have argued
that a weakened or shut-down THC may have been responsible for cold periods through-
out history, including the 1200 year Younger Dryas cold period (Broecker, 1998), and
therefore it is possible such events could occur again. Concern has been heightened
as to whether anthropogenically induced global warming may force the THC into an

altered state or, indeed, a complete shut down.

It is, however, a very complicated system with a large number of positive and negative
feedbacks to any forcing, either by heat or freshwater forcing. Schiller et al. (1997)
found that a reduction in the Atlantic overturning results in longer residence times of
surface water at high latitudes. The resulting accumulation of precipitation and run off
lead to a more stably stratified North Atlantic. This is further amplified by an enhanced
northward atmospheric water vapour transport increasing the freshwater input. The
reduced northward oceanic heat transport leads to colder sea surface temperatures and
intensification of the atmospheric cyclonic circulation over the Norwegian Sea. The
associated Ekman transports then cause increased upwelling and increased freshwater
export within the East Greenland current. The wind stress feedback seen here acts to
destabilise modes without deep water formation in the North Atlantic suggesting the

conveyor belt type THC is much more stable than previously thought.

Model predictions vary from no change at all to the system (Gent, 2001) to a total
conveyor shut-down for COy quadrupling (Manabe and Stouffer, 1993); however, it
should be noted that very different forcing scenarios were used in these two model
studies. In all models the THC weakening is affected to a greater extent by changes in

surface heat flux than changes in the surface water flux (Gregory et al., 2005).

The existence of bifurcation points has been indicated by Bigg et al. (2003) and Rahm-
storf (1995). Typical threshold values for a complete collapse of the present day THC
are in the range 0.1 — 0.4 Sv for anomalous freshwater input into the North Atlantic

(Latif et al., 2000). This is a large volume of freshwater input; 0.1 Sv is equivalent to

3
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Figure 1.2: Changes in annual temperature 30 years after a THC collapse in comparison
to pre-industrial levels (Vellinga and Wood, 2002)

a sea level rise of 8.7 mmyr~!, the current rate is around 3.1 mmyr~! from all sources
(Bindoff et al., 2007).

Vellinga and Wood (2007) suggest that a large, and possibly complete, THC shutdown
in the 21st century cannot be completely ruled out. Studies including Latif et al.
(2000) and Schmittner et al. (2000) propose that the relationship between the El Nifio
Southern Oscillation (ENSO), the Atlantic freshwater budget and the THC should be
considered as a potentially important mechanism. Indeed Latif et al. (2000) found that
a strengthened ENSO resulting in a —0.2 Sv freshwater change induced an increase in
the THC, which balanced the thermally induced THC weakening.

1.2.2 Implications

The implications of such a shutdown would be at the most simple level a dramatic drop
in the temperature of the North Atlantic. Vellinga and Wood (2002) found that within
20 years of the shutdown of the THC persistent temperature anomalies, lasting two or
more decades, will cover most of the Northern Hemisphere. A maximum cooling of up
to 8°C over the northwest Atlantic was observed, with Europe experiencing a cooling
of 1 to 3°C in the third decade after a collapse of the THC (Fig 1.2), compared to

pre-industrial temperatures.

A more recent HadCM3 study (Vellinga and Wood, 2007) improved upon their earlier
study by taking account of greenhouse gas concentrations at levels according to the
1S92a emissions scenario. Here the model simulated a cooling of the Northern hemi-
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Figure 1.3: Difference in surface air temperature between experiments PG and G in the
years 2049 to 2059. This difference is therefore the temperature change that a sudden
THC shutdown would cause relative to an IS92a global warming scenario in 2049 to
2059. The area where cooling causes temperature to fall below pre-industrial conditions
is outlined by the heavy solid line, areas where the difference is not significant have
been masked (Vellinga and Wood, 2007)

sphere of —1.7°C, with stronger cooling locally. Over western Europe the cooling was
strong enough to return to pre-industrial conditions, with a significant increase in frost
and snow cover. The precipitation change induced by a THC shut-down was opposite
to that caused by global warming except over western and southern Europe where an
exacerbation of summer drying was seen. Sea level change along Atlantic coasts was
found to be acting in the same direction as that induced by global warming and to be

of the order of 25 em.

Stocker and Schmittner (1997) concluded that a strong reduction of ventilation would
lead to reduced transport of excess carbon and heat into the deep ocean and enhanced
warming of the upper layers of the ocean resulting in decreased CO2 solubility. The
resulting increase of atmospheric CO2 would compound the effects of greenhouse gas
warming and would, almost certainly, not be limited to the North Atlantic region.

1.3 Detection of a change to the THC
1.3.1 The signals

Although a slowdown or collapse of the THC is, on the balance of evidence, a low risk
event the potential catastrophic effects mean it is important to learn more about the



rate of deep water formation and of the signals that will transport information about

any change.

The change in the temperature and salinity of the North Atlantic would eventually be
advected; however, this would be on a decadal time scale. Observational studies such
as Bryden et al. (2005) have detected a weakening of the Atlantic THC, or Meridional
Overturning Circulation (MOC), which is closely related to the THC, over interannual
timescales. However, due to poor temporal resolution of measurements the uncertainty
of such results remains high. Indeed the seasonal variability has now been found to be
as large as the interannual variability (Church, 2007). Furthermore work by Bingham
et al. (2007) suggests that a single overturning cell is misleading over decadal timescales;
they found variability above 40°N had a strong decadal component while to the south

the variability was of a higher frequency.

Additionally the freshening seen in the deep Atlantic over the last forty years, such as
that south of the Greenland-Scotland ridge (Dickson et al., 2002), is pervaded by an
amplified North Atlantic Oscillation (NAO). Whether the phase of the NAO is driven
by global change remains unresolved increasing further the uncertainty in hydrographic

results.

An alternative signal has been suggested of a coastal trapped wave travelling down the
western boundary of the North Atlantic. An altimetric study by Hughes and Meredith
(2006) found a coherent signal in sub-surface pressure over long distances along the
continental slope. Altimetry does not allow the modal structure of the signal to be
examined and local wind driven dynamics can mask the signal meaning it is difficult

to determine the propagation speed amongst the background noise.

Bingham and Hughes (2009) found a similar topography-following signal along the
east coast of North America in response to MOC variability in the Atlantic which
matches the propagation pathway of coastal trapped waves further supporting this
theory. Therefore North American sea level, which in turn is closely related to western
boundary bottom pressure, could prove a useful indicator of MOC variability. Indeed
the model study of Bingham and Hughes (2008) found that for periods of greater than
one year 90% of the variability of the main overturning cell at 42°/N can be recovered
using only the western boundary bottom pressure signal, provided the depth-averaged
boundary pressure signal is removed. They did warn that this assertion may only be
relevant to interannual timescales and at longer timescales may not remain a sound

assumption.



Figure 1.4: Shallow-water model with moving surface layer and infinitely deep, mo-
tionless layer. Thermohaline overturning is represented by a prescribed outflow from
the surface layer on the northern boundary. Model domain extends from 45°S to 65° N
(JMO02)

1.3.2 The findings of Johnson and Marshall (2002)

Johnson and Marshall (2002), hereafter refered to as JM02, found the coastal trapped
wave, in the form of a baroclinic Kelvin wave, was the major, and most importantly
rapid, adjustment process in their idealised model study. In their problem setup JM02
first suppose that the rate of deep water formation in the North Atlantic is suddenly
perturbed. They used a reduced gravity model (Fig 1.4) that represents only the upper,
warm limb of the thermohaline circulation. Deep water formation is represented by a
prescribed outflow from the surface layer on the northern boundary with the sinking

assumed to take place outside of the model domain.

The standard non-linear shallow water equations were discretised on a C grid, with a

resolution of 0.25°;

z—l:+(f+C)kx u+ VB = AV?u
Oh
E + (hu) =0
where
w_ou_,
or 9Oy



2 2
with B = g’h + ("%l, ¢ representing vorticity and A representing the lateral friction

coefficient.

Propagation pathway

A thermohaline outflow of 10 Sv at time ¢ = 0 was turned on in the north west corner
of the domain. An initial Kelvin wave signal on the western boundary reaches the
Tropics in a timescale of around one month (Fig 1.5). Mass continuity therefore leads
to a meridional velocity in the surface layers of the ocean on the western boundary
in geostrophic balance with an anomaly in pressure, which then propagates southward

along the western boundary as a Kelvin wave at a speed, cg, of order 1 ms~L.

1
u=—kxyp
pf

where u is the velocity, p is the density, f = 2Qsing¢ is the Coriolis parameter, p is the
pressure and k is the unit vertical vector. This is essentially the surface equivalent of

the response shown for the deep ocean shown by Kawase (1987).

As latitude decreases, a smaller pressure gradient is required to support a given trans-
port anomaly and the pressure anomaly reduces in amplitude and is small at the equa-
tor. This small signal is then transmitted across the domain by equatorial Kelvin waves.
The meridional pressure gradient cannot be maintained along the eastern boundary as
to balance it a Coriolis force would require a velocity across the coastline, and all other
terms in the momentum equation are small. The eastern boundary signal is prevented

from re-amplifying by the radiation of westward-propagating Rossby waves.

On a C grid the Kelvin wave speed is unaffected by spatial resolution although the

wave structure and damping are altered (Hsieh et al., 1983).

The JM02 model results indicate that the Kelvin wave signal would be a very useful
and most importantly, rapid indication of a change in deep water formation. However,
it should be noted that their model,;

1. neglects wind driven dynamics - they found their results were unaffected by the

presence of mean wind driven gyres.

2. sets diapycnal upwelling to zero - this was to avoid the debate concerning the
location of the upwelling required to balance the deep water formation at high
latitudes and is seen as reasonable as the Atlantic only represents a small fraction

of the global ocean.
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Figure 1.5: Surface layer thickness after a thermohaline overturning of 10 Sv has been
turned on at time t=0 in the northwest corner of an ocean initially at rest (JMO02)

3. is an idealised sector ocean 40° wide, stretching from 45°S to 65° N with vertical

sidewalls and no bottom topography.

If the conclusions reached in JM02 remain true for the topographic and stratification
conditions of the realistic ocean this would have important consequences for the rapid

climate change and as such further investigation is certainly merited.

1.3.3 Studies in accord with JMO02

We shall now review a number of other studies whose results support the JM02 theory.
Kawase (1987) and the follow up by Cane (1989), looked at the spinup of the deep
ocean using a linear, one-and-a-half layer model representing the thermocline and the
deep layers. They concluded that the flow was first set up by a Kelvin wave along
the western boundary on time-scales of less than a year. Yang (1999) later showed the
time lag between the Labrador Sea Water and the tropical SST was primarily set up by
coastal trapped waves indicating a similar response in the surface ocean on comparable

time-scales.

Wajsowicz and Gill (1986) examined the spin up of the ocean under buoyancy forces
(neglecting wind stress which is unrealistic but beneficial in determining the effects of
buoyancy forcing). They found the main adjustment in the first few months, due to the

density gradient representative of that observed in the North Atlantic, was by coastal

9



Kelvin waves with the first baroclinic mode containing most of the energy. Due to the
compromises required to run the ocean General Circulation Model (GCM) in question
they warn that the wave speed of the coastal Kelvin wave is greatly reduced and the
attenuation rate greatly enhanced. In Wajsowicz (1986), the follow up to Wajsowicz
and Gill (1986), the third stage of the adjustment shows that the first baroclinic mode
Kelvin wave propagation no longer plays a significant role in the adjustment as the

initial longshore gradient in the middle levels have been wiped out.

Roussenov et al. (2008) used an isopycnic model and found very similar results to
JMO02 despite the inclusion of wind driven circulation, background overturning and
realistic topography. Topography was seen to have an effect, however, with rougher
topography attenuating the wave communication. Rapid adjustment was also detected
in the southern hemisphere suggesting that there may also be a role for the barotropic
mode in the Atlantic adjustment process. It was therefore vital for further work to
consider not just the impact of a more realistic ocean, in terms of topography and
stratification, on the adjustment pattern but also the influence of the barotropic mode.
Indeed Anderson and Killworth (1977) found that the dominant frequencies observed
in the spin up of a baroclinic ocean are almost exactly the same as those of the purely

barotropic basin modes.

The barotropic response to any forcing is rapid with the main adjustment taking place
within days. Anderson et al. (1979) found that the introduction of stratification al-
lows for a much slower baroclinic response and also for a slower barotropic response.
The barotropic mode will respond to topography on its own rapid time scale but will
also change on the longer time scale of the baroclinic mode. In this experiment, the
baroclinic mode responds only on its own time scale. Anderson et al. (1979) concluded
that the interaction of the baroclinic field with topography has an important effect on
the barotropic mode resulting in the barotropic mode having a slow adjustment on the
baroclinic time scale. This means that the barotropic mode becomes established with
a flow comparable to that of a homogenous ocean with topography but then, over some
years, this alters as the baroclinic mode becomes increasingly established and becomes

more like the flow seen in a flat-bottomed ocean.

The Anderson and Killworth (1977) study of the spin-up of stratified low found that
the effects of topography were largely felt by the barotropic mode and it was only when
the topography approached the interface, or as the gradient increased, that the effects
on the baroclinic modes became evident. The long term effect of stratification was
to filter out the effects of topography as a motionless bottom layer acts as a buffer
between the flow and topography. This is due to the baroclinic Rossby waves carrying
information about the eastern boundary condition to the interior, and so cutting off

the flow in unforced layers.

10



In JMO02 we saw that the inverse relationship of amplitude to f seen on the western
boundary does not exist on the eastern side of the domain due to the westwards prop-
agation of Rossby waves. These westwards propagating Rossby waves then set up the
longer scale adjustment process. Any waves travelling from the western boundary with
eastward group velocity are much shorter and slower and as a result most of the ocean

is modified by the westward propagating Rossby waves only (Davey, 1983).

The behaviour of the anomaly as it reaches the eastern boundary is dependent on
its frequency; for an incident wave of a fixed frequency a critical latitude, at which
f = f¢, exists such that when f is less than f,. the result is offshore propagating Rossby
waves whereas for |f| is greater than f. the waves are coastally trapped (Grimshaw
and Allen, 1988). The critical latitude is a function of f and the angle of the coastline.
Allen and Romea (1980) found that coastal trapped baroclinic waves will transform into

barotropic shelf waves at f values close to f. and then continue to propagate polewards.

Therefore the degree of offshore propagation is likely to alter as we move from a vertical
sidewalls basin, as in JM02, to one with topography. Calculation of the wave modes
supported by a sloping boundary (Chapter 2) will help us to predict the likely behaviour
along a sloping eastern boundary which can then be tested in an idealised ocean model
(Chapter 4).

1.3.4 Contradictions to JMO02

Although the JMO02 theory of rapid adjustment by coastal trapped waves is supported
by a number of studies, as outlined in the previous section, some contradictory studies

do exist.

Marotzke and Klinger (2000) used a two hemisphere, single basin, idealised GCM dri