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Abstract

Observations suggest that properties of Antarctic Inteiate Water (AAIW) are
changing. An understanding of how changes in the ocean mesadt with the atmo-
sphere is crucial for understanding how Earth’s climatd aiblve in the future. The
impact of variations in AAIW is explored using a series ofdtieed perturbation exper-
iments in a coupled climate model, HadCM3. Two sets of ensesniave been used.
The first varied initial atmospheric states; the secondedanitial states in the ocean and
atmosphere. The ensemble simulations were integratedl@@and 100 years, respec-
tively, altering AAIW from 10-20S in the Atlantic, Pacific and Indian oceans separately.
Potential temperature was changeddbly’C, along with corresponding changes in salin-
ity, maintaining constant potential density.

There is a surface response to changes in AAIW in each of ttee timajor ocean
basins. When the water mass surfaces in the equatorialnsdioere is no significant
change in sea surface temperature (SST). However, ther8$3 aesponse for each ex-
periment when the anomalies surface at higher latitude80). The spatial pattern of
SST anomalies in the North Pacific resembles the Pacific [ ¢&stillation. Heat and
salt distribution in the Indian Ocean is influenced by theolmekian Through-Flow (ITF),
with long-term trends in transport caused by bottom presanpmalies in the Pacific.

Anomalous sea-to-air heat fluxes leave density anomaliéiseirocean, resulting in
non-linear responses to opposite perturbations. In theéhBou Ocean, these affect the
meridional density gradient, leading to changes in Antar€ircumpolar Current trans-
port. The North Atlantic is particularly sensitive to cofsesh perturbations, with density
anomalies causing a reduction in the meridional overtgrminculation of up to 1 Sv.
Resultant changes in meridional ocean heat transportg aldtih surfacing anomalies,
cause basin-wide changes in the surface ocean and ovealyimagphere on multi-decadal
timescales. Cooling in the North Atlantic Current may bd-saktaining as it leads to
high pressure anomalies in the overlying atmosphere, arddased wind stress over the
sub-polar gyre. All these experiments indicate that thpamse to cooler, fresher AAIW

would be both greater and more significant than that for wareadtier AAIW.
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Chapter 1

Introduction

1.1 Oceans in the climate system

The Earth’s climate system is fuelled by the energy it reeeivom solar radiation. The
curvature of the Earth and its surrounding atmosphere leads uneven distribution of
heat arriving at the surface. This, along with the varyingase albedo, leads to a net
gain of heat at the tropics, and a net loss of heat towards dhes.p This distribution
ultimately leads to circulation cells in both the atmosghand ocean. Large-scale cir-
culation cells, along with smaller scale eddies (deviaifnom the mean flow), act to
carry heat away from the equator. Overall, atmosphericspart is known to dominate,
with peak transports of 5 PW (1 PW18'®> W) occurring at mid-latitudes (Trenberth and
Caron, 2001). However, the ocean makes a significant catitiih dominating the to-
tal heat transport between 0°NN, and having a peak total zonal transport of 2 PW (e.g.
Trenberth and Caron, 2001; Ganachaud and Wunsch, 2008y,Ta003). The greatest
meridional ocean heat transport occurs in the North Attamthere there is a heat flux of
1.3 PW at 24N (Ganachaud and Wunsch, 2003). This heat transport istigiretated to
the strength of the meridional overturning circulation (Rdn the Atlantic.

Oceans cover over 70% of the Earth’s surface, and have a#&yeatity approximately
1000 times that of the atmosphere. This large heat capdtitysathe ocean to act as a
large source or sink of heat in the climate system, and esitiie affect climate on long
(decadal to centennial) timescales. One of the best knoamirfes of ocean circulation,
particularly for those living in the UK and Western Europg,the Gulf Stream. This

current carries warm, salty water northwards along thetaufathe USA. After it leaves



2 Introduction

the coast, it is carried towards Europe in the North Atlaigrent (NAC). The warm
water then allows the UK to enjoy an average temperaturetwisicomparatively high
for its latitude. East Anglia lies at 52°N, with a mean daily maximum temperature of
13.8C for 1971-2000 (UK Met Office). However, on the opposite sifi¢he Atlantic,

at the same latitude, Labrador and Newfoundland have signily lower temperatures.
The capital of this Canadian province is St John’s, which figther south, at- 47 °N,
yet had a mean daily maximum temperature of just®.¥or 1971-2000 (Environment
Canada).

The Gulf Stream and NAC form part of the global MOC, which i&eln by temper-
ature and salinity variations in the ocean, and surface wireks. Interaction between
the ocean and atmosphere is crucial for determining teriyrerand salinity variability,
and hence the global thermohaline circulation (THC). Asmnasaline water is carried
polewards, its heat is released to the overlying atmosphisdt cools, water becomes
denser, allowing it to sink to greater depths in the oceapolar regions, ocean-ice inter-
actions can also affect salinity, through either the additif melt-water or the subtraction
of fresh water as it freezes (brine rejection).

In particular regions, prolonged exposure of the oceanecifip meteorological con-
ditions can lead to the formation of water masses. The tertarwaass is used to describe
a body of water which can be identified throughout the ocegnshlaracteristic values
of conservative properties, such as potential temperasaiity and potential vortic-
ity. These conservative properties can only change whitstatater is in contact with the
atmosphere. Once the water sinks into the interior oce@setiproperties will remain
constant, only changing through mixing with adjacent mas3ais allows water masses
to be traced within the ocean to their origins at the surfdcarder for a water mass to
form, the water must remain in the surface mixed layer foglperiods of time. As the
water sinks below this layer, it will become isolated.

The location of some key water masses at depth in the Atlansicown in Figure 1.1.
Intermediate water masses tend to be known for their spknitremes. For example, the
Mediterranean Intermediate Water (MIW) has a charactersstlinity maximum (along
with warm temperatures) due to the high evaporation ratéseisemi-enclosed Mediter-

ranean Sea (Figure 1.1). This water mass spreads throutijteohiorth Atlantic from the
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Figure 1.1: Salinity versus depth (m) for meridional WOCE section (Ath&ugh the Atlantic
Ocean. Location of the transit is shown in red on the map irlsatation of four key water masses
with characteristic salinity properties are shown: Anticdntermediate Water (AAIW); Antarctic
Bottom Water (AABW); Mediterranean Intermediate Water\iftl North Atlantic Deep Water
(NADW). Figure adapted from Plate 1.2.4, Clarkeal.(2001).

Strait of Gibraltar, beneath the less saline surface watersontrast, Antarctic Interme-
diate Water (AAIW) forms in the Southern Ocean and has a tigaaalinity minimum,
accompanied by lower temperatures. The fresh tongue cageneextending northwards
in Figure 1.1. The northward flow of AAIW and overlying modedaifiermocline wa-
ters, along with the southward flow of North Atlantic Deep WafNADW), forms the
Atlantic MOC. Antarctic Bottom Water (AABW) also moves niawtards through the At-
lantic. This water mass acquires its high density througbralination of cooling and
brine rejection in the Antarctic shelf seas. As this coldeawahass moves northwards, it
contributes a southward heat flux.

As climate conditions change in water mass formation regjititis can feed into the
properties of water masses at depth, potentially alteiimglation patterns. Paleoclimate
studies can use proxies to reconstruct the state of the aeamy past climates. For ex-
ample, carbon isotope ratios can be used as tracers in tha,@xthey are determined by
the productivity and air-sea exchanges in the water massfiton regions. Water masses
from the Southern Ocean are characterised byllo\@, where as water masses sinking in
the North Atlantic have highef'3C ratios. By analysing th&?3C content in core samples
from various depths on the ocean floor (for example on contaiehelves and slopes, or
mid-ocean ridges), this can give an indication of what dep#hvarious water masses

could be found in the ocean in the past. Figure 1.2 showé'{i@ content for a section of
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Figure 1.2: Glacial transect 05'3C of XCO, for the western Atlantic Ocean basin. From Curry
and Oppo (2005).

the western Atlantic ocean during the last glacial maximuf@N!). This figure indicates
that during this time, the water mass from the northern Aitacan be found at 1500 m,
and be detected as far as°30 The deep water from the Southern Ocean can be found
as far as 6ON. However, the shallower water mass from the Southern Oiseaot seen
to reach the Northern Hemisphere. Comparing this with theersvmaass distribution of
the present day (Figure 1.1), the water mass from the Notdm#fd moves southwards
at a shallower, intermediate depth during the LGM, and tkerinediate water from the
Southern Ocean does not reach as far north. However, theréaik of proxy data at
intermediate water depths betweer? @@mnd 25N in the western Atlantic, therefore the
true extent of the glacial water masses in this region is tiaice Although the structure
of the circulation appears quite different, it is believadttthe total volume transport in
the glacial Atlantic may have been similar to the present dag to an increased north-
ward transport of deep waters (Curry and Oppo, 2005). Usicgupled climate model,
Hewitt et al. (2001) show that the ocean heat transport in the Atlantic haaye actually
increased for several centuries during the LGM, reducieg:tioling in parts of the North
Atlantic.

Presently, the Earth’s climate is warming as a result ofdéased volumes of green-
house gases being released to the atmosphere (IPCC, 200@)Fourth Assessment
Report of the Intergovernmental Panel on Climate ChangeéQlRR4) stated that “key
oceanic water masses are changing” (Bindaffl,, 2007). Globally, the upper oceans

(0-700 m) warmed by 0.TT over years 1969-2008 (Levitwt al, 2009). Changes in



1.2 Antarctic Intermediate Water 5

precipitation and ice extent can also lead to salinity clkeangithin the ocean. In general,
there has been a freshening at high latitudes, and incresasiadication at low latitudes,
due to an increased hydrological cycle (Waial., 2001; Curryet al,, 2003). Research is
now being carried out by a number of groups to monitor howdtsanges in the Earth’s
climate system may affect the Atlantic MOC (e.g. RAPID-WATCTHOR). However,
it is still unclear how long it will take to detect any trendstside the range of internal

variability (Baehret al., 2008).

1.2 Antarctic Intermediate Water

1.2.1 Formation of AAIW

For this thesis, we are primarily concerned with Antarctitefmediate Water (AAIW),
and the role that it plays in the climate system. This watessna formed north of the
Subantarctic Front (SAF, shown in Figure 1.3), before sfirganorthwards at interme-
diate depths~ 1000m) in each of the three major ocean basins. It is the midstsgread
of intermediate water masses, and plays an important rgd@d®of the northward com-
ponent of the MOC.

AAIW was first discovered by George Wust during the Meteopeatition (1925-
1927), when he noted the salinity minimum that was seen psaiiig northwards through
the Atlantic (Wust, 1935). The cold, fresh nature of thigevanass initially led Deacon
(1937) to suggest circumpolar formation due to the sinkihduatarctic Surface Water
(AASW) beneath the SAF. Sverdrup (1940) also proposed arthsoaggesting sink-
ing through wind-driven convergence. This was later regdaby the idea of renewal
of AAIW in specific regions of the Southern Ocean, namely thatlseast Pacific and
southwest Atlantic (e.g. McCartney, 1977; Piola and Gord®89). McCartney (1977)
proposed this theory after discovering the Subantarctidé\ater (SAMW) layer, not-
ing that the densest form of this water mass shared the saamactéristics as AAIW.
From this, he concluded that it was this densest SAMW thaadh formed the source of
AAIW.

SAMW is found to the north of the SAF, which is the northerninfosnt within the

Antarctic Circumpolar Current (ACC). This front moves pregsively southwards, from
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Figure 1.3: Schematic showing major currents in the southern hemigpbegans south of 20S.
Depths shallower than 3500 m are shaded. The Subantaratittfand Polar Front form the two

major cores of the Antarctic Circumpolar Current (ACC). Adliations used are F for front, C

for current and G for gyre. From Rintowt al.(2001).

its most northern point in the southwest Atlantic to its ngasithern point in the southeast
Pacific, before making an abrupt turn to the north after DRé&ssage (Figure 1.3). There
is no single characteristic that can be used to indicatergmepce of the front; rather it is
seen as a deep thermal front, with steep thermoclines. lnaginthe SAMW is seen as a
layer of water with a low temperature gradient, known as anlestad, which is formed
through late winter convective mixing. During autumn andter months, cooling at
the surface removes the seasonal thermocline and dectbasssrface buoyancy. This
drives deep convection in late winter which is seen to reagth$ of more than 700 m
(Rintoul et al, 2001). Potential vorticity is a conservative propertyhe bcean, and is
defined as the total vorticity (sum of planetary and relativdicity) divided by the depth
of the water column. Deep mixed layers give SAMW a charastierpotential vorticity

minimum (McCartney, 1982). During the spring and summenfase heating then leads
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to the return of the seasonal thermocline, isolating theemweater beneath the surface.

Although SAMW is a circumpolar water mass, its propertieyvdhe warmest wa-
ters are found at the most northern point in the southwestréitd. As the water is ad-
vected by the SAF, it becomes progressively cooler and déreghe to the deep winter
mixing, with the lower salinity resulting from the high pipitation-to-evaporation ratio
in the subantarctic region. By the time it reaches the maghson point in the southeast
Pacific, the freshest, coldest, and densest form of SAMW eafobnd. At the end of
winter, the mixed layers found here have salinities and @atpres falling in the range
of AAIW types seen within the subtropical gyres (McCartng977). It is believed that
this densest SAMW is subducted as Pacific AAIW, which theeags northwards in the
ocean.

As well as spreading north through the Pacific, a portion dff$¥is also left to travel
eastwards with the ACC, through Drake Passage and thenwaodh past the Falkland
Islands. McCartney (1977) suggested that this SAMW - cottan 4.83C - would go
on to form Atlantic AAIW and then Indian AAIW. He proposed ththe denser SAMW
entering the Atlantic would sink below the warmer SAMW fomnia this region. The
main location where this could be seen was noted as the canfiuegion of the Brazil
and Falkland (Malvinas) currents.

Georgi (1979) later showed that the southwest Atlantic AAd significantly dif-
ferent properties to that found in the southeast Pacificr Fagions were chosen in which
to determine the temperature, salinity and dissolved axygacentration, three of which
are shown in Figure 1.4. Region 1 was chosen to lie in the sagtiPacific, where Mc-
Cartney (1977) proposed that the coldest SAMW would formgi&e 2 was chosen to
be sufficiently far north of the Polar Frontal Zone, that noMBA formation or AAIW
renewal would occur. Region 3 then lies at the same latitndde southwest Atlantic
and was chosen to represent the ‘newest’ form of AAIW withiis tocean. A fourth
region, not shown in Figure 1.4, was chosen for comparisdheasame latitude on the
eastern side of the Atlantic. Observations from these fegions showed that AAIW in
the Atlantic was typically colder and denser than that in Blagific (Georgi, 1979). In
regions 1 and 2, there were salinity ranges of 34.10-34.8434r1.0-34.36, and potential

temperature ranges of 3.4-6@and 3.4-7.0C, respectively. This corresponds to typical
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Figure 1.4: Regions used for the analysis of Subantarctic Mode WatestyBeorgi, 1979). Re-
gion 1 is the proposed site of AAIW by McCartney (1977).

potential densities of 27.16 and 27*151owever, for region 3, there is a typical density
of 27.27 due to a cooler temperature range of 2.2®.0he water in region 3 is also
slightly fresher, with a range of 34.10-34.32. Georgi ()9F@poses that the difference
in temperature between region 3 and the coldest AAIW in redionust be accounted
for by heat loss processes in Drake Passage and the westatia Sea. However, the
heat losses to the atmosphere within a 4 month transit, whésle the main basis of the
McCartney (1977) theory, are shown to contribute less ttadindf the required value. It
is suggested that the additional heat loss required maydmeiated for by a combination
of ocean-atmosphere and cross-frontal heat fluxes (Ge@g8).

Oxygen concentrations can also be used to give an indicafiamater mass ages.
After water leaves the surface, biological activity useghgdissolved oxygen. Region
3 has similar oxygen concentrations to that of region 2, wawexygen is more soluble
in lower temperatures. Therefore, the lower temperaturé® the southwest Atlantic
has oxygen saturation values of just 82-89%, compared vailieg of over 90% in the
southeast Pacific (Georgi, 1979). This indicates that thaxst be either some form of
oxygen utilisation occurring during the transit, or elserthis a large volume of low

oxygen AAIW present. The water seen at region 4 is both saltid oxygen poorer than

!Potential densitys) has units of kg m?, which are typically omitted. Values here are quoted-ad 000
kg m~3.
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that in region 3, which suggests that circulation withinllasin may introduce this saltier,
lower oxygen water to the southwest Atlantic at a density ©82. Georgi (1979) then
proposes that the water seen in region 3 was a mixture of tif@relt sources. Southeast
Pacific SAMW would be cooled further as it passed through BRassage and account
for the salinity minimum of the Atlantic AAIW. However, theain bulk of the water is
both saltier and oxygen poorer. This could be either an pideirculated form of AAIW,
or may originate from some other source.

An alternative method of formation was introduced by Mdlin@981), proposing
the theory of isopycnal exchange of AASW across the Polanti-with significant in-
puts near Kerguelen Island (80), and again in the southeast Pacific. This differed from
Wist’'s original model of AASW origin, as Molinelli suggssthat the surface waters
are altered during the formation process, before flowinghweards as AAIW. Molinelli
(1981) shows that isopycnal exchange across the Polar Boonts at densities greater
than that of SAMW, leading to the formation of isohaline theclines in the southeast
Pacific. It is proposed that this accounts for the source ol this region, with den-
sities of 27.2-27.3. Other sources were also noted in thetin@cean, near Kerguelen
and near New Zealand.

Further support for McCartney's method of winter convatt@ame from Piola and
Georgi (1982). They also showed further evidence for tHemihce in properties between
the ocean basins. Large changes in temperature and deresiir@vn to occur in Drake
Passage, south of South Africa, and south of New Zealandhdsettransition regions,
intense finestructure occurs, due to the presence of tweréiff water masses. Piola
and Georgi (1982) infer that as neither air-sea heat lossesss-frontal exchange can
account for the colder water in the southwest Atlantideli@AIW from the Pacific must
contribute to the Atlantic water mass. A further source nuoshe from near the Polar
Front, as proposed by Molinelli (1981).

Piola and Gordon (1989) effectively combined the two thesyriproposing that the
AAIW source from the southeast Pacific undergoes furthep adeiater mixing as well
as exchange of AASW across the Polar Front, producing colcesher AAIW by the
time it reaches the southwest Atlantic. Within northernk@r®assage, they identify two

particular water masses, shown in Figure 1.5. Water masgh& idensest form of SAMW
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Figure 1.5: Potential temperature—salinity distributions in northeDrake Passage. Water types
A and B indicate end members of AAIW. Water type C corresptntiee base of the isohaline
thermocline of the southeast Pacific. From Piola and Gord989).

from the southeast Pacific, whereas water mass B contaidercfilesher AASW. Water
mass C occurs as the coldest end-member of an isohalinedblémm (Molinelli, 1981),
and is found further south in Drake Passage. Water mass B eamwiisidered to be
composed of equal parts of masses A and C, showing that frmgat mixing must
occur further upstream of this location (Piola and Gord@89).

Downstream of Drake Passage, the intermediate water massesdvected north-
wards with the Malvinas current. Water mass A has its theatiod characteristics mod-
ified by winter sea-air interaction near Burdwood Bank anxgimg with the surrounding
waters further north. The denser water mass (B) follows ferdifit path, during which
it is influenced primarily by isopycnal processes. Furthdgtidon of low salinity water
from the Polar Front contributes to the formation of a densater mass, from the cy-
clonic circulation feature described by the Malvinas Cutrand its return to the south
(Piola and Gordon, 1989).

More recently, Talley (1996) has also cited mixing betwdenBrazil and Malvinas

currents as a cause for the increased density in the Atlamtics formation of Atlantic
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AAIW is analogous to that of the North Pacific Intermediatet®/gNPIW), where the
Kuroshio and Oyashio waters meet. The contrast betweemwthelrrent waters can lead
to cabbeling, whereby waters of differing salinity and temgture mix to form a higher
density water mass. The salinity and temperature will mopprtionally, however the
non-linearity of the equation of state means that the newegaWwill correspond to a net
contraction of the water and hence a denser product (McDiou@87; Talley and Yun,
2001). The minimum potential vorticity, which arises fromeg convection, is preserved
through subduction and found throughout the Pacific AAIWwedwer, this feature is less
persistent in the Atlantic, providing evidence for the sgoole of mixing (Talley, 1996).
The role of eddies in the mixing process has also been syroagbgnised in a number of
further studies (e.g. Marshall, 1997; Sgrenseal., 2001; Sloyaret al.,, 2010).

The key mechanisms for AAIW production can be summarised as:

e Deep winter convection north of the SAF, with the coldedskrest water found in

the southeast Pacific.
e Cross-frontal exchange of AASW.

e Mixing with surrounding water masses accounts for diffel@AIW properties in

the southwest Atlantic.

The relative importance of the various mechanisms in detengthe formation and vari-
ability of AAIW properties is still uncertain. Santoso anddtand (2004) also suggested
that melt-water rates around the Antarctic continent wemgartant in a circumpolar for-
mation process, along with surface heat and freshwaterdli@éher studies have shown
that wind forcing, leading to cross-frontal Ekman transpplays a key role (Rintoul and
England, 2002; Oke and England, 2004). However, it is betiedhat on longer (decadal)

timescales, the role of surface fluxes is likely to be moreartgmt (Downegt al,, 2011).

1.2.2 AAIW Circulation

Antarctic Intermediate Water is injected into the subtcapigyres in the southeast Pa-
cific and southwest Atlantic (Talley, 1996). In the southé€¥eific, the water mass enters
the gyre through a process of gradual subduction (Talle96L9ludiconeet al. (2007)

propose that this process may be controlled by basin-scatilional pressure gradients.
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However, eddy transport in the Brazil/Malvinas confluersbdélieved to be responsible
for injection in the southwest Atlantic (Talley, 1996; Taaaand Hasumi, 2008). AAIW
then travels around the subtropical gyres, spreading wartks in each of the three ma-
jor ocean basins. Rather than spreading in a purely difusianner, Tomczak (2007)
observes that the salinity field at intermediate depths énRhcific also shows signs of
eddies and fronts.

The path of AAIW can be determined by measuring a combinatféts conservative
properties, along with the measurement of chemical tragithén the water mass. Chem-
ical tracers can be used to track the path of water massegjthoat the oceans as they are
absorbed by the water at the surface and then, like the aa@tser physical properties,
remain constant within the ocean interior. As AAIW is reneven decadal timescales
(Sen Gupta and England, 2007b), chlorofluorocarbons (CR&® proved a particularly
useful tracer due to the accurate atmospheric content krfiomtihe past century. The
concentration of CFCs within AAIW can allow dates to be detieed for when the water
was last at the surface and hence allow assessment of thealaiages and rates of flow.
The use of artificial tracers in climate models has also litpetest the validation of
model simulations, as well as further our understandindhe$¢ water masses (England
and Maier-Reimer, 2001).

Sen Gupta and England (2007b) carried out a series of maatrtiexperiments,
showing that the age of AAIW found in the subtropical gyreses from 50-150 years. It
is found that AAIW in the Pacific is almost completely sourdethe same basin. AAIW
that forms in the Atlantic is carried further east, south ofith Africa, where it forms the
source for the Indian Ocean. Previous studies suggest lthatigh there is interaction
between Indian and Atlantic water masses, there is no nesfelabetween the basins
(Piola and Georgi, 1982; Rintoul, 1991; Suga and Talley,519%However, Sen Gupta
and England (2007b) propose that the majority of AAIW in théaAtic arrives from
the Indian Ocean. Observations have shown that propertiesecomediate waters in the
South Atlantic may be influenced by variations in the Agulleskage (McCarthet al,
2011).

In the Atlantic, the flow of AAIW is of particular importancesat contributes to

the northward component of the MOC, along with AABW. As itegpads into the North
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Atlantic it forms a major warm source of the NADW, which thertsaas the southward
component of the MOC. This overturning cell then leads totaegeatorward transport of
heat (Suga and Talley, 1995). Wst (1935) initially pragmbthat AAIW would be carried
northwards, across the equator, in a continuous westemdaoy current. Itis now known
that the majority of the flow lies within the subtropical ggr&owever a western boundary
flow does still exist beneath the southward flowing Brazili@nt. Flow along the coast
of Brazil carries the water mass across the Equator, afteghwhcan enter the western
boundary current in the North Atlantic (Oudet al,, 1999). As the water mass spreads
northwards, mixing with the surrounding water dilutes tbescAAIW properties. In the
northern hemisphere, the AAIW’s salinity minimum becomasdio detect around 2081.
However, traces of the water mass (from its silica minimay stdl be found up to 60N,
consistent with the path of the North Atlantic Current (Tisiye, 1989).

As well as travelling northwards within the basins, a portadf AAIW continues to
travel around Antarctica in the ACC. Rintoul (1991) showhdtta surplus amount of
AAIW was carried into the South Atlantic through Drake Pagsavhich is then compen-
sated by a surplus of deep and bottom water leaving southra@f@AfThis process of deep
water leaving the Atlantic to be replaced by intermediatéewthrough Drake Passage

closes the global thermohaline cell.

1.2.3 Changes in AAIW

Observations have shown that the properties of the oceaohargging along with our
changing climate. A freshening trend has been observedtmthe Pacific and Indian
Ocean intermediate waters (Woetal., 1999; Bindoff and McDougall, 2000; Aokt al.,

2005). Wonget al. (1999) showed that there had been a cooling and freshenittgeof
salinity minimum in the South Pacific, with a mean fresheroh.02 in the AAIW layer.

They also noticed a freshening trend in the North Pacifiainggliate Water (NPIW), pro-
viding evidence for increased precipitation at high latés. In the Indian Ocean, Bindoff
and McDougall (2000) showed that there had been a coolingfrastiening of AAIW

between the 1960s and 1987, along a section @6.3Zhis was attributed to warming
of surface waters and an increased hydrological cycle, sigtatures of anthropogenic

climate change (Banks and Bindoff, 2003). However, Brydeal. (2003) showed that
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between 1987 and 2002, the upper thermocline mode waterg #is same section had
become saltier, reversing the previous trend. This deratestthat more frequent obser-
vations are needed to determine whether changes obsengatiosections lie within the

range of internal variability, or are part of a long-ternmile

In the Atlantic Ocean, observations have not shown a camgistend. The Inter-
governmental Panel on Climate Change (IPCC) Fourth AssarssReport (of the IPCC)
(AR4) pointed towards a general freshening trend, with €atral. (2003) providing the
evidence for the Atlantic Ocean. Their results, from a teahdetween 50 to 60N,
show a freshening of 0.02 in AAIW towards the southern endhef gection between
the late 1950s and 1990s. However, Arbic and Owens (2008 slaswn an increased
salinification, along with a general warming of 8Gcentury !, in Atlantic intermediate
waters (1000 - 2000 db). The results shown by Arbic and Ow2081() cover a wider
range of longitudes in the Atlantic than those of Cugtyal. (2003), but only extend be-
tween 32S and 48N. Therefore, they may not capture more recent changes in\AAI
and its surface formation regions, which would be seen éurslouth. The freshening ob-
served by Curnet al. (2003) occurs south of 5, with more saline intermediate waters
further north. It should also be noted that the salinity dseshown by Arbic and Owens
(2001) are acknowledged to be less significant than theip¢eature results, and Curry
et al. (2003) do not present any significant temperature trend8AdvVv.

More recently, Naveira Garaba#t al. (2009) show that there has been a freshening
of AAIW in Drake Passage, by 0.05, between 1970s and the early’2dentury. They
explain that this freshening is due to climate change in éggon west of the Antarctic
Peninsula, with an increased precipitation and decreasénier sea ice extent. Despite
the freshening of water entering the Atlantic from the PacNicCarthyet al. (2011) ob-
served an increased salinity in AAIW along°&tin the Atlantic. A warming trend was
also found in the South Atlantic intermediate waters, alwitlp an increased Apparent
Oxygen Utilisation (AOU, difference between saturatiom abserved oxygen content).
McCarthyet al. (2011) show that this increased AOU is due to the influencendiah
Ocean water, and increased Agulhas Leakage. As a greatarpof AAIW in the At-
lantic arrives from the Indian Ocean, this is also shown twant for the increased salinity

in the basin.
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Figure 1.6: Maps of linear trends in AAIW core properties, from 1970s@02, for (a) pressure,
(b) potential temperature, (c) salinity, and (d) potentiainsity. Trends have been calculated from
Argo and ship-based CTD data. Shaded regions indicate srémat are not significantly different
from zero at the 95% confidence level. From Schmidtko andstwh¢(2011).

Schmidtko and Johnson (2011) use a combination of recerd fogt observations,
ship-based conductivity, temperature, depth (CTD) messants, and bottle data, to
analyse trends in AAIW core properties since the 1920s. Mépends observed since
the 1970s are shown in Figure 1.6. The salinity minimum is\ébto have warmed and
shoaled, with a decreased density (Figures 1.6a,b, andatijit§p trends are found to be
small, with signs varying regionally (Figure 1.6c), and tiloute relatively little to the
density trends. The rate of warming has increased sincedf@s] with zonal-mean in-

creases of 0.2€ decade!, 0.08C decade! and 0.06C decade! between 50 and 4%
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Figure 1.7: Projected change in the global zonal average potential &napire (PC]J, left) and
salinity (right) (22* C — 20" C, colour contours). Superimposed contours indicate trenghs
that would result from a southward shift of the! 2@&entury temperature distribution by latitude,
with zero contour in grey and positive (negative) valuesishby black solid (dashed) lines. Left:
contour interval is 0.2C. Right: contour interval is 0.01. Values shown are avethffem a
multimodel ensemble of IPCC AR4 model projections. From@sataet al.(2009).

in the Atlantic, Pacific and Indian oceans, respectivelythdligh the sea surface temper-
ature (SST) has warmed in AAIW formation regions, the insee& not large enough
to account purely for the change in core temperatures. luggested that increasing
SST, combined with a poleward shift of the Southern Hemispheesterlies since the
mid-1970s, may result in the observed increasing trendnf@ttho and Johnson, 2011).
Although some of the observational evidence may appear tcoh#icting, IPCC
AR4 climate models have shown that this water mass is likelghange by the end of
the century as we see changes in the atmospheric propertite isurface formation
regions (Sen Guptat al,, 2009; Downest al, 2011). Sen Guptat al. (2009) show
a projected warming throughout intermediate depths in th&t®rn Hemisphere, of up
to 1°C, over the next century (Figure 1.7, left). The projectiofsalinity changes are
less consistent between basins, but suggest a decreassty $althe upper 1000 m,
and increased salinity at greater depth, within 60S1(Figure 1.7, right). Downest al.
(2011) show that heat and freshwater fluxes in the formaggions lead to a warming
and freshening of both SAMW and AAIW. The rate of subductitéoadecreases due
to increased buoyancy and decreased mixed layer depthese tiegions. As the water
masses move to lighter densities, this accounts for thérgpahd freshening observed on
isopycnals lighter than 27.4 (Downesal, 2011). Downe®t al. (2011) and Schmidtko
and Johnson (2011) both mention the potential impacts of&hanges in relation to
carbon uptake in the Southern Ocean and ventilation of tipécial thermocline. However,
none of these previous studies have focused on how chandeslW temperature and

salinity may feed back within the climate system.
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1.2.4 This thesis

An understanding of what impact changes in the oceans may biavthe atmosphere
is crucial to our understanding of how the climate will chang the future. Given the
fact that AAIW is renewed on timescales of less than 100 yemnd plays a key role
in global circulation, this water mass could be of particufaportance within climate
projections. For example, if warmer or cooler AAIW upwelfsthe tropics (or further
north) as it progresses northwards in the ocean, then thisattex the surface temperature
of the ocean in this region, and hence lead to an atmosplesfionse over the ocean and
surrounding continents. This thesis aims to investigaée pbtential climate response
to changes in AAIW temperature and salinity. A series of expents are presented,
investigating the impact of changing properties in eacthefthree major ocean basins -
Atlantic, Pacific and Indian (Chapters 3-6). Through thesewill look to see where the
altered AAIW influences the surface waters, and if it comeahdosurface, whether there
is an atmospheric response. The experiments are carriedithuthe use of a coupled
climate model, HadCM3, a description of which is providedimapter 2, along with an
introduction to the methods that will be used. Final coricius and discussions will be

presented in Chapter 7.






Chapter 2

HadCM3 and methodology

2.1 Introduction

HadCM3 is a coupled ocean-atmosphere general circulatmmteh{OAGCM), produced
by the Hadley Centre at the UK Met Office (Gordetal, 2000). OAGCMs play an im-
portant role in our attempts to understand and predict ¢érohange. Although HadCM3
is not one of the most recent of these, it is still recognisedree of the leading models,
and was used in both the Third and Fourth Assessment Repaisgnd AR4) of the In-
tergovermental Panel on Climate Change (IPCC) (McAvastesl, 2001; Randalet al,,
2007). This model evolved from a previous version of the dadientre model, HadCM2
(Johnset al,, 1997).

The improvements made allow HadCM3 to run without the neeéldg adjustments.
In order to maintain a stable climate, the interactions betthe ocean and atmosphere
must conserve energy transports. If the transport of heasathe boundary is not bal-
anced by transport in or out of the ocean cell, then the cémait begin to drift. One ma-
jor problem with HadCM2, as well as other early OAGCMs, ig thege drifts would tend
to occur when simulating the current climate. Figure 2. Imshthat the drift in HadCM2
leads to a decrease in SST across most of the world’'s oceansadjustments could be
used to correct this drift, adding to the surface heat, wattenomentum fluxes. Figure
2.1b shows the reduced errors in HadCM2 simulations with didixstments. However,
these flux adjustments have no physical basis and disgusensgtic problems in the
model, which can be seen in the unflux-adjusted simulatiBiggire 2.1a shows the simu-

lation using HadCM3. Although the errors appear higher thamwith the flux-adjusted
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Figure 2.1: Decadal mean SST errors relative to the GISST climatologyefiothe non-flux ad-
justed model HadCM3 (Gordaet al, 2000), (b) flux adjusted model HadCM2 (Jolebal, 1997),
(c) HadCM2 run without flux adjustments. The figures are frepresentative periods at least 100
years after each control run. From IPCC (2001).
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Figure 2.2: Annual mean a) sea surface temperature (SST])f b) surface air temperature
(SAT, PC]), over western Europe (2& — 20W, 35 — 60N) from a 500 year control simulation
(model years 2789-3289). Grid lines illustrate the diffénesolution of the ocean and atmosphere
components (1.25< 1.25° in HadOM3; 2.5 x 3.75 in HadAM3).

HadCM2, this model has been run without flux adjustments arldarefore a consider-
able improvement on the previous model. Without flux adjestts, a major source of
error compensation has also been removed. The key changts between HadCM2
and HadCM3 include the addition of mixing parameterisatjomproved mixed layer

schemes and higher resolution. Each of these aspects vditbassed in Section 2.2.2.

2.2 Model description

2.2.1 Ocean-atmosphere coupling

The coupled model is split into two main components, eachta€fvcan been run sep-
arately to study their individual processes. Both the aphese (HadAM3) and ocean
(HadOM3) are hydrostatic, grid point models, using an Avek® grid. Properties such
as salinity and temperature are calculated at each grid, pairereas velocities are calcu-
lated at the centre of a box formed by four grid points.

The ocean and atmosphere components are coupled once gadthdatmospheric

component is integrated first, with constant SSTs and seextemts for 24 hours. After
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Figure 2.3: Zonal-mean potential temperaturé(] in the Atlantic Ocean sector of HadCM3,
from a 500-year control simulation (model years 2789-3283lack grid-lines show the ocean
model grid spacingld4 x 20). The two panels have different vertical axes: top panehshihe
upper levels, 1-10; bottom panel shows levels 11-20. Wag®ns indicate model bathymetry.

this, the forcing fluxes from the atmospheric output are ueddtegrate the ocean for-
wards by one day. The resulting SSTs and sea ice values aatéhgassed back to the
atmosphere. As there are 6 ocean grid points to each box atrtiesphere (Figure 2.2), a
combination of linear interpolation and averaging is uséémtransferring data between

the two grids (Gordomt al., 2000).

2.2.2 Ocean component

The ocean component of HadCM3 is based on a Bryan-Cox pran@guation model
(Cox, 1984). The improved horizontal resolution of HadCM8mpared with its pre-
decessor, leads to considerably improved simulations ediobieat transports. HadCM2
had a resolution of 2%5x 3.75 in the ocean (Johret al,, 1997), compared with 1.25«
1.25 in HadOM3 (Figure 2.2a). The model has 20 vertical levelshwesolution con-
centrated near the surface (Figure 2.3). In the upper regibthe ocean, properties can
vary more rapidly, both over time and distance. This leadyréater transport rates, re-
quiring greater resolution. The grid thickness thereforéases from an order of 10 m

at the surface, to 1 km at the bottom of the ocean.
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Figure 2.4: Bathymetry used in HadCM3 [m]. Coastline matches the rasmiwf the atmo-
spheric component (225« 3.75).

Topography was taken from the ETOPOS5 (1998) 1/i&solution dataset and adapted
to fit the model grid. A smoother was applied to avoid gridsaabise and the depth
of channels within the Greenland-Iceland-Scotland ridgeevaltered to compensate for
their sub-gridscale size. The sensitivity of Bryan-Cogeyocean models to the depth of
the Greenland-Iceland-Scotland ridge is demonstrateddiefs and Wood (1997). The
resulting bathymetry used in HadCM3 is shown in Figure 2.4 ishand was placed at the
North Pole to avoid a singularity in the spherical coordingstem (Figure 2.3). Near the
poles, fields are also fourier-filtered to prevent instéibai due to the Courant-Friedrichs-
Lewy (CFL) criteria.

To ease the coupling between ocean and atmosphere, théirmasied is that of
HadAM3, with a resolution of 25x 3.75 (Figures 2.2 and 2.4). This means that there
are very coarse representations of channels such as theesidn Through-Flow (ITF).
In the model, this initially led to too much water passingotigh an unrealistically large
gap between Indonesia and Asia. To compensate for thistrbpio flow is now only
allowed between Papua New Guinea and Indonesia in the m@deti¢net al,, 2000).

Parameterisations are used when grid resolution is not finagh to represent pro-

cesses within the model. One key mechanism, which fits ingdategory, is eddies.
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They can act on a number of length- and time-scales, and detia tdissipation of heat
through their eddy viscosity. To represent these sub-ggidseddies, the model uses the
Visbecket al. (1997) version of the Gent and McWilliams (1990) schemehaitocally
determined thickness diffusion coefficient, and the Re@B8g) along isopycnal diffu-
sion scheme. Near surface vertical mixing is represented hybrid approach, with a
mixed layer sub-model (Kraus and Turner, 1967) and a K-Theoheme (Pacanowski
and Philander, 1981). A parameterisation is also used talatethe outflow from the
Mediterranean, where water is partially mixed across thait3if Gibraltar.

At high latitudes, each ocean grid box can have partial seadwer. Completely
unbroken ice is rarely observed, therefore the conceotrdf - 1) is limited to 0.995 in
the Arctic and 0.980 in the Antarctic. This parameterigatid concentration is based on
that of Hibler (1979). Ice will form when the SST drops beldve freezing point of sea
water, which is -1.8C in HadCM3. After formation, ice can then be advected betwee
neighbouring grid boxes. The sea ice model uses a simplatuymamic scheme (based
on the zero-level model of Semtner (1976)) and containspeterisations of ice drift and
leads (Cattle and Crossley, 1995).

Leads are cracks in the ice that form when the ice flows divergdear due to wind
or currents in the water beneath. As these cracks form, therusaexposed to the cold
atmosphere and new ice can then form during the winter, ngaidi brine rejection and
increased salinity. However, in the summer, the open watégads has a lower albedo
than the surrounding ice. This allows the water to absorberheat and increase the rate
of melting. Effects of sea ice melt and formation are accedfior within the model, with
a constant salinity of 0.6 assumed for sea ice (Gomtaal., 2000). As well as melt and
formation, salinity can also be reduced by snow and raimfiédl leads. Sublimation on
the ice also increases ocean salinity as the salt is assunisdalit in to the open water.

The albedo of ice is set to vary with temperature. At°>Q@&nd below, the albedo is
0.8, however as temperature increases ©, the albedo falls linearly to 0.5. This value is
still significantly larger than that of open water, 0.06. Bueface fluxes and temperatures
for ice and leads are then calculated separately withintthespheric component of the
model.

The dynamics of sea ice are represented by a simple schemeBrgan (1969).
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Wind stress is applied to the ocean beneath the ice, andiatenéss, concentration and
snow depth are then advected using the current within theotean layer. Ice rheol-
ogy is crudely represented by preventing convergence ajrice the depth reaches 4 m,
although this depth can be increased by further freezingd@tcet al,, 2000).

The rigid lid in HadCM3 means that any freshwater flux into ot of the ocean does
not lead to changes in volume. Instead this flux of waltér, is converted to a flux of
salinity, Fs, throughFy = —W S, /p,, wherep, is a constant reference density afid
is a constant salinity of 35. Using this reference salinitgtead of the locally varying
values, ensures that there is no drift in the global mean withere is no net water flux.
This will lead to exaggerated effects in regions wheére: S,, and under-representation
of the freshwater flux for those whefe> S, however the impact is generally small.

In HadCM3, the net water flux is not found to be zero (Goreédral, 2000). A
small value of 0.01 mm day is applied to allow for internal drainage basins. However,
the majority of the imbalance comes from the accumulatiosraiw on Greenland and
Antarctica, equivalent to 7.3 mm yedr. This converts to a salinity drift of 0.1 in 1000
years, and hence a drift in the total salt content of the ¢globaan. In the real world,
the fresh water is returned through the calving of icebendsich is not represented in
the model. Instead, a uniform flux is applied in regions asljado ice sheets, where
icebergs are known to occur. Although this flux would not béarm in reality, the state
of observations and sensitivity of the model did not justifyy more elaborate treatment
(Gordonet al,, 2000). Over the majority of the ocean these fluxes are lesslth of the
P-E (precipitation - evaporation), however in the area adiahe coast of Antarctica they
can reach ove20%, and are then a significant addition to the model.

The salinity of grid points within the model is limited to lgithin the range 0-40,
which can lead to problems within the isolated basins, ssdh@Caspian Sea, and those
isolated due to the model’s resolution, such as the Baltmrd@net al., 2000). When
these regions reach the upper limit of salinity, keepingrtlz this value implies a non-
conservation of water equivalent to 0.2 mm yeaaveraged over the ocean. The model

could therefore be improved by including an exchange adhessub-gridscale straits.
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2.2.3 Atmospheric component

The main features of the atmospheric model, HadAM3, areritest by Popeet al.
(2000), along with the improvements over the previous eersHadAM2b. HadAM3
uses a 2.5 latitude by 3.78 longitude grid (Figure 2.2b) and 19 vertical levels on a hy-
brid coordinate system. This means that the bottom foutddeiow the terrain and the
top three layers are pure pressure layers, with smoothiticarssin between. There is a
Eulerian advection scheme with a timestep of 30 minutes.

One of the major differences between HadAM3 and the preweusion is the intro-
duction of a new radiation scheme, developed by Edwards lmghS1996) and modified
by Cusacket al. (1998). HadAM2b has four shortwave bands and six longwavelfa
and includes the effects of GOH,O and Q. HadAM3 contains six shortwave bands and
eight longwave bands, and includes the effects 0§ GO and G, as well as @, N,O,
CH,4, CFC11 and CFC12, and a parametrisation of backgroundasrdhe new scheme
also treats water droplets differently to ice crystals.

The impact of convection on momentum is included, using &mmehdeveloped by
Gregoryet al. (1997). A new land surface scheme, MOSES (@bxal,, 1999), was
also introduced. This can represent the freezing and rgettirsoil moisture, allowing
for a better simulations of surface temperature. It alstugtes the effects of COon

evaporation.

2.3 Model Evaluation

2.3.1 Ocean

On a global scale, all major features of the SST field are chpred in the model. This
includes the sharp horizontal temperature gradients e¢edownith major ocean currents
such as the Kuroshio and the Antarctic Circumpolar Curr@6(T). These gradients were
not reproduced in previous versions, however the improestlution of the ocean in
HadCM3 makes this possible (Gordenal,, 2000). Throughout most of the ocean, dif-
ferences between the model SSTs and observations are fitemittén 1°C (Figure 2.1a),
however when the currents stray from their observed logstithe high temperature gra-

dients can lead to local errors. This effect is seen in thenegf the Kuroshio, where the
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current separates from the coast too far south. This lea@lsetgion of cooling around the
current. The NAC also strays from its observed locationdilegto negative temperature
anomalies in the North Atlantic. The peak SST errors in thetlsarn Ocean correspond
with the position of the ACC in the model, which could be duémrrect steering from

the topography. However, the errors also peak south of the GaGood Hope, which

is known to be a region of high eddy activity. Poor resolutimuld therefore also be a
factor here.

As well as these local effects, there are large regions afniveyy or cooling within the
model. The North Pacific is more thafi@ below observed temperatures (Figure 2.1a),
due to poor simulation of surface fluxes combined with skalfmmmer mixed layer
depths. Lack of strato-cumulus clouds in the atmospherigpament also leads to errors
in the central east Pacific, eastern tropical Pacific andnfilaand off the Californian
coast (Gordoret al, 2000). However, the pattern and magnitude of these ereongins
broadly constant within the simulations, therefore shcwdtle no significant effect on
perturbation experiments.

Improved resolution in the ocean also leads to improvemientee representation
of sea ice. Previous versions of the Hadley Centre modehowtt flux adjustments,
showed Arctic sea ice reaching south of Iceland in the wingdthough the ice extent
is still greater than that observed (Figure 2.5a), imprasietulation of the NAC, advect-
ing warm water northwards, reduces the ice extent in thimnegSouthern Hemisphere
mean ice extents also compare well with the climatologioaltjh Figure 2.5b shows that
the winter extents are again too large (Goréoal., 2000).

As with many coupled models, the strength of the ACC is exesdgd (Russektt al,,
2006). Observed values estimate the transport as 135 SevieowadCM3 gives a value
of 223 Sv. This is believed to be due to the exaggerated safjirdient across the ACC
and the corresponding density gradients, with the modelgbteio salty at high latitudes
and too fresh further north (Stagt al, 2005). Pardaenst al. (2003) showed that the
model’s hydrological cycle can be too strong, leading torlgviarge precipitation and
evaporation components, transporting freshwater fromttowid-high latitudes. This
stabilises at around 400 years into the control run, witeHveater travelling northwards

from the Southern Ocean. Pardaemnsl. (2003) suggest that these effects could lead to
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Figure 2.5: The mean monthly seasonal cycle of sea ice area for the meded361 + 400 and
from SSM/I data for (a) Northern Hemisphere and (b) Southéemisphere {02 m?]. From
Gordonet al.(2000).

stabilisation of the thermohaline circulation within thedel.

Model heat transport within most of the ocean shows reasersgveement with ob-
servational estimates (Gordebal,, 2000), although there are some discrepancies. Banks
(2000Db) finds that the northward heat flow in the South Attaigtioverestimated. This is
due to an underestimate of the northward flux of bottom wétethe Indian Ocean, heat
transport matches the observations, moving southwartieuagih it is larger in magnitude
by about 0.3 PW. The main anomaly lies within the South Paaifleere the tempera-
ture transport is northwards in the model — the oppositectiime to observations. This
anomaly is believed to be due to the large transport of the ZAFSv in the model com-

pared with12 + 7 Sv observed (Wijffelet al., 1996), which dominates the transport in



2.3 Model Evaluation 29

the basin. The large transport in the model ITF is also betide be responsible for sur-
face heat flux anomalies in the Indian Ocean, when comparédolservations (Banks,
2000a). However, combined Indo-Pacific heat transporthide & reasonable agreement

with observations (Gordoet al., 2000).

2.3.2 Atmosphere

As with the ocean, most features of the atmosphere are weksented, with a consid-
erable improvement from the previous version (Pepal., 2000). The pressure at mean
sea level is improved in most regions, but one of the mairrgigoa large high pressure
bias over the poles, up to 10 hPa. Simulation of zonal-meaalzsinds has improved
through the inclusion of convective momentum transpore teridional winds have also
been improved, but the Hadley and Walker cells are too strdings has been linked to
the increased hydrological cycle in the model by Pardatrs. (2003). Introduction of
the new radiation scheme has led to a substantial reducti@miperature bias, however
the cold bias at high northern latitudes in the lower tropsgais worse than in the pre-
vious versions. Near the surface, global temperaturesrsfifim a cold bias. HadAM3
also suffers from problems with moisture and cloud covers@he levels, there is almost
no moisture due to the poor resolution and water vapour piahsalthough a large moist
bias can be seen in the winter storm tracks and at high lastirdthe summer (Popt al.,
2000). The lack of strato-cumulus clouds also leads to waromalies in SST due to the
increased radiation reaching the surface.

Collins et al. (2001) looked at the internal variability in the model. Imegeal, the
temperature variability agrees well with observationghidemporally and spatially, but
the variability over land is exaggerated. In the model, th&liBo Southern Oscillation
(ENSO) appears to vary over a 3-4 year period, with an angditwithin the range of
observations. However, there appears to be too much ENS@bildy in the Western
Pacific, where a combination of cooler temperatures andosh&hermoclines means that
the ocean is able to respond on shorter timescales thanlity.rdaterdecadal variabil-
ity, resembling the observed Pacific Decadal OscillatioD@p, was also found in the
Pacific. However, again there was too much variability inwWest. Variability in the

Northern Hemisphere winter resembles the North Atlanticifasion (NAO), but there
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Figure 2.6: Zonal-mean salinity in each of the three major ocean basir$adCM3, from a 500-
year control simulation (model years 2789-3289): a) Atlejiv) Pacific, c) Indian. White regions
indicate model bathymetry.

is an enhanced teleconnection between the North Atlantdd\arnth Pacific, which is not

seen in observations.

2.3.3 AAIW in HadCM3

Figure 2.6 shows the progression of a low-salinity tongueying northwards from the

Polar Frontal Zone, through each of the three major oceansakhis is the characteristic
salinity minimum of AAIW in HadCM3. The depth of this water swvaries between the
three basins, but it is usually found betweer250 and 1500 m. In general HadCM3

performs well, simulating a salinity minimum at intermeadiaepths in each of the three
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Figure 2.7: Tracer concentration (0—1) at intermediate depths aftarykeat depths of a) 301 m
(level 10 in HadCM3); b) 447 m (level 11); c) 666 m (level 12)986 m (level 13).

major ocean basins (Stadt al, 2005). However, the water mass is fresher and lighter
than seen in observations (Sloyan and Kamenkovich, 2007).

In order to assess how AAIW forms in HadCM3, data have beelyser from a
5 year tracer experiment (model runs were performed by GlehaRdson; Richardson,
2006). A passive tracer was added to the surface contingdashaintain a surface value
of 1 everywhere, and then allowed to evolve freely withindlcean. Grid points at depth
in the ocean can then take any value between 0 and 1 — 1 beingetety saturated, and
0 being completely absent. This gives an indication of wheater has sunk beneath the
surface, with higher concentrations suggesting largarmael of surface water.

In HadCM3, meridional sections suggest that AAIW movesmeards from~ 50°S
at intermediate depths (Figure 2.6), therefore we mustfooiegions around this latitude
where the tracer can be found extending from the surfacedsetllepths. Significant
amounts of tracer are found to reach through depths of 34 7aon (levels 10 and 11 in

HadCM3), around Drake Passage and the southwest Atlastieekhas south of Australia
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Figure 2.8: Tracer concentration (0—1) at intermediate depths aftarygat depths of a) 301 m
(level 10 in HadCM3); b) 447 m (level 11); c) 666 m (level 12)986 m (level 13).

and east of New Zealand (Figures 2.7a,b). Looking deep&t@om and 996 m (levels

12 and 13), there is a decrease in the amount of tracer fouh@rAustralia, however

it is still present to the east of Drake Passage (Figuresd).7this suggests that there is
a stronger sinking mechanism in this region, reaching tatgredepths within a shorter
amount of time. Indeed, Richardson (2006) proposed thakéDRassage was a region
where Antarctic Bottom Water may be formed in the model, alistically.

After 5 years, large tracer concentrations are found atrimediate depths south of
Australia and east of New Zealand (Figures 2.8), suggeshtiagthis could be a key re-
gion of AAIW formation in the model. Observations have sugjgd that this is a site
of SAMW formation, due to cross-frontal exchange and deemtexiconvection (e.g.
Molinelli, 1981; Piola and Georgi, 1982; Rintoat al., 2001; Sen Gupta and England,
2007b). This SAMW can then act as a source for AAIW. Tracerceotrations also have
high levels at depth in Drake Passage and the southwesttitlarith values> 20% at

depths of 996 m. Tracer concentrations=05% are also found at depths of 3300 m within
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a) Total W

Figure 2.9: Mean vertical velocities (W), over top 240 m (levels 1-9 idB&3) from the 5 year
tracer simulation [0=3 cm s1]: a) total W; b) eddy W (from Gent-McWilliams parameterisa-
tion). Negative values indicate downward velocities.

5 years (not shown), supporting the theory that AABW formghis region. However, it

is possible that a contribution to AAIW may take place dutting formation process. One
interesting point to note is that there is comparativetieliracer found below 300 min the
southeast Pacific. This has been cited as a key region of AABMyztion (e.g. McCart-
ney, 1977; Talley, 1996), however the model does not rem®this (Figure 2.8). Higher
concentrations are found along the coast of Chile, so it negydssible that some sinking
occurs in this region. The increased strength of the ACC id@M3, when compared
with observations (Russedlt al, 2006), may cause the water mass to be swept through
Drake Passage rather than spreading into the Pacific.

From these indications of where water may be leaving theasarin HadCM3, we
must now consider what processes may cause this? Firgitg, @i vertical velocity can
give an indication of whether the water mass is sinking irs¢heegions, or being ad-
vected in from elsewhere. Downward velocities are foundotmitiate in the region south
of Australia, with negative values also found south of Newalded (Figure 2.9a). Strong
downward velocities are also found in Drake Passage andotlitbwgest Atlantic, with
typical values ofl x 1073 cm s™!, averaged over the top 240 m of the ocean for the 5 year
simulation. This corresponds to a distance of 311 m tradedlghin 1 year. Maximum

values found in Drake Passage reach up5o< 10~3 cm s™!, corresponding to a distance
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Figure 2.10: Mean zonal velocity0=2 cm s!] in Drake Passage (65—73V) from a 5 year
control simulation in HadCM3. Positive values indicate ®&sd velocities.

of 2020 m within a year. Although these larger values may d&yfound for a couple
of grid points, they show that by the end of the first year, $tmater concentrations
can reach deep levels of the oceanZ000 m). Figure 2.9b shows that the eddy veloci-
ties, from the Gent-McWilliams parameterisation schenoatribute to these downward
velocities. This is consistent with the theory that eddy imgxplays a vital role in the
formation of AAIW in this region (e.g. Talley, 1996), by alling cross-frontal transfer
of properties. A number of studies have also shown the imapo#g of eddy mixing pa-
rameterisations for simulating water mass formation inegaincirculation models (e.g.
England, 1993; Sgrensenal., 2001).

Within Drake Passage, the large zonal velocities must bgidered, to check whether
the water would have time to sink before being moving furth@wvnstream. Figure 2.10
shows that within Drake Passage, mean velocities over arjpgeimd can reach- 40 cm
s~1. This corresponds to 1.4 km in an hour; which is one time stégadCM3. This is
much larger than the vertical velocities, and means thatveain be advected through the
region within a couple of weeks. However, these high vellegiare confined to a narrow
region. In regions where there are lower horizontal spesid&ing will be allowed to
progress to deeper levels. These strong currents can ddootime spread of the tracer to
the east of Drake Passage, and also to the east of New Zeakatttk tracer travels with

the ACC around the Southern Ocean.
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b) Heat flux
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Figure 2.11:a) Maximum mixed layer depth (MLD) [m]; b) Annual mean oceamosphere heat
flux [W n2] (positive heat flux indicates heat transfer in to the oceafalues are averaged from
a 5 year control simulation in HadCM3.

Since AAIW is believed to form partly through deep conveetimixing (McCartney,
1977), the maximum mixed layer depth (MLD) can give an intacaof where formation
may occur. The greatest MLD values can be found north 8858etween 60 and 15H,
with values of> 350 m (Figure 2.11a). This can account for the tracer conceotst
found at depth in this region (Figures 2.7). Although litttacer was found at depths
> 300 m in the southeast Pacific, the MLD in this region is seen tahes least 250
m beneath the surface. The MLD east of Drake Passage is natges supporting the
suggestion that eddy mixing may be more important in thisoregSurface heat fluxes
play an important role in driving convective mixing in theeam. Figure 2.11b shows that
in the region of increased MLD between 60 and I5Qhere is a net loss of heat from the
ocean. In general, regions of heat loss appear to coincitteragions of greater MLD
(Figure 2.11). As heat is lost from the surface of the ocehis, leads to an increased
density of the surface waters, driving deeper convectidhémocean. However, it should
be noted that the heat fluxes shown here are annual averdgaefdre, regions which do
not show a net loss of heat during the year, may still lose tieang the winter months.
Also, MLD can be strongly influenced by wind forcing, howehest loss is likely to play

the major role in the Southern Ocean for determining maxinvinD.
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2.3.3.1 Discussion

From these results there appear to be two possible sitest/Aormation in the model.
Firstly, to the southwest of Australia and around New Zedlatue to deep convection
driven by surface heat loss. The second location is arouateDiPassage and the south-
west Atlantic, where vertical velocities lead to surfaceess sinking to greater depths.
Increased eddy velocities and shallower mixed layer deqtggest that eddy mixing may
be responsible for production in this region.

Although the southeast Pacific is believed to be a key losdto AAIW formation,
this does not appear to be the case in the model. Increased t@ncentrations are only
found to reach intermediate depths in a narrow region albegoast of Chile. The MLD
in the southeast is also shallower than in the southwesed®#tific basin. Strong currents
in the ACC may lead to the tracer being swept through Drakedgsbefore it can sink to
further depths in this region, or spread northwards in td?heific. It is likely that AAIW
in the Pacific then originates from eastward advection othece south of Australia and
New Zealand.

A likely cause of the shallower MLD in HadCM3 is increasedasfication in the
Polar Frontal Zone (PFZ). The increased hydrological cgelscribed by Pardaees al.
(2003) leads to fresher surface layers in the extra-trbpioeans. This decreases the den-
sity of the surface layers, suppressing deep convectioheset regions. Russedt al.
(2006) and Sloyan and Kamenkovich (2007) show that thishéesg in the Southern
Ocean leads to an intermediate water mass that is fresheshatidwer than seen in both
observations and other climate models. However, as destiibthe following section,
Section 2.4, this study involves the use of idealised pleations with respect to a con-
trol experiment. As we are not concerned with initialisimgcomparing the model with

observations, HadCM3 is a useful tool for this study.

2.4 Model perturbation experiments

The aim of this research is to investigate how changes inraiitalntermediate Water
(AAIW) may lead to changes in climate on a global scale. Tohds, idealised pertur-

bation experiments were performed using HadCM3. The griaediehind a perturbation
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experiment is that only a small component of the model igedtso that the results can
be compared with the reference control run, and any effaets attributed to that change.
A number of such experiments have been conducted in thequagt;ing a wide range of
perturbations.

In order to better understand anthropogenic climate changember of models have
been used to study the impacts of increased C@hcentrations in the atmosphere. For
example, Banks and Bindoff (2003) and Statkal. (2006) have used HadCM3 to in-
vestigate whether observed changes of temperature aniysali intermediate depths in
the Indo-Pacific can be attributed to anthropogenic chamggeeenhouse gases. Banks
and Bindoff (2003) showed that the changes observed coulden@produced in control
conditions. With increased G{oncentrations, warming and freshening in the Southern
Ocean led to changes in the ocean that were similar to thosenad. However, this
study involved the use of only one model run, with one set ifainconditions. Stark
et al. (2006) carried out a series of model runs, additional to thesaused in the previ-
ous study, using various initial climate conditions. Frdmst'ensemble” of model runs,
it was shown that the changes observed in the Indo-Pacifichwayithin the range of
internal climate variability. This illustrates the impanice of ensemble experiments for

investigating the climate response to perturbations.

2.4.1 Idealised perturbations using HadCM3

To improve our understanding of large scale ocean ciraraprevious studies have used
idealised perturbation experiments to test the sensitdfithe Atlantic component of the
meridional overturning circulation (MOC) to climate chasg One key process of the
MOC is the formation, and sinking, of North Atlantic Deep \&a(NADW). In the win-
ter months, cold, saline surface waters may become suffigidanse to sink, forming
this deep water mass. However, a warming climate may leadwarming and fresh-
ening at high latitudes, which has a significant impact on MAErmation, leading to
a reduced MOC strength (Gregoey al., 2005). Dong and Sutton (2002b) and Vellinga
and Wood (2002) have both used perturbation experiments/éstigate the effects of a
large freshwater input to the North Atlantic in HadCM3. | texperiment carried out by

Dong and Sutton (2002b), a salinity anomaly was introduodtié¢ upper 500 m between
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55°N-85’N, 90°W-2C’E. Vellinga and Wood (2002) introduced their anomaly over th
upper 800 m, between 3R—9C°N, 80°W-20°W. Both anomalies were introduced as a
salinity decrease of 2, corresponding to instantaneossrater inputs 08.0 x 104 m?
and6.0 x 10'* m3 respectively. In order to conserve salt, that which wasrtaket of
the North Atlantic was redistributed globally. Dong andt8nt(2002b) looked at the 10
years immediately following the perturbation, whereadivgh and Wood (2002) were
concerned with the long term, quasi-equilibrium responger ehe following century.
Although they focused on different aspects of the climaspoase, both of these experi-
ments led to a collapse of the MOC.

More recently, Richardsoast al. (2005) used HadCM3 to investigate the effects of
salinity perturbations within the Southern Ocean. A freatewr pulse was added around
the coast of Antarctica, south of €5, by reducing the salinity by 1 within the top 500
m of the ocean (upper 11 levels of HadCM3). The experimerdaigth was comparable
to the previous North Atlantic experiments. The locatioausrd Antarctica was chosen
to investigate the sinking of Antarctic Bottom Water (AABWjhich acts as the deep
southern limb of the MOC. The effects of this perturbatiompegred to be similar to
those caused by the previous experiments, with a coolingarhemisphere where the
perturbation was applied, however the effect on the MOC washsmaller. After 10
years, the strength of the AABW overturning cell had deadasy just 5%. This is
due to the heat transport in the Southern Hemisphere onguprimarily at mid-depth in
the ocean. The initial cooling within the Southern Hemispheas a result of the cold,
fresh surface waters preventing upwelling of the warm deajem A warm anomaly then

grows, and spreads, beneath the surface (Figure 2.12).

2.4.2 Past experiments with AAIW

Until now, no perturbation experiments have been performigiHadCM3 to investigate
climate impacts of changes in AAIW. However, experimentgehlaeen performed with
other models to investigate its impacts on global circafatiSaenket al. (2003) investi-
gated the two modes of the MOC (‘on’ and ‘off"), through th@un of freshwater in the
regions of AAIW production. They use an intermediate comipfenodel (Weaveet al.,

2001) to apply a freshwater perturbation around the soutiieof South America (Figure
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Figure 2.12: Zonal mean ocean temperatuf&]] anomalies (mean of perturbed ensemble — mean
of control ensemble) after years 2 and 10 of a surface fregdwzerturbation around Antarctica
(> 65°S). Only anomalies significant at 95% level are shown. Frooh&udsoret al.(2005).

2.13). This region is north of the ACC and therefore does agtta significant effect on
AABW production. The experiment was started in the ‘off’ negpavhich has no active
NADW formation. The freshwater was then added at a rate tlagtlimearly increasing
by 0.2 Sv (1000 yrj'. When the system begins to switch to the ‘on’ mode, which has
active NADW formation, the rate of freshwater input is thetkased back towards zero
and into a negative perturbation, in order to trigger a dwiiack to the ‘off’ mode. To
complete this whole process the model was integrated foeti@n 11 000 yr.

Saenkeet al. (2003) found that the transition between the ‘on’ and ‘offodes could
be described by the relative densities of the AAIW and NADWfse regionspa arw and
pnaDw - In the ‘off’ mode pnapw < paarw - AAIW is converted into light thermocline
water and then recirculated within the upper ocean. As trehivater input into the AAIW
source region increasesy arw decreases. This leads to a weakening of the AAIW cir-
culation cell, leading to a reduction in the freshwater sgort into the North Atlantic.
The pnapw increases until the two densities become comparable. Atsthige there is

then a rapid transition from the ‘off’ to the ‘on’ modexNapw > paarw ) as the NADW
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Figure 2.13: Formation areas for NADW, AAIW and AABW within the interragelcomplexity
coupled model used in Saerdmal.(2003). The solid line around AAIW formation region indiest
the area where the salinity anomaly was applied.

circulation intensifies and transports more saline suitabpvater northwards in a pos-
itive feedback scenario. AAIW then feeds the formation of DA, and the circulation
of NADW remains dominant until the negative salinity peb@tions once again cause
the two densities to become comparable. The switch fromadhket6 ‘off’ mode is then
triggered, resulting in a collapse in the NADW formation amensification of the AAIW
circulation cell.

Weaveret al. (2003) suggest that this process of freshening in the AAlIVkhfdion
regions may be a cause for the Bolling-Allerdod Warm Intedeaing the last deglaciation.
One prominent feature of the last deglaciation was a laggin sea-level of 120 m.
This event has become known as meltwater pulse 1A (mwplAyebher its location
has caused some controversy. Weagteal. (2003) showed that if the source was the
Antarctic Ice Sheet, the freshwater could cause changesnsity that would lead to an
intensification of NADW formation. This could then accouat the Warm Interval seen

in the Northern Hemisphere.
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2.5 Conclusion

For this thesis, perturbation experiments will be carrietl wsing HadCMS3, which is
available on the high performance computer, Clusterlat UEA. HadCM3 has been
shown to give a good representation of global climate, myeing all major features
of both the ocean and atmosphere, without the need for fluxsadgnts. Whilst the
representation of AAIW is fresher and shallower than in ole#ons, our experiments
will be using perturbations from a control climate. For thisrpose, HadCM3 should
perform well, as its climate variability does compare welthnobservations. It is also
relatively fast to run, when compared with models of higlesofution.

Unlike previous perturbations investigating changes in\WAthe perturbation in this
study will not be made in the formation regions. This is padle to the fact that the
model does not form AAIW in the same regions as those obsemdzb, the focus of
this study is to investigate the response to changes in AAldgrties, not how changes
at the surface may feed in to AAIW properties. Therefore, WAproperties are chosen
to be perturbed at depth in the Southern Hemisphere, afewdter mass has formed
and sunk beneath the surface layers. This allows us to fattiseoimpact of AAIW as
it moves northwards, surfaces and interacts with the athrsp The methods used for

these perturbations will be discussed in further detail a@er 3.

IVersion 4.5 of HadCM3 is available on Clusterl. Clusterl besn phased out at UEA, with the new
ESCluster becoming available at the end of 2008, followe@RACE in 2011. Further details about high
performance computing at UEA can be found on the followindpsite: http://clusterl.uea.ac.uk/eswiki/.






Chapter 3

Climate response to changes in
Antarctic Intermediate Water in the

Atlantic

3.1 Introduction

As surface tracer experiments suggest that Antarcticrirediate Water (AAIW) does not
form in the same regions as those observed in HadCM3 (Ch2ptarperturbation was
chosen to be applied at depth in the ocean, far removed frenwéiter mass formation
and subduction regions. This perturbation experimentallos to focus on the impact of
AAIW on the surface waters and climate as it moves northwantisthe Atlantic Ocean

and interacts with the atmosphere.

Previous perturbation experiments have all imposed a &amgalinity, which leads
to a change in density. It is this change in density that caokanges in ocean circulation
patterns. For this experiment, it was decided that the gaation would enforce a change
in temperature, along with a change in salinity, maintgjréonstant potential density. A
constant density should then allow AAIW to progress aloegifual paths of circulation.
However, the changes in temperature and salinity could bagervable impacts on the
climate system when they influence the surface waters.

Bankset al. (2007) report changes seen in the AAIW within the more rettadley
Centre model, HadGEM1. As HadGEML1 is adjusted towards iguuim, the AAIW
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Figure 3.1: Potential temperature - salinity?{S) plots of the initial control conditions in the
Atlantic basin for, (a)~0-10S, (b)~10-20S, (c)~20-30S, (d)~30-40S. Dotted contours
show the corresponding potential density, relative to texe in HadCM3, with intervals of 0.5.

salinity minimum is eroded as salinity and temperaturedase along isopycnals. As the
new AAIW outcrops in the North Atlantic it leads to increase8Ts, which then lead to a
global adjustment of the radiative balance as well as a thieatime circulation event. In
the first experiment to be conducted in this thesis, tempexaif AAIW in the Atlantic
will be increased by IC, and the salinity increased accordingly. However, thange in
temperature will still maintain the characteristic saimninimum. A second experiment
then investigates the impact of a cooler°@), fresher AAIW. This chapter presents the

work published in Graharat al. (2011).

3.2 Method

For these experiments, the temperature and salinity of AAlgYe altered between 10—

20°S in the Atlantic basin. The characteristic salinity minmmof AAIW can be seen to
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Figure 3.2: 0-S plot for perturbation and control start dumps. Red plgssed blue crosses show
the conditions for the+-1°C (EXP1) and—1°C (EXP2) perturbations respectively. Black circles
show the control conditions. Black dotted contours showdieesponding potential density

values calculated relative to a depth of 535 m (level 11 in Elsl@). Green contours show the

boundaries of AAIW, 1027.7 and 1029.4.

extend northwards through the Atlantic (Figure 3.1). Itsloet appear clearly between
20-40 S (Figure 3.1c and d) as the surface waters are of a similamitgaHowever, by
10-20'S (Figure 3.1b), the water mass can be seen clearly beneasutface thermo-
cline. From analysing the potential temperature-salifdty) diagrams, the characteristic
salinity minimum is found to be centred on level 11 in HadCM&responding to a depth
of 447 m. The potential density is then calculated with rexfiee to this depth, using the
equation of state from HadCM3. As cold water is more comjibésshan warm water,
referencing to this depth (rather than the surface) givesoeeraccurate representation
of the density range for AAIW. For the chosen perturbatiagiae, the potential density
range of Atlantic AAIW was chosen to be 1027.7 — 1029.4. Thioepasses the salinity
minimum at depth in the water column (green isopycnals infEd.2).

To run a simulation with HadCM3, start dumps files are usedpait all the initial
conditions, such as velocity, temperature and salinity.p@dorm the perturbation, the
ocean start dump was rewritten, selecting the grid pointk wipotential density lying

within 1027.7-1029.4. A perturbation af1°C was applied to all these points within
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Figure 3.3: Zonally averaged initial conditions for the two perturbati experiments in the At-
lantic, all perturbations (anomalies) are calculated agperiment (EXP1 or EXP2)—control: a.
Temperature perturbation for EXP1; b. Salinity perturlmatifor EXP1; c. Temperature pertur-
bation for EXP2; d. Salinity perturbation for EXP2. Contswshow the zonally averaged initial
salinity in the Atlantic from the control startdump.

10— 20°S. A density-compensating perturbation was then alsoegpdi the salinity, giv-
ing an average change @f0.2 in the core of the water mass. The resulting temperature
and salinity perturbations for the start dumps are showngare 3.3. New salinity values
were chosen using an iterative loop, increasing by steps0®B0(close to the measure-
ment accuracy). At each stage the new density was calcutatéccompared with the
original value. The new salinity was then chosen as that thighminimum difference be-
tween the new and original densities. The resulting sglittinge is substantially larger
than the decrease of 0.02 reported by Cetral. (2003). Maintaining a constant density
ensures that the dynamics in the model are unaffected @utiéfreshwater perturbations
carried out by Saenket al. (2003)). This perturbation then allows AAIW to initially fo
low its usual paths of circulation (until ocean-atmosphigteractions result in density
anomalies due to heat exchanges, or AAIW mixes with surrimgndiater masses). A
perturbation oft-0.5°C, along with the corresponding salinity change, was alsdenia
the levels directly above and below the AAIW region, allogviior a smoother transition
in the water column.

The resultingd-S curves for the perturbed region are shown in Figure 3.8 thie
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Figure 3.4: Timeseries of mean temperature (blue) and salinity (redhécore of AAIW in the
Atlantic (level 11 in HadCM3), between 10 and®30 over a 500 year control run.

perturbed values shown in red (blue) for th&°C (—1°C) experiment, and the control
values shown in black. This shows how points in the choseenpial density range,
1027.7-1029.4, have been shifted along isopycnals, aldthgtike smaller shifts in the
levels directly above and below. The resulting density aasiga are negligible, of order
104 — 1076 kg m~3, with the maximum found to be less thanx 10~ kg m=3. The
average temperature and salinity in the core of the wates mesveen 10 and 28 in
the Atlantic are shown in Figure 3.4, with mean values of 8386&nd 34.57 over a 500
year control run. The ranges of temperature and salinitinguhis time are 0.23C and
0.03, respectively. The imposed changes in temperaturesainity are therefore both
much larger than the internal temporal variability in thedwlo For the warmer, saltier
experiment, the total heat added to this regiof.8 x 10?? J. This change i86% of
the increase reported by Levites al. (2005) for the top 3000 m of the ocean globally
between 1955 and 199842 + 2.4 x 10%? J). The total salt input i$.26 x 10'® kg.
Averaged over the whole ocean, this correspondsltaéx 10~3% increase, therefore it
was not felt that any compensation would be needed. Whigstetlare substantial pertur-
bations to the heat and salt content of the water mass, ctgpast C change maintains
the characteristic salinity minimum of the water mass dytime warming perturbation
(Figure 3.2). Sen Guptet al. (2009) show that in the Polar Frontal Zone, the IPCC AR4

models project changes of up to*€lin the upper 1000 m of the ocean by the end of the
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215t century. They also show freshening of up to 0.1 in this regibAAIW formation.
Although no quantitative analysis is given of changes in WA®bn isopycnals, such as
that used by Bindoff and McDougall (2000), this shows thatpmrturbations may not be
far outside the magnitude of projected changes over ceialdimescales.

The simulation was integrated for 120 years on the high padioce computer, Clus-
terl, at UEA, with 9 ensemble members for both the perturbedegfter referred to as
EXP1 and EXP2, for-1°C and—1°C; all experiments are listed in Appendix A) and
control simulations. It is essential to have an ensembleesidits, so that resulting ef-
fects from the experiment can be separated from the rangatofat variability in the
model. The initial start dumps for the control simulationrevéaken from a previous con-
trol run (model year 2789). Multi-century integration eresithat the module has reached
an equilibrium state, and can represent a stable climateraysEEnsembles were created
using the same ocean initial conditions, but different afpheric conditions. These were
taken from the first 9 consecutive days of the first controliruthis experiment. The first
ensemble member is then initialised with day one from bo¢hatmosphere and ocean.
The second ensemble member is initialised with day one fr@otean, but day two from
the atmosphere, and so on. The interaction of these diffatimospheres with the ocean
surface provides a spread of internal variability in theeemisle. For both experiments,
all initial conditions were identical to those in the comtrapart from the relevant pertur-
bation in the ocean start dump. The anomalies shown in thétsesme calculated as the
mean of the control ensemble subtracted from the mean ofXirLBr EXP2 ensemble,

for each given time period.

3.3 EXP1 Results

3.3.1 Where does the anomalous water go?

Heat and salt spread by advection and diffusion at equas iatéhe model by defini-
tion, along the same paths, maintaining approximately teomslensity. It is only in the
far North Atlantic that stronger anomalies are seen at dipthe density field, as the
perturbed water mass has gained heat from the atmosphémenains fresh. The tem-

perature, salinity and density anomalies for 41-50 yedostire simulation (Figure 3.5)
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Figure 3.5: Zonal decadal-mean anomalies (EXP1 — control) in the Aitafior years 41-50: (a)
temperature {C], (b) salinity and (c) potential density calculated relag to a depth of- 500 m.
Contours show control conditions for years 41-50.

demonstrate that the spread of heat and salt is comparasiglting in approximately
constant density at intermediate depths in the tropicahrit (30S—30N). Changes
arise when the water mass comes into contact with the atreosplSurfacing tempera-
ture anomalies can drive an atmospheric response, whichatao reduce the anomaly
by increasing atmosphere-to-ocean heat fluxes. Howewe ik no direct atmospheric
response to surface salinity changes, and previous stadiggsest that this feedback is
weak (Hughes and Weaver, 1996). Therefore, salinity, drcegitent, can be used as a
tracer for the perturbed water mass.

Figure 3.6 shows the column-integrated salt anomaliedtiegfrom the perturbation.

Black contours show the regions that are significant at tli¢ 1@5el. This assessment has

Passive tracers can be added in modelling experimentsde tre path of water parcels through the
ocean. A tracer was not added in this experiment, and sudliaddcould be a possibile avenue for future
investigation.
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Figure 3.6: Decadal salt content anomalies within columns (EXP1 — abnfr< 102 kg n12].
Black contours show anomalies significant at the 95% conéieléavel.
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been made using a pairédest calculation. For two sampleX, andY’, of size,n, thet

value can be found using,

where

The critical values ot for confidence levels can be taken from the appropriate lgok-
tables (Goulden, 1952), far — 1 degrees of freedom. For example, when assessing the
significance of a decadal average anomaly, there is a sainplef®, from the 9 ensemble
members. This then gives a sample size with 8 degrees ofdineetihe criticak value for

95% confidence is then 2.31. The larger the value, dfie greater the difference between
the two samples, so in this case, the two samples are classegréficantly different if

t > 2.31. Ititimportant to note that for &5% confidence level there will still b&§%
expected from random fluctuations. Therefore, we must denghe physical processes
of how these effects might occur, as well as the statistid&nmetermining whether
results should be considered significant.

The path of the warmer, saltier AAIW can be traced using tloceciased salt content
(Figure 3.6). After 10 years, the saltier water mass is sedmatve spread northwards,
being carried primarily by the North Brazil Current. Fronettropical North Atlantic,
the anomaly is carried further northwards with the Gulf &tne This path of northward
transport, along the western boundary, is consistent with bbservations and previous
modelling studies (e.g., Suga and Talley, 1995; Sen Guputdagland, 2007b; Sijp and
England, 2008). The mean locations of these currents,vweltad the perturbed region,
are illustrated in Figure 3.7. The salt anomalies travethveards at a speed consistent
with advection, reaching the North Atlantic Current (NACithin the first 10 years due
to current speeds 6 cm s! in the Gulf Streant. From the NAC, a portion of the water
mass travels further north (Figure 3.6). Increased saltecdris found in the sub-polar

gyre (SPG), around 60l, by years 11-20 and there is a significant increase in the SPG

2Following the western boundary of the Atlantic basin ana itfite NAC and SPG, gives a distance of
approximatelyl.9 x 107 m to travel from 10S to 60N in the Atlantic. For a timescale of 10 years, this
requires speeds of 0.06 m's
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Figure 3.7: Schematic to show the perturbed region of the Atlantic in €@, 10—20S. Arrows
show the mean locations of the strongest currentd ¢m s™!) at ~ 500 m (level 11 in HadCM3,
the depth of the salinity minimum in the perturbed regiomsdtution of the coastline is 2.5
3.75, matching the resolution of the atmospheric component.

for years 21-30. The remainder gradually fills the North Ati@ as it recirculates with
the subtropical gyre. After 30 years, the majority of the tRdktlantic has an increased
salt content and significant increases are found in thepibal gyre after 50 years (Fig-
ure 3.6). The region of increased salinity around the tip ofgBland persists for the
remainder of the simulation, however, there is no signiticacrease further north, in the
Greenland, Iceland and Norwegian (GIN) Seas. In the latarsyef the simulation, after
50 years, fresher anomalies are present in the NAC and GIbl Gegure 3.6). After 100
years, the majority of the Atlantic remains more saline ttt@a control simulation. It
should also be noted that as the perturbed water mass fat@€in the South Atlantic, a
significant anomaly remains in the initial perturbationioeg

Although it is clear that the perturbation spreads in thézontal direction, there does
not appear to be as much spread in the vertical. Figure 3sstiee zonally averaged
salinity in the Atlantic. The portion of the anomaly that fstially in the upper layers
disperses within the first 10 years as it is advected withetisrand enters mixed layers
in the upper layers of the ocean. In regions where the chogdiWAange lies at shal-

lower depths £ 300 m), particularly in the eastern side of the basin, the serfacxed
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Figure 3.8: Zonal average decadal salinity anomalies (EXP1 — contioljhie Atlantic for 100
years. Black contours show the mean control salinity foheiroe period.
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Figure 3.9: Total salt content anomalies in the Atlantic, betweehS3@nd 70N, for depth levels
a)1l-9,~0-300m; b) 10— 13,4300 — 1500 m; ¢) 14 — 20y > 1500 m. Solid lines show

the ensemble mean anomalies (EXP1 — control); dashed lineg anomalies of individual EXP1
ensemble members minus the mean of the control ensemble.

layer can allow the anomalies to disperse into the upperdagkthe ocean. Increased
current speeds at shallower depths can then advect the hesmaay from this region
and the anomalous heat content can be lost through ocearsfttiere heat fluxes. The

larger portion of the anomaly that lies at intermediate degB00 — 1500 m), spreads
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and remains at these depths (Figure 3.9b). By 11-20 yeaegji@rof increased salinity
can be seen around 89, corresponding to the increased salt content seen in &gy
This anomaly is seen at the surface and penetrates to aB@@&im. Tracer experiments
show that in the region around the tip of Greenland, surfaaters can sink into the deep
levels on very short timescales (1 year). Sinking of the anomalous water in this region
then leads to an increased salinity of the deep waters in tlaatfc, which can be seen
to progress southwards in Figure 3.8 below depths of 1500iguré 3.9 shows that as
the salt content increases in the deep waters of the Atlahtcsalt content decreases in
the levels above. An increased heat content is also fourftkidéep layers as the simula-
tion progresses (not shown). As the total salt content isexwed globally, the total salt
anomalies in each basin can act as an indicator of how mudte@friomalous water mass
remains in the regiof. Although some of the perturbed AAIW is lost from the Atlantic
itself, or to different depths of the ocean, after 120 yeafseat anomaly of.5 x 102! J
and a salt anomaly of.6 x 10'* kg remain at intermediate depths in the Atlantic. This

corresponds t@7% and37% of the initial anomalies respectively.

3.3.2 Changes seen at the sea surface and in the MOC

In order for the changes in the ocean to have any influenceeoatthosphere, anomalies
must enter the surface mixed layer. Although it has been shbat the majority of the
changes in heat and salt content remain below the surfaeeslagffects can be seen at
the surface. During years 11-20 there is a significant ireréa SST of up to 0°C
(Figure 3.10). An increase of up to 0@ is also seen for years 21-30. The direction
of surface heat flux anomalies shows that the changes at tfaeesware being driven by
the ocean rather than the atmosphere, as regions of warnien&®8 negative heat flux
anomalies, releasing more heat to the atmosphere rathegtiaing it (Figure 3.11a).
As the perturbed water mass reaches the subpolar gyre,afo@teenland, deeper mixed
layer depths 300 m) in this region allow the warmer waters to reach the surfasghe
simulation progresses, this region of significant warmiegdmes less evident, however
regions of increased SST can be found around Greenlandgdyesrs 51-60, 81-90 and
101-120 (not shown). After 60 years, there is a region ofiggnt cooling in the North

%It is worth remembering that drifts in model salinity (Secti2.2.2) could lead to a greater uncertainty in
this method when used over longer timescales.
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Figure 3.10: Decadal average SST anomalies (EXP1 — control) for 100 ye@ontours show
anomalies significant at th&% confidence level.
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Figure 3.11: Decadal average anomalies for 21-30 years (EXP1 — Conti@):total heat flux
in the atmosphere-ocean direction (positive heat flux ad@®andicating greater flux in the
atmosphere-to-ocean direction) [Wi; (b) surface air temperature (SATY{]. Black contours
show anomalies significant at t96% confidence level.
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Figure 3.12: Mean meridional streamfunction in the Atlantic for a 100 yegean of the control
ensemble. [Sv]

Atlantic Current (NAC). Surface heat flux anomalies showt this cooling is also driven
by the ocean rather than the atmosphere. These coolerefrestters are advected into
the GIN Seas and, for years 91-100, the SST anomalies algoapath of recirculation
in the North Atlantic subtropical gyre (Figure 3.10). Thghwut the North Atlantic there
is a mean reduction in SST for 51-100 years.

Dong and Sutton (2002a) show that changes in ocean heaptraf©HT) are the
major cause of SST anomalies in the North Atlantic. In a sepastudy, they also show
that changes in the gyre strength and meridional overtgroirculation (MOC) in the
Atlantic are the primary cause of OHT anomalies on decadahautidecadal timescales
(Dong and Sutton, 2001). Figure 3.12 shows the mean ovérgustreamfunction in the
Atlantic for 100 years of the control ensemble. Three inslicEMOC strength were cho-
sen as the maximum overturning streamfunction at 26.25nd%& N, the approximate
latitudes of the RAPID array (Cunninghagt al., 2007), maximum overturning strength
and maximum MOC anomalies, respectively. The latitude aotimam overturning for
the control ensemble lies further south~aB5°N (Figure 3.12), however 4Bl was cho-
sen as it lies in the region of increased overturning stieigb-18 Sv) and follows the
range of indices used in previous studies (Dong and Sut@dRt? Vellinga and Wood,
2002). For years 50-100 there is a decrease in the strendgtiedOC shown by all

three indices (Figure 3.13). Although the decrease iswitiliin the range of the control
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Figure 3.13: Decadal average MOC strength anomalies (EXP1 — Controhiwithe Atlantic at

a. 26.25°N, b. 45N and c. 60N. Solid lines indicate the anomaly of ensemble mean values;
dashed lines show the anomalies of individual EXP1 ensemdahebers minus mean of the control.
Shaded region shows t196% spread of the control ensemble over the 120 year simulation.
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Figure 3.14: Climate indices anomalies for EXP1: (a) Northward oceanthemnsport (OHT)

at 26°N in the Atlantic; (b) mean Northern Hemisphere (NH) surfagetemperature (SAT) (c)
mean Southern Hemisphere (SH) SAT,; (d) North Atlantic @sicih (NAO) index : annual MSLP
difference from Gibraltar-Iceland; (e) Southern Osciltat Index (SOI) : annual MSLP difference
from Tahiti-Darwin; (f) Southern Annular Mode (SAM) : aniddSLP difference between 40 and
65°S. Light (dark) shaded area shows the(®5%) spread of the control ensemble (mean) around
the 120 year mean. Dashed (solid) red lines show the ensémbbm) anomalies for EXP1 (EXP1
— time-mean of control). Blue line shows the mean of the obatrsemble around the 120 year
mean. Data are smoothed using a 5 year running mean. DaslaeH lihe indicates the reference
time-mean value for the control ensemble over the 120 yeaulation (at zero).

ensemblet-test analysis shows that it is statistically significanthet 95% confidence
level for all three indices during years 81-90. The maximwurdase occurs during these
years, with reductions of 0.4, 0.6 and 0.7 Sv for 26.25, 45&MM&. For 60N this is a
4.6% reduction in the overturning strength. The decreased M@gth throughout the
North Atlantic can account for the mean reduction in themeard OHT (Figure 3.14),
and hence reduced SST (Figure 3.10). After 100 years the M&h to recover, and
by the end of the simulation positive anomalies are presesaiéh of the three latitudes,

with a mean maximum overturning strength of 18.0 Sv &Ndtor EXP1, compared with
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Figure 3.15: Decadal average MOC strength anomalies atM%red) and steric height difference
anomalies, 38S-60°N within the Atlantic (blue). Solid lines indicate the andynaf ensemble
mean values (EXP1 — Control); dashed lines show the anomafiendividual EXP1 ensemble
members minus mean of the control.

17.8 Sv for the control ensemble.
Thorpeet al.(2001) show that on decadal timescales the strength of thatht MOC
in HadCM3 is correlated with the steric height gradient ia ftlantic, between 3(B-

60°N. The steric height is given by

wherepg is a constant reference potential density dpds the density anomaly (EXP1—
Control). Following Thorpeet al. (2001), we take H to be 3000 m, equivalent to level
16 in the model. Positive anomalies indicate a greatercsharight difference between
30°S and 60N in the perturbation experiment, and vice versa. The times®f these
anomalies has a positive correlation of 0.64 with the MO@rgjth anomalies at 45l
(Figure 3.15). This relationship is driven primarily by tberic height at 60N, as there
is relatively little change in density in the South Atlantichis is illustrated in Figure
3.16b, which shows the zonally averaged steric height ahesiaetween 355 and 80N

in the Atlantic and further north into the Labrador and GINMisePositive anomalies in
the steric height indicate a decrease in density in the vealemn. At 60N there is an
overall increase in steric height and decrease in dengity B years, compared with the
control ensemble. Although there is also an increasedgterght in the South Atlantic,

this is smaller than that in the north. The control climats hanegative steric height
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Figure 3.16: Hovnbller plots of (a) heat content anomalies (EXP1 — Controiithim 0-3000 m
[102! J]; (b) zonal mean steric height anomalies (EXP1 — Controf], in the Atlantic basin.

gradient. Therefore, the resulting difference (80 60 N) is reduced during the course
of this experiment, compared with the control ensembile.

The reduction in overturning strength is therefore drivendecreasing density at
60°N. Such a change could be caused by either a warming or frieghan this lati-
tude. Figure 3.16a shows the total zonal heat content amesnialthe Atlantic. Increased
heat content is found around B0 after 10 years, corresponding with the increased salt
content and SST anomalies around the tip of Greenland fos yga20 (Figures 3.6 and
3.10). These warm, heat content anomalies persist at tiigdia for the remainder of the
simulation, and increase as more of the warmer water masadpnorthwards through
the Atlantic. The maximum anomalies at°®0 occur between years 80-100, when a
maximum decrease was also observed in the MOC strengthr #0tgears, the warm
anomalies lead to decreased density through the water aolurd hence the increase
in steric height. A southward progression of positive heainaalies can also be seen
from year 40 onwards, corresponding to the warm anomaliggéng and then travelling
southward in the deep waters (Figures 3.8 and 3.9).

The timescale for the anomalies to propagate northwards,lead to significant
changes at 60N, is consistent with those seen in previous experiments. ekample,

Sen Gupta and England (2007) performed tracer releaseimgras in AAIW formation
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regions using a/4° resolution model. Tracer released at the surface in théeast In-
dian Ocean was found to reatb concentration at 60N in the Atlantic within 60 years
onoy > 27.0, ~40 years after reaching our perturbation region. At shalodepths
(oo = 26.8), the tracer reaches 48 within 25 years. They also show that the ventilation
timescale for AAIW in the Atlantic ranges from 50-150 yearsnsistent with observa-

tions (Holzeret al., 2010).

3.3.2.1 Anomalies in the NAC

The cool, fresh anomaly in the NAC region extends to a depth560 m (Figure 3.8).
This, along with the sign of the surface heat fluxes in thearegFigure 3.11), indicates
that anomalous water may be surfacing in this region. Fudhalysis of this anomaly
shows that there is a divergence of meridional ocean healugm this region (bounded
by 45°N and 53N), with increased heat transport leaving to the north, dsagea reduc-
tion of heat arriving from the south (Figure 3.17). Betweéreéd 53N, the subtropical
gyre (STG) and subpolar gyre (SPG) meet in the Atlantic (F@.7). From the south, the
reduction in the MOC strength can account for the reducetitteesport. To the northern
side of the region, the increased heat transport may be atambtor by an increased vol-
ume of cool water moving southward from53°N. Hatlnet al. (2005) show that during
periods of increased SPG transport, water from this gyret@ates a larger proportion of
that in the NAC, compared with water from the subtropicalegyPuring this simulation,
there is an increased transport in the SPG (Figure 3.18puwh it is worth noting that
there is no change in the southern limit of the gyre. The iwed gyre transport seen in
this experiment may then lead to increased transport of fesh water southward from
the Labrador Sea. The strongest surface cooling is foungdars 91-100. This follows
the decade of the strongest MOC anomalies, and during this tiere is a significant
increase in the SPG transport (Figure 3.18). The atmosphesponse to this persistent

anomaly is discussed in further detail in the following gmt{Section 3.3.3).

3.3.3 Atmospheric responses to the anomaly

The majority of the surface air temperature (SAT) anomatiesch those seen in the SST

field, with the warmer (colder) surface ocean releasingdidiisg) more heat to (from)
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Figure 3.17:Heat anomalies in the region of the North Atlantic Currers) éverage SST anomaly
between 45 and 53 in the Atlantic; (b) meridional ocean heat flux anomaly {§3- 45°N).
Light (dark) shaded area shows the P95%) spread of the control ensemble (mean) around the
120 year mean. Dashed (solid) red lines show the ensembknjra@omalies for EXP1 (EXP1
— time-mean of control). Blue line shows the mean of the obatrsemble around the 120 year
mean. Data are smoothed using a 5 year running mean. DaslaeH lihe indicates the reference
time-mean value for the control ensemble over the 120 yeawlation (at zero).

the atmosphere. Figure 3.11 shows that the warmer atmaspkier the North Atlantic,
for years 21-30, is driven by the anomalous heat flux from thewer surface ocean. For
this decade there is also an increased SAT over Europe artl Norerica. The mean
SAT over the Northern Hemisphere (NH) increases during dieisade (Figure 3.14b),
however this increase is not significant. As the simulatioogpesses, the cooler waters
through the North Atlantic and GIN Seas lead to reductionSAT for years 51-100,
which are significant over the NAC and GIN Seas (Figure 3.T%re are also regions
of significant cooling over North America and the Middle Edsigure 3.14b shows that

there is a mean decrease in the NH SAT for years 50-100, whepared with the control
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Figure 3.18: Mean barotropic streamfunction anomaly (EXP1 — Controt)yfears 51-100. Only
anomalies significant at the 95% confidence level are shovemtdtirs show the 100 year mean
\[/g\lll]J.es for the control ensemble, with solid (dashed) castmdicating positive (negative) values
ensemble, corresponding with the decreased OHT. Howdare {s no significant trend
in either Northern Hemisphere (NH) or Southern Hemisph8k¢) SAT (Figure 3.14b,c).

Previous studies of the atmospheric response to the badmshifts in Atlantic SST,
known as the Atlantic Multidecadal Oscillation (DelworthdaMann, 2000), have shown
responses in the rainfall patterns across the southern dSamel region of Africa (Sutton
and Hodson, 2005). The average precipitation for yearsORl(Eigure 3.19b) shows that
there is little significance in the precipitation changeswidver, there is a small region of
significant decrease (up to 2.4 cm yebyover northwest Africa and southwest Europe.
This response is likely a result of the warm surface anomdtiand around Iceland and
in the Labrador sea (Figure 3.10). The precipitation andmsea level pressure (MSLP)
responses to North Atlantic SST described by Sutton and ¢io¢B005) show that the
effects over Europe and Africa are due to the cooling in th¢repical Atlantic (> 30°N).
The warming around 60N may then account for the smaller atmospheric anomalies in
these regions.

The response over the USA is also weaker than that usualbigiassd with the AMO

(Sutton and Hodson, 2005), with only a small region of sigaifice and precipitation
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Figure 3.19: Mean atmospheric anomalies for 51-100 years (EXP1 — Cont(al) surface air
temperature (SATY[C]; (b) precipitation [cm year ']; (c) mean sea level pressure (MSLP) [Pa];
(d) zonal wind speed [nT2]. Black contours show anomalies significant at the’®Bonfidence
level.

increases of only up to 3.4 cm year(Figure 3.19b). This weak response in the precipi-
tation field is associated with a weak MSLP response (Figur@c3. Sutton and Hodson
(2005) show that the warm phase of the AMO leads to lower pressver the south-
ern US, and a decrease in rainfall. A cool phase should threhttethe opposite effect.
However, although there is a temperature decrease in thin Malantic for years 51-
100, the cooling mostly occurs north of 4, in the extratropics. There is also a weak
tripole effect with positive anomalies off the east coasNofth America (Figure 3.10).
As the response over North America is predominantly drivethlbe SST anomalies in the

tropical North Atlantic, 0-30N (Sutton and Hodson, 2005), this accounts for the weaker
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Figure 3.20: NAO indices for first 20 years of the control ensemble: MSLfiedince from
Gibraltar-Iceland. Blue (gray) lines show the NAO indexatdated using annual (winter, Dec-
Feb) MSLP. Values shown are relative to the 20 year-mearevaotted line at zero for reference).
Solid lines indicate the ensemble mean values; dashedsimas the individual ensemble mem
bers.

atmospheric response seen in these results. The prdoipitaiomalies seen within the
tropics are characteristic of a shift in the Intertropicain@ergence Zone (ITCZ), which
has been shown to occur with changes in the strength of the M@IGnga and Wu,
2004).

Tripole patterns in the North Atlantic are characteristictee North Atlantic Oscil-
lation (Deser and Blackmon, 1993; Seagéal, 2000). The NAO index shown in Fig-
ure 3.14d is calculated using annual means of MSLP rathertti@winter (December-
February) values. Winter MSLP values are known to show agg&osignal for the NAO.
However, Figure 3.20 shows that whilst there is a stronggratifor the NAO index cal-
culated using the winter MSLP, the same trends are visiblervtsing annual mean data.
Therefore, the annual data available here can be used tddo®AO responses in these
experiments. Although there is no significant trend, froguiFé 3.14d it is possible to see
an increased occurrence of positive NAO phases during EXRis indicates a greater
pressure difference between the Icelandic Low and Azorgh,Hvhich can also be seen

in Figure 3.19c. Such pressure differences can lead toegre@d stress over the North



68 Climate response to changes in Antarctic Intermediate War in the Atlantic

Atlantic (Figure 3.19d). As mentioned in Section 3.3.2r&ased SPG transport may lead
to greater volumes of cold SPG water moving southwardsitorting to the divergence
of heat transport observed in the NAC (Figure 3.17a). Thenwéaad stress curl is in-
creased over the SPG for the simulation. The decades whictiheestrongest increases,
for example during years 41-50 (not shown), correspond initheased transport of cold
water moving southwards from 53°N in Figure 3.16a. A feedback mechanism may then
contribute to the persistence of the cold anomaly in thisoregvhere the SST anomalies
lead to MSLP and wind anomalies that act to increase thepaahg the SPG. This in
turn increases the proportion of cooler water in the NAC. Easv, it should be noted that
as the MSLP anomalies are not significant, there is not afgignt change in the zonal
wind strength (Figures 3.19c¢,d).

The Southern Oscillation Index (SOI) shows the variabilitythe Pacific, switching
between warm, El Nifio, and cool, La Nifa, phases (Figutd&. These anomalies are
within the range of the internal variability and result frahe EXP1 and Control ensem-
bles varying out of phase in the Pacific. The Southern AnrMdiade (SAM, also known
as the Antarctic Oscillation) is the leading mode of vatigbin the SH (Thompson and
Wallace, 2000). The climate index is calculated here as tesspre difference between
40 and 68S. As with the NAO index, changes in the SAM give indicatiofishe wind
strength due to the resulting MSLP patterns, along with n@hgr responses in both the
atmosphere and ocean. For this experiment, no significamd tan be seen for the SAM,
again with the anomalies shown falling within the range dfire variability in the model
(Figure 3.14f). However, a significant anomaly can be seearat year 20, with a shift
towards a strong negative phase. Although this changetistitally significant, the large
anomaly results primarily from the control ensemble being strong positive phase dur-
ing this period. Therefore, this perturbation appears to have had no mgfisant effect

on the climate in the SH.
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Figure 3.22: Salt content anomalies for a 3 grid-box wide path along thetem boundary of
the North Atlantic basin, from 28-78l (EXP2 — control) [0'2 kg]: (a) monthly anomalies for
the first 20 years; (b) annual anomalies for the 120 year satioh. The dashed line lies at 48,
indicating the partition between the sub-polar and sulpical gyres.

3.4 EXP2 Results

3.4.1 Where does the anomalous water go?

The path of the cooler, fresher AAIW can be traced using tleicgon in salt content

(Figure 3.21). After 10 years, the fresher water mass is sebave spread northwards,

being carried primarily by the North Brazil Current. Frone tinopical North Atlantic, the

anomaly is carried further northwards with the Gulf Streafigure 3.22 shows the total

salt anomalies along the western boundary of the North Addasin, from Florida to

Baffin Bay (28-75N). The salt anomalies travel northwards at a speed contigtiéh

advection, taking- 2 years to reach the NAC due to current speedé cm s ! in the

Gulf Stream (Figure 3.22a). From the NAC, a portion is radated in the subtropical

“The effect of the control ensemble, causing this strongaesp in the SAM and the Southern Ocean,

will be discussed in further detail in relation to the Pacdifiperiments (Chapter 5).



3.4 EXP2 Results 71

gyre, and the remainder travels further north (Figure 3.REgirculation allows the North
Atlantic to gradually fill with the fresher water mass. Sfigant cool, fresh anomalies are
found in the region of the NAC after 30 years. During year®R5the anomalies along the
western boundary show the northward transport of the frashter mass (Figure 3.22b)
and the majority of the Atlantic basin has a reduced salterarafter 50 years (Figure
3.21). However, as the integration progresses, the northiv@nch of the NAC allows
the fresher water to be carried into the SPG and the GIN SeasnAlies gradually reduce
in the North Atlantic as the cooler, fresher water builds wugptfer northwards. This can be
seen in Figure 3.21 for years 71-80 onwards. After 100 y&laesnajority of the Atlantic
remains fresher than the control simulation. A significasitine of fresher water stays
in the initial perturbation region as it recirculates in ®euth Atlantic subtropical gyre.
The zonally averaged salinity in the Atlantic shows that ploetion of the anomaly
that is initially in the upper layers disperses rapidly as iadvected with currents and
enters mixed layers in the upper levels of the ocean (Fig2® 3However, the portion of
the anomaly that lies at intermediate depths (500 - 1500 pn@asls and remains at these
depths. After 30 years, aregion of freshening can be searebat40-50N. This anomaly
is seen at the surface and penetrates to at least 2000 matindithat cooler, fresher water
may be surfacing in this region. At this latitude, in the NAfle mixed layer depths are
> 300 m, allowing the intermediate waters to surface. After 50rgetine majority of the
Atlantic is seen to be fresher between depths of 500-2000sthésimulation continues,
the fresher water builds up north of @0 (Figure 3.21). After 70 years (Figure 3.23)
there is a freshening in this region down to 3000 m (level 18adlCM3). This is present
throughout the water column as the fresher water sinks gddrmation of deep waters
around the southern tip of Greenland. The impact of thishiasg in the north will be
discussed in Section 3.4.2. As the fresh anomaly spreadsveands in the deep waters,
the mean salt content in the Atlantic decreases in the deefsl€l4-20) and increases in
the layers above (Figure 3.24). However, by the end of thelsition there is still a clear
reduction in salt content at intermediate depths in themittaof 3.5 x 104 kg, equivalent
to 28% of the original perturbation. Along with this, a heat redatof 4.3 x 102! J
still remains in the intermediate depths betweehS3and 70N, equivalent tal 7% of the

initial perturbation.
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Figure 3.23: Zonally averaged decadal salinity anomalies (EXP2 — cdptfrothe Atlantic for
100 years.
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Figure 3.25: 50-year-average anomalies (EXP2 — control) for first 100rged: (a),(c) sea sur-
face temperature (SSTYC]; (b),(d) total heat flux in the atmosphere-ocean direat[@V m—2].
Black contours indicate anomalies significant at the’®8onfidence level.

3.4.2 Changes seen at the sea surface

There is a region of significant cooling in the surface of thartN Atlantic during the
second half of the simulation (Figure 3.25c). The signs efltbat flux anomalies show
that changes at the surface are driven by the ocean rathetithatmosphere, as regions
with a cooler SST have positive heat flux anomalies, absgrhiore heat from the at-
mosphere, rather than losing it (Figure 3.25). There is dirgpaeen in the NAC region
within the first 50 years. The significant anomaly developgera80 years and grows as
the simulation progresses, with a reduction of up4@ iIn the later decades.
Figure 3.26 shows the timeseries of the MOC indices for thamt (defined in

Section 3.3.2). The MOC strength initially shows an incegdsllowed by a reduction

that is significant by years 91-100, corresponding to theedsed SST. The reduction
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Figure 3.26: Decadal average MOC strength anomalies (black) within tHargic at (a) 26.25
°N, (b) 48N and (c) 60N. Panel (b) also shows the steric height difference an@saB0S-
60°N within the Atlantic (red). Solid lines indicate the anognaf ensemble mean values (EXP2
— Control); dashed lines show the anomalies of individuaPEXnsemble members minus mean
of the control. Shaded region shows 9% spread of the control ensemble over the 120 year
simulation.
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Figure 3.27: Hovnbller plots of (a) heat content anomalies (EXP2 — Controiithim 0-3000 m
[102! J]; (b) zonal mean steric height anomalies (EXP2 — Controf].

develops first at 60N, with the mean index showing negative anomalies at 31-40sye
This decrease then propagates southwards, ‘@ #&r 41-50 years, and at 26.29 for
61-70 years. The largest anomalies are seen at 81-90 yatrsnemalies of-0.8, —0.6

and —0.4 Sv at 60, 45 and 26.28l, respectively. At 45 and 60I, the reduction for
years 91-100 is significant at the 96confidence level, and all ensemble members show
negative anomalies. After 100 years the MOC strength beginscover, although by the
end of the integration, at 111-120 years, there is still aced strength, with a maximum
value at 45N of 17.4 Sv in the mean of the perturbed runs, compared witB 3V in the
mean of the control simulations.

Steric height anomalies (38 — 60°N) have a positive correlation with the MOC
strength anomalies at 48 (Figure 3.26b), driven primarily by density changes &tN0
Around the tip of Greenland and in the GIN Seas, there is anathiacrease in steric
height and decrease in density compared with the contra@nebke. Although there is
also an increased steric height in the South Atlantic, thinaller than that in the north.
Figure 3.27a shows the total zonal heat content anomaltb® iAtlantic. The initial cool
anomaly advects northwards through the North Atlantic, escdbed earlier. Within 30
years, the cool anomaly reaches the NACAE N). It takes a further 30 years before it
builds up further north, 60 years into the simulation. Aswlader moves through the NAC

and into the Greenland Sea, it cools the atmosphere abdvigitré 3.25d). This process
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of the surface ocean absorbing heat from the atmospheresleawarmer, fresher and
hence less dense water mass. The effects can be seen in Figtie as the decrease in
density leads to an increase in steric height arourtdNGthd further north after 60 years.
The strongest reduction in the MOC, at years 81-90, occtes thife arrival of the fresher
water moving southward. The timescale for the anomaliesrepggate northwards is
consistent with those seen in previous experiments withGié@l Tracer released at the
surface in the tropical North Atlantic took 5 to 6 decadesuddto significant concen-
trations in the GIN Seas, due to the processes of dispersidmexirculation that occur
along with the northward advection (Vellinga and Wu, 2004).

The strongest SST anomalies, which develop around the N&Gjgp from 30 years
through to the end of simulation (Figure 3.28a). This coasl anomaly extends down
from the surface to- 2000 m (Figure 3.23). Along with the positive surface heat fluxes
in this region (Figures 3.25b,d), this indicates that arlooswater may be surfacing in
this region. As with EXP1 (Section 3.3.2.1), this cold anbmzan be attributed to a
divergence of heat transport from the region (Figure 3.E8m the south, a combination
of cooler AAIW being carried northwards and the reductiothe MOC strength can both
account for the reduced heat transport (Figure 3.29a).eéisexd SPG transport brings
cooler, fresher water from the north. The southward trarispiopanomalous water can
be seen in Figures 3.22 and 3.27a, in particular during y2@30 and 70-80. The link
between this southward transport for years 20-30 and ttialimcreased MOC strength is
discussed in Section 3.5. The atmospheric response todtssfent anomaly is presented

in Section 3.4.3.

3.4.3 Atmospheric responses to SST

The cooling of the North Atlantic seen in this experiment bhawe a series of atmospheric
responses. The presence of the cooler SSTs leads to a cotiliregoverlying atmosphere,
and hence we expect to see cooler SATs over the ocean andritsirsding continents.
The maximum anomalies in the global surface atmospheripeesture occur for years
65-75, when there is a reduction in both the NH and SH (FigBi23b,c). There is a mean
global SAT anomaly of -0.0C at this time. For years 51-100 there is an atmospheric

cooling over the areas of cooler SSTs (Figure 3.30a). Anemare particularly large
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Figure 3.28: Heat anomalies in the region of the North Atlantic Currer#) éverage SST anomaly
between 45 and 53 in the Atlantic; (b) meridional ocean heat flux anomaly {§3- 45°N).
Light (dark) shaded area shows the P95%) spread of the control ensemble (mean) around the
120 year mean. Dashed (solid) red lines show the ensembknjra@omalies for EXP2 (EXP2
— time-mean of control). Blue line shows the mean of the obatrsemble around the 120 year
mean. Data are smoothed using a 5 year running mean. DaslaeH lihe indicates the reference
time-mean value for the control ensemble over the 120 yeawlation (at zero).

over the GIN Seas, and significant around®%n the North Atlantic. As well as leading
to a reduction in SAT, the cooler surface waters also havergraét on precipitation
and mean sea level pressure (MSLP) (Figures 3.30b,c).eldtthnge is seen over the
surrounding continents, although there is a region of Siant cooling over the Middle
East (Figure 3.30a).

As discussed in Section 3.3.3, basin-wide shifts in SSTar\brth Atlantic can have
climate impacts for the surrounding continents (Suttontdadson, 2005; Delworth and
Mann, 2000). The average precipitation for years 51-10§uiei 3.30b) shows that there

is little significance in the precipitation changes. Howewge of the areas that does



3.4 EXP2 Results 79

a) OHT b)  NH SAT
0.1 ’ |
‘\ '1 I\ . n A
Iy }‘ w\\r T 0.2 , \
; W#‘ ‘%a\ g!“'ﬂl“ﬂ Q ‘IA” AWW']IW \1‘ vvqr‘
a 0 mam‘mmmumm o ORa/ m\.‘» -mﬁﬂ g
Vo v\ | \
\A \ J\N‘ \l\“,/jw i '\’u/ \I\ o2 VA \,\»: q/"“, ;" ! N
-0.1 / \
0 20 40 60 80 100 120 0 20 40 60 80 100 120
C) SH SAT d) NAO

0.2

3 \ i A lu,‘. i 1o Wl b 7l
) ﬂmw e PR O L S NI YVAY Vil
° 0 A .\\ u,mn(m.mm\,. lu‘_x.r L(nmﬂl‘ f'
A i \\%«“I(\',, LT \\R,Y
-0.2 v [
0 20 40 60 80 100 120
e) SOl f) SAM
t
1 v 2}/ ,
‘} Lt I, {p\ NVW\ l\ ,wv\;
[¢] . o o (o] ™ y"‘l\v’ ‘ T “’"\v"" \m i
o MM S 0 *»,M e
\”/W\,,\”\M \ /\} Al 1 \vt\v’ \ *;" “‘I i \.'I{\I \,,' i ‘
-1 ; -2 | | o
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time, years Time, years

Figure 3.29: Climate indices anomalies for EXP2: (a) Northward oceanthemnsport (OHT)

at 26°N in the Atlantic; (b) mean Northern Hemisphere (NH) surfagetemperature (SAT) (c)
mean Southern Hemisphere (SH) SAT,; (d) North Atlantic @sicih (NAO) index : annual MSLP
difference from Gibraltar-Iceland; (e) Southern Osciltat Index (SOI) : annual MSLP difference
from Tahiti-Darwin; (f) Southern Annular Mode (SAM) : aniddSLP difference between 40 and
65°S. Light (dark) shaded area shows the(®5%) spread of the control ensemble (mean) around
the 120 year mean. Dashed (solid) red lines show the ensémbbm) anomalies for EXP2 (EXP2
— time-mean of control). Blue line shows the mean of the obatrsemble around the 120 year
mean. Data are smoothed using a 5 year running mean. DaslaeH lihe indicates the reference
time-mean value for the control ensemble over the 120 yeaulation (at zero).

show a significant decrease is northwest Africa and southBope, where there is a
decrease of up to 3.0 cm/year for years 51-198 6f the average). Sutton and Hodson
(2005) show that the response to the AMO in the Sahel is weaktdre atmospheric
component of HadCM3 (HadAM3) than in observations, likedyaaresult of land surface
feedbacks that are not included in the model. The resporesetiag region may then be
underestimated in this study.

The response over the USA is weaker than that usually assdcwth the AMO

(Sutton and Hodson, 2005), with no regions of significanakecipitation increases of
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Figure 3.30: Mean atmospheric anomalies for 51-100 years (EXP2 — Cont(al) surface air
temperature (SATY[C]; (b) precipitation [cm year ']; (c) mean sea level pressure (MSLP) [Pa];
(d) zonal wind speed [nT2]. Black contours show anomalies significant at the’®Bonfidence
level.

only up to 2.4 cm year' (Figure 3.30b). This weak response in the precipitatiord fiel
is associated with a weak MSLP response over the USA (Figd@cpR Although the
majority of the North Atlantic is cooler for years 51-100etbooling mostly occurs north
of 40°N, in the extratropics. There is also a weak tripole effe¢hvpiositive anomalies
off the east coast of North America (Figure 3.25c). As disedsin Section 3.3.3, the
response over North America is predominantly driven by tB& &nomalies in the tropical
North Atlantic, therefore this accounts for the weaker api@ric response seen in these
results. The precipitation anomalies seen within the t®pire again characteristic of a

shift in the Intertropical Convergence Zone (ITCZ), whicstbeen shown to occur with
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changes in the strength of the MOC (Vellinga and Wu 2004).

The higher MSLP over 15-45 (Figure 3.30c) is associated with positive phases of
the NAO, with stronger westerlies over the North Atlantiorst track (Figure 3.30d).
The MSLP and zonal wind anomalies are greater than thoseXBiEFigures 3.19b-d).
This is likely a result of the cooler surface anomalies inNA€C and SPG (Figure 3.25¢).
As mentioned in Section 3.4.2, anomalous SPG transport e@yuat for the increased
volume of cold water moving southwards, contributing todhergence of heat transport
observed in the NAC (Figure 3.28b). Increased wind streskiswbserved over the
SPG for years 21-30 and 71-80 (not shown), when increasedpwat of cold water can
be seen moving southwards fraom 53°N in Figure 3.27a. The MSLP and zonal wind
anomalies may contribute to the persistence of the cool ahoimthe NAC, through the

same mechanism described in Section 3.3.3.

3.5 Discussion

With these two experiments (EXP1 and EXP2), we have invatgijthe response to two
opposing perturbations - warming and salting or cooling fiaghening. If the climate
responded linearly to the perturbations then these expetsnshould have shown ap-
proximately equal but opposite results. However, this isthe case. In EXP1, warmer,
saltier water is found in the subpolar gyre and around theftpreenland within 20 years
(Figure 3.6). This leads to warm SST anomalies, and the aooavater mass is then
seen to sink into the deep waters (Figures 3.10 and 3.9)e litb responses were linear,
then we would expect to see cool anomalies around Greentethe early decades of the
simulation for EXP2, with cooler, fresher water then simkio greater depth. Contrary
to this, the first 30 years of EXP2 show a strong warming, ¥edd by a cooling trend in
later years as the anomalous water surfaces in the NAC andS@#s (Figures 3.25a,c).
It is only in the later stages of the simulation, after 70 ge#nat fresher water is seen to
build up in the deep layers of the Atlantic (Figure 3.24).

In the initial stages of the EXP2 simulation, up to year 3@r¢hs an increased SST in
the North Atlantic, along with an increased MOC strengthe Tiitreased MOC strength
and SST appear to be a result of MSLP anomalies over Greeatahthe GIN Seas. For

years 11-30 there is a reduction in the MSLP in this region gamed with the control
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ensemble, resulting in an increased wind strength movintheards over the Labrador
Sea. The increased mixed layer depth (MLD) that results ttaswill lead to increased
production of Labrador Sea Water (Cooper and Gordon, 2@@2h can be seen as the
cooler water moving southwards in Figure 3.27a, fron60°N to the NAC, during years
10-30. This decreased heat content leads to an increassitydamd hence a decrease
in steric height. The MOC anoamlies are not significant farge21-30, and the mean
changes in MSLP lie within the range of internal variabilifihis suggests that the initial
increase in MOC strength may be due to internal variabititthe model, rather than a di-
rect result of our perturbation. This is supported by thé tlaat there is little significance
in the heat flux anomalies between the ocean and atmosphettgeféirst 20 years. In-
creasing the ensemble size, from 5 to 9 members, showedthatatistical significance
of this initial warming decreased, however the cooling aedrdased MOC strength in
the second half of the simulation remained significant at9{& level, giving greater
confidence in this result.

Both EXP1 and EXP2 show negative temperature anomaliearthe NAC. The
persistent cold surface anomaly in this region is found $altdrom a divergence of ocean
heat transport between 45 and®Bi3 From the south, there is a reduced northward heat
transport as the MOC strength decreases. The increasettdresiort to the north can be
accounted for by the increased transport in the SPG. Inedeaslumes of cooler water
are brought into the region, leading to a higher proportib8@G water, compared with
STG water, in the NAC (HatGat al., 2005). Higher MSLP over the mid-latitude Atlantic,
and corresponding zonal wind anomalies, lead to an incdeas®d stress curl that acts
to strengthen the gyre. As these MSLP anomalies developtleerool NAC region, this
may then lead to the persistence of the SST anomaly througgdbéck mechanism. The
response is more significant for EXP2, due to the presenceabéi; fresher intermediate
water, which is advected northwards and surfaces in thismeg

The fact that the two experiments do not show equal and ofgpessponses is not
entirely unexpected. As the perturbed water masses reacbcan mixed layer and
interact with the atmosphere, the loss (gain) of heat in theming (cooling) experiment
will lead to positive (negative) density anomalies. This ¢e seen in the simulations

within the first 10 years (Figure 3.31). These opposing dgmssponses then lead to the
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Figure 3.31: Zonally averaged decadal density anomalies (EXP — conitidhe tropical Atlantic
(30°S—30N), for years 1-10 of a) EXP1; b) EXP2. Black dashed contoles\ghe control salinity
values for the same period.

water masses travelling along different paths in the ocearfiacing in different regions,
and spending different lengths of time at the surface. Taixept is illustrated by the
schematic in Figure 3.32. At the end of the simulatid2&; of the initial salt content
anomaly remains at intermediate depths in the Atlantic f8PE, compared witl87%

for EXP1. This supports the suggestion that the perturbaticavel along different paths
in the ocean, with the warmer, saltier anomaly showing adeog to remain at greater

depth and have less interaction with the atmosphere.

3.6 Summary

This study has investigated the potential climate impatthanges in AAIW in the At-
lantic. AAIW was perturbed between 10 and®230 altering the temperature hyl1°C
and making a corresponding change in salinity to maintaiarstant density. For these

perturbations, the responses can be summarised as:

o Anomalies surface in the NAC, SPG and GIN Seas.
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Figure 3.32: Schematic to demonstrate the non-linear response to ligiti@nsity-compensating
perturbations. When the anomalous water mass comes in tactonith the atmosphere, heat
fluxes result in opposite density anomalies due to the reinmigalinity perturbation. Non-
linearity arises as the density anomalies propagate thiotlte ocean at different depths and
pathways.

e Anomalous air-sea heat fluxes lead to density anomalies aond-tinear response

to perturbations.

¢ Density anomalies at 60 are correlated with changes in MOC strength and merid-

ional OHT.

e The combination of reduced MOC strength and surfacing coolralies lead to a

greater surface response for EXP2 than EXP1.

e Both EXP1 and EXP2 have persistent cooling at the surfackeMAC, due to a

divergence in OHT.

For the cooling, freshening experiment the MOC strengtih@nAtlantic is shown to

be positively correlated with the steric height differebedween 30S and 60N, with the
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density variations at 60 being the key factor. The largest MOC anomalies for EXP2 are
found at 60N for 81-90 years, with a decrease of 0.8 Sv over the decadeergigtent
cold surface anomaly is found in the region of the NAC, résglfrom a divergence of
ocean heat transport between 45 anthNa3From the south, there is a reduced northward
heat transport as the MOC strength decreases and the co@enédiate water arrives.
The increased heat transport to the north can be accountég fbe increased transport
in the SPG.

For the warming, salting experiment, the response seen wtasqual and opposite
to the response in the cooler, fresher experiment, implitiag the climate response to
these perturbations is non-linear. There is no increaskarSST around the NAC and
no significant increase in the MOC. The MOC actually exhibitsaverage reduction in
strength over the course of the simulation, as was seen irREdire to the presence of
warmer waters around 8N. However the trend seen in EXPL1 is less persistent, with
positive MOC anomalies shown by the end of the simulationthélgh there are no
positive SST anomalies in the NAC, EXP1 shows significanttyréased SST anomalies
around the tip of Greenland, suggesting that the warmeresalater is surfacing in this
region.

For both experiments, the greatest impact on the atmosptesdound over the re-
gions of significant SST anomalies, due to the increasedfheato or from the ocean.
For EXP1, a warming was found over Greenland for years 21C80ling over the North
Atlantic and GIN Seas was observed for both experiments dube decreased MOC
strength and reduced SSTs. The results showed greateficgigoe in EXP2 as the sur-
facing cooler, fresher intermediate water contributedhiesé anomalies. The cooling
through the North Atlantic led to similar atmospheric respes as those shown for a cool

phase of the AMO (Sutton and Hodson, 2005).






Chapter 4

Sensitivity to Initial Ocean

Conditions

4.1 Introduction

This chapter will address the impact a change of initial aa@anditions could have on the
response to a perturbation in the Atlantic Ocean. In Chahtére experiments involved
9 member ensembles, where each ensemble member had ibieitimlaconditions in the
ocean but varying initial conditions in the atmospheresetfby 1 day. Whilst the variation
in the atmospheric conditions does impose a variety of resgm (evident from the spread
in the ensemble results seen for EXP1 and EXP2), it is peasHilalt the initial conditions
in the ocean may be predisposed to react in a particularly Waig issue of initial ocean
conditions has been addressed by performing a second séeesemble runs, varying

both the initial ocean, as well as the atmosphere, for eashneble member.

4.2 Method

For these new 9 member ensembles, the start date for each ehiemble members is
separated by 50 years in both the ocean and atmospheres(@tigpter 3 where only the
atmospheric conditions were separated by 1 day). The fisgtreble member is identical
to that used for the first experiment, taken from model dayl22/789 (dd/mm/yyyy).

The varying ocean state for these start dates is illustiat&igure 4.1. For each mem-

ber of the control ensemble, the MOC is in a different inisiite, and behaves differently
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Figure 4.1: Decadal-mean meridional overturning streamfunction it the Atlantic at 45N
for 500 years of the control run. Dashed black line shows itnetmean for the 500 year control.
Dotted lines indicate the start time of the new ensemble reesnis0, 100, 150, 200, 250, 300,
350, 400 years, where year 0 refers to model year 2789.

over the following 100 year period. This ensemble experirnan therefore show how the
perturbation affects the climate, irrespective of the adadial conditions. The same per-
turbation is made in the Atlantic, between 10 an@i206:1°C and compensating changes
in salinity, as described in Section 3.2. Simulations aea tihtegrated for 100 years. The

two ensemble experiments will be referred to as EXPAB’C) and EXP2b{1°C).

4.3 Results

4.3.1 Warmer, saltier AAIW

As shown in Chapter 3, the path of the perturbed water masbe#maced using the salt
content anomalies in the ocean. The warmer, saltier AAlVéags northwards in the
Atlantic, initially with the North Brazil Current (Figure.2). The anomalous water mass
is then advected northwards with the Gulf Stream and reaites! in the North Atlantic
gyre, allowing significantly higher salt contents to be fdun the North Atlantic within
the first 20 years of the experiment. After leaving the NAC paipn of the anomalous
water recirculates in the STG, and the remainder is cartigtidr north into the SPG and
GIN Seas. For years 31-40, the salt content in the SPG anddlabBea is higher than
that in the control simulation. For years 41-50, the salteonis significantly increased
along the Norwegian coast and there is an increased sa#trddntthe GIN Seas (Figure

4.2). As well as spreading northwards in the basin, a potiotine initial perturbation
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remains in the South Atlantic. At the end of the simulatidrg salt content in the South
Atlantic is significantly higher than that in the control silation. Increased salt content
is also observed in the Southern Ocean for years 11-20,aitwdlicthat a portion of the
anomalous AAIW is advected southwards into the path of ACthénearly stages of the
experiment. Although some of the anomalous water massdeheeAtlantic, the majority
of the significant anomalies remain in this basin for the tloneof the experiment. After
100 years, the total salt content anomaly in the Atlantigrbia®.1 x 10! kg, equivalent to
72% of the initial perturbation. The anomaly remaining in theiBoAtlantic is3.1 x 1014
kg, compared wit6.0 x 10 kg in the North Atlantic.

As the perturbed water mass spreads through the Atlantizga proportion remains
at intermediate depth levels-@300-1500 m), however increased salinity anomalies do
reach the surface (Figure 4.3). For the first 30 years, iseckaalinity anomalies extend
from the surface down to intermediate depths in the tropintic. This suggests that
the anomaly may be surfacing in these regions. Within thedryears, increased salinity
anomalies are also found further north. For years 11-20tip@snomalies stretch from
the surface to depths 3000 m at ~60°N (Figure 4.3), indicating that anomalies are
entering the deep waters in this region. The transport ofmaties to these latitudes on
this timescale can be accounted for by the speed of the ¢sarirethe Gulf Stream. For
years 41-50, positive anomalies are found below the sudace 60°N, corresponding
to the anomalies in salt content shown in Figure 4.2. As thmukition progresses, the
majority of the anomalies remain at intermediate depthsldwels 1-10 & 300 m) in the
model, there are few significant salinity anomalies at thet @frthe simulation, whereas
levels 12-14 £ 500-2000 m) show an increased salinity throughout the Addmsin
(Figure 4.3).

Figure 4.4 shows the sea surface salinity (SSS) anomaligkddirst 40 years of the
experiment. Significant anomalies can be seen in the trodimdh Atlantic, in particular
for years 1-20 (Figure 4.4a,c). This corresponds with tharalies seen in Figure 4.3,
supporting the suggestion that anomalous water is sugaeithis region. Equatorial up-
welling may bring anomalous water to the surface as AAIW igeated northwards, and
enters the equatorial region. However, no significant seae temperature anomalies

are found in this region (Figure 4.5a,c). Unlike SSS anoesalSST anomalies can be
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a) EXP1b, 1-10y b) EXP2b, 1-10y
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Figure 4.4: Decadal sea surface salinity anomalies (EXP — control) fierfirst 40 years. Figures
a, ¢, e and g show anomalies for EXPHp1CC); b, d, f and h show anomalies for EXP2b1(°C).
Contours show regions significant at th&% confidence level.
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a) EXP1b, 1-10y b) EXP2b, 1-10y

¢) EXP1b, 11-20'y
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Figure 4.5: Decadal sea surface temperature anomalies (EXP — conwolhfe first 40 years
[°C]. Figures a, c, e and g show anomalies for EXP#1{C); b, d, f and h show anomalies for
EXP2b (1°C). Contours show regions significant at &% confidence level.
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a) EXP1b, 1-10y b) EXP2b, 1-10y

f) EXP2b, 21-30'y
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Figure 4.6: Decadal ocean-atmosphere heat flux anomalies (EXP — coidmothe first 40 years
[W m~2]. Figures a, c, e and g show anomalies for EXP2{C); b, d, f and h show anomalies
for EXP2b (-1°C). Positive anomalies indicate heat flux in the atmosphereeean direction.
Contours show regions significant at th&% confidence level.

lost through heat fluxes with the atmosphere. For years hdditive heat flux anomalies
are found in the tropical South Atlantic, indicating thatmadeat is being lost from the
ocean (Figure 4.6a). Therefore, although a portion of tleerealy may reach the surface
here, the anomalous heat content may not be sufficient tdt iesignificant equatorial

SST changes. For years 1-10, positive SST anomalies areedsdn the NAC and SPG.
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Although not significant, these are in the same location@gsfgiant SSS anomalies and
therefore may be an indication of anomalies reaching thehN@tlantic within the first
10 years. Negative heat flux anomalies also show that theseaies are not due to heat
fluxes from the atmosphere. Currents>ef6 cm s™! in the upper layers of the ocean
would be sufficient to advect anomalies along the westermdbeny on this timescale.

For years 31-40, there are regions of significant increasbsth SSS and SST in the
far North Atlantic, SPG and GIN Seas (Figures 4.4g and 4.Bggse are regions of deep
mixed layer depth 300 m), so as the anomalous water mass reaches these locdtiens, t
may allow the increased heat and salt content to be brougjm turface. In Section 3.3.2,
SST variability in the North Atlantic was shown to be linkeal the density variations
around 66N, and resulting changes in the MOC and ocean heat trangpbiT). In this
experiment, there is no significant trend in the MOC (Figur®.4Figure 4.8 shows the
spread of heat content through the Atlantic, and the regustieric height anomalies. The
heat anomalies can be seen spreading northwards througitizinéc, reaching the NAC
region ¢ 45°N) within 20 years. After this point, the majority of the Atitic basin has
an increased heat content up to the end of the simulation y&a6s). Portions of the
anomaly are found north of the NAC, with increased heat eusatbeing found at 60N,
for example after 10 years and 40 years (Figure 4.8a). Thesealies correspond to the
salt content anomalies seen in Figures 4.2 and 4.3. No signifchanges are found in the
steric height at 6TN, showing that the anomalies that reach this latitude argtigndensity
compensating. This explains why there is no significantdrianthe MOC strength. As
there is no significant trend in the MOC and resulting OHT (rég4.9a), this rules out
changes in the MOC as a cause for the increased SST.

At the end of the simulatior}7% of the initial heat anomaly remains in the Atlantic
basin. As this is less than the proportion of saft%), it suggests that 15% of the heat
anomaly may have been lost through ocean-atmospheredtiteraThe direction of the
surface heat fluxes show that the SST anomalies in the Nokaimtit for years 31-40 are
a result of ocean rather than atmospheric forcing. For theimder of the experiment,
little trend is seen in the surface temperature of the octkarefore little trend in the
atmospheric response (Figure 4.9). For years 31-40, teaan increased SAT over the

North Atlantic (Figure 4.10a). The direction of the oceamasphere heat flux shows



96 Sensitivity to Initial Ocean Conditions

15 - - . .

|
o
o

wvTiwdliiily \vv)

|
=
1

[
=
ol

o

N L

(=}

gl

o

(o238

o

QL

o

-

o

=}

b) 45°N

Overturning (Sv)

100

[

Overturning (Sv)
o

|
=

0 20 40 60 80 100
Time (years)

Figure 4.7: Decadal anomalies for three meridional overturning stréanction indices (EXP1b —
control) at: a. 26.5N; b. 453 N; c. 60°N. Solid lines indicate the anomaly of ensemble mean values
(EXP1b — Control); dashed lines show the anomalies of iddizi EXP1b ensemble members
minus mean of the control. Shaded region show9#% spread of the control ensemble over the
100 year simulation.
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Figure 4.8: Hovnbller plots of a. total heat content anomalies (EXP1b — Caliptmwithin 0-3000
m [102! J]; b. zonal mean steric height anomalies (EXP1b — Controf].

that this increased temperature is predominantly due tinttreased heat being released
from the ocean (Figure 4.6g). Around 30 years, there is alsn@ease in the NAO in-
dex (Figure 4.9d). Reduced MSLP is found over the increa&i6 the SPG and GIN
Seas (Figures 4.10b and 4.5g), strengthening the Iceldrmtic This surface pressure
response to SST anomalies is consistent with previous dtieak studies and perturba-
tion experiments (Kushnigt al,, 2002). For years 40-60, there is a reduction in SAT over
both the Northern and Southern Hemispheres (Figures 4.9the anomalies during this
time are most likely to be driven by atmospheric variahilityth positive anomalies in the
SOl and SAM (Figures 4.9¢,f). Although the decadal-mearesss pressure anomalies
show few patterns of significance for this time period, th& &8omalies for 41-50 years
show a pattern consistent with a negative phase of the PBefiadal Oscillation (Man-
tuaet al, 1997) and for years 51-60 there are negative SST anomalid® iequatorial
Pacific (Figure 4.11). For years 41-50 there is also a coadtirthe Southern Ocean and
South Atlantic SST, which corresponds to the reduced SH EAanges in the Atlantic
SST have been shown to be linked with phases of the EI Ni“"ngl&on Oscillation (En-
field and Mayer, 1997). The cooling in the South Atlantic miagrt be linked with the
negative SOl anomalies seen during this decade. It is wantimgnthat although there

are significant anomalies in the atmosphere, the decreaseATi and SAM indices for
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Figure 4.9: Absolute values of climate indices for EXP1b: a) Northwacgan heat transport
(OHT) at 26'N in the Atlantic; b) mean Northern Hemisphere (NH) surfaiceéeanperature (SAT)
c) mean Southern Hemisphere (SH) SAT; d) North Atlanticl@gon (NAO) index : annual
MSLP difference from Gibraltar-lceland; e) Southern Olstibn Index (SOI) : annual MSLP dif-
ference from Tahiti-Darwin; f) Southern Annular Mode (SAMhnual MSLP difference between
40 and 65S. Light (dark) shaded area shows the(@5%) spread of the control ensemble (mean)
around the 100 year mean. Dashed (solid) red lines show tlsershle (mean) anomalies for
EXP1b (EXP1b —time-mean of control). Blue line shows theroéthe control ensemble around
the 100 year mean. Data are smoothed using a 5 year runningnizgashed black line indicates
the reference time-mean value for the control ensembletbeet00 year simulation (at zero).

EXP1b are comparable with the increases seen in the comtsehgble during the same

time period.

4.3.2 Cooler, fresher AAIW

The cooler, fresher AAIW takes a similar path through theao¢espreading northwards
initially as it is advected in the western boundary curréigre 4.12). During the first
10 years, a progression of anomalously fresh water is seeg #he north coast of Brazil,

extending from the initial perturbation region. Althoudhete are only small regions
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Figure 4.10: Decadal mean anomalies (EXP1b — control) for years 31-40swajace air tem-
perature (SAT) {C]; b) mean sea level pressure (MSLP) [Pa]. Black contoursvslanomalies
significant at the 95 % confidence level.
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Figure 4.11: Decadal mean sea surface temperature anomalies (EXP1b trotjdior years a)
41-50, b) 51-601C]. Black contours show anomalies significant at the 95 % denfte level.

significant at thed5% level, fresh anomalies are found in the North Atlantic andzSP
within 20 years. After reaching the NAC within 20 years, fremomalies can also be seen
progressing northwards into the SPG and GIN Seas. As thdaiom progresses, the
North Atlantic gradually fills with fresher water as the aralous water mass recirculates
in the STG. For years 41-50, the majority of the Atlantic bdsas a reduced salt content
(Figure 4.12). Significant freshening is found in the GIN Safter 50 years, and for
years 61-100 there is a significant freshening in the regiomanding the NAC. As
fresh anomalies build up north of the NAC, the anomalies adeiced south of 4N in
the North Atlantic. By the end of the simulation, there is ligniicant change in salt
content between 10 and 49, and the salinity sees a slight increase after 70 yearsi(&ig
4.12). This positive salinity anomaly is strongest in thdf@éiMexico, suggesting that
anomalies seen in the rest of the North Atlantic may haveiratgd in this region. A

portion of the anomalous AAIW does remain in the South AttanAfter 100 years, the
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total salt content anomaly in the Atlantic basin, betweets3@nd 70N, is —8.3 x 10
kg, equivalent t&7% of the initial perturbation. Of this anomaly,7.6 x 10! kg is found
north of the equator. An anomaly efl1.4 x 10! kg is also found in the Arctic Ocean
(> 70°N), after 100 years.

Figure 4.13 shows the zonally averaged salinity in the Aidar-or the first 20 years,
freshening extends into the upper layers above the inigalupbation, and the surface
of the tropical Atlantic. For years 11-20, a freshening isoalound in the region of
the NAC. This corresponds to the salt anomalies seen in thiéhMdlantic in Figure
4.12, suggesting that the perturbed water mass reachdsdhtn within 20 years. To
be advected north on this timescale requires currentsl cm s™!. Along the western
boundary of the Atlantic, currents 6 cm s~ are found at a depth of 50 m, and currents
>2cms! at~500 m. At greater depth, the anomaly spreads northwards latvars
speed. The majority of the Atlantic, between°S0and 60N, is found to be fresher
than the control simulation at depths ©f200-1500 m for years 31-40. At 6N, fresh
anomalies are also seen extending from the surface to dep890 m. After 40 years,
fresh anomalies are found in the upper 500 m of the GIN Seak)°N. After 50 years,
these fresh anomalies extend below the upper layers, vgttifisiant anomalies found at
depths> 1000 m (level 13 in HadCM3). For years 61-100, the fresheningmofto(®N
extends from the surface to depths2000 m (Figure 4.13). As seen in Figure 4.12, the
anomalies in the North Atlantic reduce towards the end okthmilation, with a positive
anomaly developing after 60 years. However, the anomatighdé South Atlantic are
present up to the end of the simulation, extending to deptB800 m.

At the surface, there is a decreased salinity in the Souinfid for the first 20 years
of the simulation (Figure 4.4b,d). This corresponds to #gian of surfacing seen in
Figure 4.13. The SSS anomalies are strongest along theafo&itca, where southerly
winds result in upwelling along the eastern boundary of th&irh These conditions may
bring the perturbed intermediate waters to the surfaceigrédgion. For years 11-20,
freshening spans the width of the Atlantic from0-20°S. In the tropical South Atlantic,
there are also negative SST anomalies for the first 10 yedtts,significant anomalies
extending along the path of the North Brazil Current (Figdrgb). Positive heat flux

anomalies indicate that these changes in the ocean aremetlfoy a cooler overlying
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Figure 4.13: Zonally averaged decadal salinity anomalies (EXP2b — aijin the Atlantic for
100 years.
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atmosphere (Figure 4.6b). Although this is an indicatioat tihe perturbation may be
surfacing, the salinity anomalies are not significant oradattimescales. Also, for years
11-20, the SST anomalies in the tropical Atlantic and aldredoast of Africa are not
of the same sign as the SSS anomalies. This indicates thatigh the anomaly may be
surfacing in these regions, the heat and salt content amesmakly not be sufficient to
cause significant changes compared with the internal \vtyabOn annual timescales,
there are significant fresh anomalies in the South Atlaotigéars 15-20. However, again
there are no SST anomalies of the same sign. Surface heahfimadies show that these
SST anomalies are predominantly forced by the overlyingpaphere during this decade
(Figure 4.6d). For years 11-20, there is a significant cgaimthe NAC and around the
STG, matching the sign of the SSS anomalies (Figures 4.5d dak). This supports the
suggestion that the cool, fresh anomaly reaches theseadosatithin the first 20 years,
as the anomaly travels within the upper layers of the oceaw régions of cool, fresh
anomalies are found at the Atlantic surface for years 21Hfufes 4.4f,h and 4.5fh).
However, for years 41-50, there is a cooling throughout tloettNand South Atlantic,
contributing to a mean cooling seen in the extra-tropicattiNétlantic for the first 50
years.

For years 51-100, significant cooling is seen throughoutrgelarea of the North
Atlantic, into the SPG and GIN Seas (Figure 4.14a). The ngols strongest in the
path of the NAC, where there are temperatures anomaliesl°C, compared with the
mean of the control ensemble. The cooling and fresheninbignrégion are persistent
for years 61-100 and extend to depths of 2000 m. As seen ird-§d 3, the anomalies
in the GIN Seas also extend below the surface to deptl2800 m. These regions have
deep mixed layer depths-(300 m), allowing cooler, fresher water to be brought to the
surface. The surface heat flux anomalies indicate a heatrflthei atmosphere-to-ocean
direction, providing further evidence that the SST anoesalesult from the ocean rather
than atmospheric forcing (Figure 4.14b).

In the latter half of the simulation there is a significant @@se in the overturning
circulation (Figure 4.15). For each of the three indicesashthere is a decrease in the

decadal-mean streamfunction after 40 years, which persigil the end of the simulation.
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a) 85T

Figure 4.14:50-year-average anomalies (EXP2b control) for years 50-dfd a) sea surface tem-
perature (SST)]C]; b) ocean-atmosphere heat flux (positive values indiflatein atmosphere-
to-ocean direction) [W m?]. Contours show regions significant at thgd% confidence level.

Eight of the nine ensemble members shows a decrease withiatter half of the simu-
lation, when compared with the control (Figures 4.15 an®&}.Eigure 4.16 also shows
that the decrease for five of the ensemble members is outgdarmge control variability
during this 500 year simulation. One ensemble member shoviscaease during years
71-80. This member had initial conditions from year 250 @& 800 year simulation.
Figures 4.1 and 4.16 show that between 250 and 350 yearspoth®IlcMOC strength
oscillates between stronger and weaker states ev@y years. This variable state of the
MOC may then have influenced the response of the ensemble enernthis time. This

decrease is related to the changes in density dtl §8s described in Chapter 3). Figure
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Figure 4.15: Decadal anomalies for three meridional overturning stréamnction indices (EXP2b

— control) at: a. 26.8N; b. 45N; c. 6(0°N. Solid lines indicate the anomaly of ensemble mean
values (EXP2b — Control); dashed lines show the anomaligsdofidual EXP2b ensemble mem-
bers minus mean of the control. Shaded region showsi¥espread of the control ensemble over
the 100 year simulation.



106 Sensitivity to Initial Ocean Conditions

185}
I \
18} \ \ 1
i\ 0 \
- n — _ —
175k / T I \ TANKY
A I ‘/ \ 4 \ v

17}t W\ \ »

16,5
\

Overturning (Sv)

155} 1. -

0 50 100 150 200 250 300 350 400 450 500
Time (years)
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Figure 4.17: Hovn®ller plots of a. total heat content anomalies (EXP2b — Caliptwvithin 0-3000
m [102! J]; b. zonal mean steric height anomalies (EXP2b — Controty], in the Atlantic.
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Figure 4.18: Absolute values of climate indices for EXP2b: a) Northwatéan heat transport
(OHT) at 26'N in the Atlantic; b) mean Northern Hemisphere (NH) surfaiceéeanperature (SAT)
c) mean Southern Hemisphere (SH) SAT; d) North Atlanticl@gon (NAO) index : annual
MSLP difference from Gibraltar-lceland; e) Southern Olstibn Index (SOI) : annual MSLP dif-
ference from Tahiti-Darwin; f) Southern Annular Mode (SAMhnual MSLP difference between
40 and 65S. Light (dark) shaded area shows the(@5%) spread of the control ensemble (mean)
around the 100 year mean. Dashed (solid) red lines show tlsershle (mean) anomalies for
EXP2b (EXP2b — time-mean of control). Blue line shows theroéthe control ensemble around
the 100 year mean. Data are smoothed using a 5 year runningnizgashed black line indicates
the reference time-mean value for the control ensembletbeet00 year simulation (at zero).

4.17a shows the progression of the cool water mass nortswardugh the Atlantic. As
the anomalous water mass reaches the surface in the Noahtigthnd interacts with the
atmosphere, it gains heat (reducing the cold anomaly; Efgdi6 and 4.14b), but remains
fresh. This process leads to a reduction in density in thematiumn, resulting in an in-
creased steric height around°60(Figure 4.17b). As the MOC strength decreases, there
is a significant reduction in the meridional ocean heat parts(Figure 4.18a). Along
with the surfacing of the cooler, fresher AAIW, this contribs to the decreased SST seen

in the North Atlantic and GIN Seas.
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Figure 4.19: Mean atmospheric anomalies for 51-100 years (EXP2b — Chnto surface air
temperature (SATY[C]; precipitation [cm year!]; mean sea level pressure (MSLP) [Pa]; zonal
wind speed [ms!]. Black contours show anomalies significant at the’®&onfidence level.

As the negative SST anomalies develop in the North Atlatitis,leads to a significant
reduction in the temperature of the overlying atmospheigufE 4.19a). As the SST
anomalies are strongest over the NAC and GIN Seas, the sgsbISAT anomalies are
also over these regions. Over the GIN Seas, there is a reduaftup to 2C during years
71-80. Over the NAC (45-53), the strongest anomalies were found during years 91-100,
when there is a decrease 61CL Although these regions show the strongest anomalies, the
cooling is not confined over the oceans (Figure 4.19a). Eigut8b shows that there is
a cooling over the entire Northern Hemisphere after 40 yesith anomalies of up to
0.2°C around 70 years into the simulation. However, no signifiteend is seen in the

Southern Hemisphere (Figures 4.19a and 4.18c).
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For the latter half of the simulation, significant precitita anomalies are found over
East Greenland and in the Tropical Atlantic (Figure 4.19)e anomalies in the Trop-
ical Atlantic show a band of increased rainfall to the soutlthe Equator < 0-20°S),
and a band of decreased rainfall to the norlD¢20°N). This is consistent with a south-
ward shift in the Inter-Tropical Convergence Zone (ITCZgliviga and Wu (2004) have
shown that a decrease in MOC strength can result in southstdftd in the ITCZ due to
anomalies in the SST gradient in the Tropical Atlantic. Teéduced rainfall in the Trop-
ical North Atlantic may account for the increased saliniges between 0 and 28 in
the North Atlantic after 60 years (Figure 4.13). The anoasabver Greenland coincide
with a region of anomalously high mean sea level pressureL@j$ver Greenland and
the GIN Seas (Figure 4.19c). Although there is an increaséd3hP in this region, the
anomalies are not significant, and there are no trends in &@ iNdex (Figure 4.18d).
There is a region of decreased wind speed at the southerfi@peenland, and a region
of increased wind speed further north, over the Greenland faass. However, as the
MSLP anomalies show little patterns of significance, theesfew significant results for
the zonal winds over the region (Figure 4.19). Outside tHamit basin, there are no

significant MSLP trends relating to the SOI or SAM (Figuress,f).

4.4 Discussion

For both EXP1b and EXP2b, there are signs of the perturbeerwadss surfacing in the
tropical Atlantic. Although the response is not significamiboth experiments, the salinity
anomalies found at the surface (Figure 4.4) extend to thatitme of the perturbed water
mass at intermediate depths. There is a less significanbmsspn SST (Figure 4.5),
likely due to the fact that heat can be exchanged rapidly thighoverlying atmosphere.
The heat content anomaly may not be sufficient to cause chanigpk respect to the
internal variability of the region on decadal timescales.

In Chapter 3, responses in EXP1 and EXP2 were shown to have sionilarities,
although in general the magnitude of the response in EXR2get. These new ensemble
runs have shown that the response in EXP2b is again greateEiKP1b, and significant
anomalies are found over a larger area. EXP2b shows a dedrelsOC strength for the

latter half of the simulation. This decrease in MOC and tlseiltant cooling in the North
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Atlantic are both greater and significant over a larger araa those seen in EXP2. Given
the variety of initial ocean conditions used for EXP2b, thiges greater confidence that
these results are not dependent on particular initial ostsas (Figure 4.16).

Contrary to the response seen in EXP1, EXP1b shows no sigmifieng-term trend in
climate through the course of the simulation. This suggibstisthe decreased MOC seen
in EXP1 may have been due to the initial ocean conditions tmeithe ensemble. How-
ever, similar to the SSS and SST anomalies seen in EXP1,dhedgnificant anomalies
in the first 40 years of the simulation, indicating that thdewanass may be surfacing as
it moves northwards through the Atlantic. Both experimesftsw positive heat and salt
anomalies in the SPG, and for EXP1b there are also anomalesis the GIN Seas. The
fact that there is no increased MOC strength shows that tres®alies are driven by the
anomalous water mass rather than changes in the overturaaigransport.

Again, it can be seen that overall the responses in thesexpariments are not lin-
ear (equal and opposite). The significant response in EX®3%bédn in the first half of
the simulation, whereas EXP2b sees a response over longesdales, as the MOC de-
creases in the latter half of the experiment. As shown in @&} interaction with the
atmosphere leads to opposite density anomalies for the tyerimments (Figure 3.32).
The fresher AAIW then has a greater tendency to remain indHace regions, whereas
the more saline AAIW will have a tendency to remain at intediate depths. At the end
of the simulation47% of the salt anomalies for EXP1b remained at intermediatéhdep
in the Atlantic, whereas for EXP2b, oniy1% of the initial salt anomaly remained at in-
termediate depth levels, with the majority residing in thdace layers, or sinking to deep
levels in the north. As the fresher AAIW spends a greaterttend time at the surface,
the prolonged interaction with the atmosphere results éatgr density anomalies. This
leads to the significant response in the MOC due to the inerizasteric height around
60°N. The MOC index for EXP2b is reduced below the range of therobensemble for
the 500 year simulation. As the warm, saline AAIW spends ntione at intermediate
depths, the perturbation retains more of the heat anomalytteare are few significant

density anomalies. Hence, there is no significant chandeeiiviOC.
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Figure 4.20: Schematic to illustrate possible responses to perturipatfor varying initial ocean
states. Differing initial states may be predisposed to téaa particular way. Solid line indicates
the meridional overturning circulation (MOC) strength ftire control simulation. Dashed lines
indicate trajectories for perturbed ensembles at varyitagtsdates.

4.5 Summary

The same perturbation experiments as described in Chapterecarried out with en-
sembles of varying initial conditions in both the atmosghand ocean. For both pertur-
bations, there were signs of the anomalies surfacing inrthecal North Atlantic within
the first 10 years. Anomalies move northwards as they arectatV@long the western
boundary. Significant salt content anomalies are found énNbrth Atlantic within 20
years. As discussed in Section 3.5, interaction with theoaphere leads to opposing
density anomalies and therefore non-linearity in the tesidr these two experiments.
The warmer, saltier AAIW in EXP1b has a tendency to remainegttidl in the ocean,
resulting in a less significant response at the ocean surfeitere is no decrease in the
MOC, suggesting that the response seen in EXP1 may have beeio the initial state
in the control run used for the experiment. However, thehiee AAIW in EXP2b spends
more time in the surface layers. This results in a signifida&atease in density throughout
the water column in the North Atlantic, driving a decreas¢him MOC strength, greater
than that seen for EXP2. Initial states in the ocean may bdigpesed to react in a par-
ticular way to perturbations (illustrated in Figure 4.2@y choosing an ensemble with
varying initial ocean conditions, this effect can be reduc&here is less similarity be-
tween the results for EXP1b and EXP2b than there is betwedPlEaXid EXP2, making

it clearer which effects are due to the perturbation rathan tvariability in the control
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climate. This gives us greater confidence in the resultepted. Following these results,
both styles of ensembles will be used when investigatingelponse to perturbations in
the Indian and Pacific, however the emphasis will be on redrdm the varying ocean

ensemble.



Chapter 5

Response to perturbing AAIW In

the Pacific

5.1 Introduction and Methods

Having analysed the response within the Atlantic, we nowskat impact a change
of properties can have within the other major ocean basinkenA¢onsidering how to
perform the perturbation experiments, the basic prinsigle kept the same as that used
for the previous experiments (Chapters 3 and 4), so thaethdts can be compared with
those from the Atlantic. However, the properties of AAIW ydoretween the oceans, so
the density boundaries used to define the water mass in theatitlare not appropriate
for experiments in other oceans.

Figure 5.1 shows the temperature-salinity diagram for @B2in the three major
ocean basins. From this it can be seen that AAIW in both thiainand Pacific is fresher
than in the Atlantic. The core of the AAIW is defined as therggliminimum below the
surface waters. For the Atlantic we can see a minimum of 3da2pmtential density of
1028.5 (relative to level 11 in HadCM3). However, the Padifais a minimum value of
33.9 at 1027.6. As with the Atlantic, the core is typicallyifa in model level 11, but
towards the east of the basin, the isopycnals are seen tarmisthe core can be found in
level 10. As Pacific AAIW is lighter and fresher, the choseteptial density boundaries
are then1027.2 — 1029.1 (Figure 5.2). The temperature is altered-by°C within this

range, andt0.5 °C in the levels directly above and below. The salinity is tiatered
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Figure 5.1: Potential temperatured] — salinity diagram for the three main ocean basins. Red
plusses, blue crosses and cyan circles show the controlithamsl for the Atlantic, Pacific and
Indian oceans respectively, between 10&0Black contours show the corresponding potential
density values calculated relative to a depth~0$500 m. Green contours show the boundaries of
AAIW chosen for the Atlantic, 1027.7 and 1029.4.
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Figure 5.2: 9-S plot for perturbation and control start dumps. Red plsssed blue crosses show
the conditions for the+-1°C (EXP3) and—1°C (EXP4) perturbations respectively. Black circles
show the control conditions. Black dotted contours showddeesponding potential density
values calculated relative to a depth €500 m. Green contours show the boundaries of AAIW,
1027.2 and 1029.1.



5.2 Response to warmer, saltier AAIW 115

to maintain constant potential density. The Pacific Oceamspver twice the width of
the Atlantic, meaning that our perturbation results in altbeat and salt change that is
more than twice that imposed on the Atlantic. For the Pagifig] °C perturbation results
in an increased heat content®l1 x 10?2 J, compared with an increase 280 x 1022

J in the Atlantic (for EXP1). The simulations were run for 19€ars, with two sets
of 9 member ensembles, following the methods described atiddes 3.2 and 4.2. The
experiments in this chapter will hereafter be referred t&4B3 and EXP4 for the-1°C
and —1°C perturbations, for the ensembles with the same oceaaligibnditions and
varying atmosphere; EXP3b and EXP4b denote tH€C and —1°C ensembles with
varying initial conditions in both the atmosphere and odgdirexperiments are listed in
Appendix A for reference). Results from the first 40 yeard &l shown for both types
of ensemble, however following the conclusions of Chapteout analysis will focus

predominantly on the ensembles with varying ocean initgaditions.

5.2 Response to warmer, saltier AAIW

EXP3 showed a significant response in both the ocean and jgite@sduring the first 30
years of the experiment. The following section will discttsis result, before looking at

whether the same response is seen in EXP3b in Section 5.2.2.

5.2.1 Response to surfacing in the equatorial Pacific?

For EXP3, there are positive SST and SSS anomalies in thaceguaPacific during
the first 30 years (Figures 5.3 and 5.4). This suggests thadrtbmalous water mass is
surfacing in this region. In the Nifio 3.4 climate index wgifor the central equatorial
Pacific (3N-5°S,170-120W), there is an increased SSS throughout the majority of the
simulation (Figure 5.5a). The SST in the Nifio 3.4 regiona@ms above that of the con-
trol simulation for the firstv 25 years of the experiment (Figure 5.5b). From the initial
perturbation region, the anomaly is advected into the egahtegion, where upwelling
and shoaling isopycnals to the east can allow the warmeiersalaters to reach the sur-
face layers (Figure 5.6). For years 11-20, warmer surfaderg/are also found around
the Southern Ocean, however for years 21-30 a significaringoand freshening is then

found in this surface region. Integrated throughout theewadlumn, there is an increased
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a) EXP3,1-10y b) EXP3b, 1-10y
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f) EXP3b, 21-30y
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Figure 5.3: Decadal sea surface temperature anomalies (EXP — conwolhfe first 40 years
[°C]. Figures a, c, e and g show anomalies for EXP3; b, d, f anddwshnomalies for EXP3b.
Contours show regions significant at th&% confidence level.
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a) EXP3, 1-10y b) EXP3b, 1-10y

g) EXP3,31-40y
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Figure 5.4: Decadal sea surface salinity anomalies (EXP — control) fierfirst 40 years. Figures
a, ¢, e and g show anomalies for EXP3; b, d, f and h show anosfalieEXP3b. Contours show
regions significant at the5% confidence level.
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a) SSS Nino 3.4 b) SST Nino 3.4
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Figure 5.5: Absolute values of climate indices for EXP3: a) mean seasaralinity (SSS) in the
Nifio 3.4 index region (8\-5°S,170-120W); b) mean sea surface temperature (SST) in tlf@ Ni
3.4 index region; c) strength of Southern Ocean meridionarturning circulation (SO MOC)

: maximum overturning south of 38; d) volume transport through Drake Passage; €) latitude
of Deacon Cell (SO MOC); f) Northward ocean heat transporH{Q at 26°N in the Atlantic.
Light (dark) shaded area shows the 295%) spread of the control ensemble (mean) around the
100 year mean. Dashed (solid) red lines show the ensembknjra@omalies for EXP3 (EXP3
— time-mean of control). Blue line shows the mean of the obatrsemble around the 100 year
mean. Data are smoothed using a 5 year running mean. DaslaeH lihe indicates the reference
time-mean value for the control ensemble over the 100 yeaulation (at zero).

salinity north of 60S, and a decreased salt content frofi%@ the Antarctic coast (Fig-
ure 5.7).

During years 11-20, there are regions of significant MSLPaad@s in the SH. The
MSLP decreases over the mid-latitudes in the SH and incseager Antarctica. This
corresponds to a decrease in the Southern Annular Mode (S#déX, with a minimum
at ~ 20 years (Figure 5.8a). These MSLP anomalies lead to changbe wind stress
around the Southern Ocean, with a northward shift and weéadteri the SH jet stream.

The ACC then also weakens and shifts northwards, along Wwéloverturning Deacon
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Figure 5.6: Schematic of the perturbed region of the Pacific in HadCM3,2IBS (hatched box).
Arrows show the mean locations of the strongest currentd ¢m s ') at ~500 m (level 11 in
HadCM3, the depth of the salinity minimum in the perturbegiar). Shading shows the mean
maximum mixed layer depth for 100 years of the control enkejm). Resolution of the coastline
is 2.5 x 3.7%, matching the resolution of the atmospheric component.

Cell (Figures 5.5c-e). These changes are consistent withsgthere-ocean coupling as-
sociated with the SAM (e.g. Thompson and Wallace, 2000; Hadl Visbeck, 2002;
Sen Gupta and England, 2006) and are illustrated in Fig@elZuring a negative phase
of the SAM, the westerly winds weaken and shift northwardss Teads to easterly wind
anomalies in the south, and westerly wind anomalies in thinrad the Southern Ocean.
As the wind stress patterns are altered, the resultant ehangcean circulation may
account for changes in salt content, as there is a redugti@kiman transport of fresh
Antarctic Surface Water to the north, and a reduced upvgetiirwarm, salty deep waters
in the south.

Marshall and Connolley (2006) and Sen Gupta and England’ég@&how that changes
in the Southern Ocean can also lead to changes in the owgdttimosphere. Marshall and
Connolley (2006) show that as the meridional SST gradieatedeses around the South-
ern Ocean, this may weaken the SAM index. The thickness ef$ay the atmosphere
is dependent on their temperature. Warmer SSTs then leaditeeeased geopotential
height in the atmosphere, and as the meridional SST gradietitered this will lead to
a change in geopotential height gradient. As the SSTs iserasound Antarctica, this
leads to increased MSLP over the continent. For years 1h&ihtreased SST south of

~45°S, along with decreased SST further north, may then be ailotitig cause of the
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a) EXP3,1-10y b) EXP3b, 1-10y

Figure 5.7: Decadal salt content anomalies (EXP — control) for the fiBtyéars [L0? kg nT2].
Figures a, c, e and g show anomalies for EXP3; b, d, f and h shrewralies for EXP3b. Contours
show regions significant at tH% confidence level.
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Figure 5.8: Absolute values of climate indices for EXP3: a) SoutherntdamMode (SAM) :
annual MSLP difference between 40 and $5b) mean Northern Hemisphere (NH) surface air
temperature (SAT) ¢) mean Southern Hemisphere (SH) SAduth&n Oscillation Index (SOI) :
annual MSLP difference from Tahiti-Darwin. Light (dark)ested area shows thesZ95%) spread

of the control ensemble (mean) around the 100 year mean. dolagolid) red lines show the
ensemble (mean) anomalies for EXP3 (EXP3 — time-mean abtprBlue line shows the mean
of the control ensemble around the 100 year mean. Data ar@#mad using a 5 year running
mean. Dashed black line indicates the reference time-makue\for the control ensemble over

the 100 year simulation (at zero).

reduced SAM index, rather than just a result. Zhou and Yu42@&o show that there is
a negative correlation between SST in the tropical Pacifictha SAM index. This indi-
cates that the negative phase of the SAM may have been &gglerough the surfacing
of warmer intermediate waters in the tropical Pacific (Fégu6.3 and 5.5b).

Although the mechanisms described here, and shown in previork, may account
for the negative SAM index anomalies, it is also worth coesity the state of the control
climate. During years 11-30 the control simulation showdrang positive phase for
the SAM. The control SAM index peaks at20 years, when-test analysis suggests
that anomalies for EXP3 are significant. The strong negativemalies seen for this
experiment will then be influenced by the strong SAM in thetaan For year 20, 8 out
9 of the ensemble members show an increased pressure owecigst. SST anomalies
in the tropical Pacific are positive in 6 out of 9 of the ensaminembers at this same

time. In the following section we show the results for the eripents with the varying



122 Response to perturbing AAIW in the Pacific

NET RADIATION 4
LOSS TO SPACE

o = S —— =
s [
[
E WESTERLY g |
B RISING ANOMALY  SUBSIDENCE hnomtnin |
5 MOTION LESS ¢LOUD —
2 # Sy . 4
£ @ Y
i \
< \\ ___./ =1
GREATER =
ICEEXTENT g < < —
Antaretic lce Sheat e
South America g
Fas =%
Dt e e () = —
EKMAN DRIFT EKMAN DRIFT
MASS AND HEAT £ MASS AND HEAT
DIVERGENCE ( . 1 CONVERGENCE
£ SST DECREASE SST INCREASE
g L S 4
3 STROMGER
CIRCUMPOLAR
CURRENT

- —
RETURN FLOW

-80 =70 -60 -50 -40 ~30
latitude

Figure 5.9: Schematic to illustrate the coupled ocean-atmosphereorespto a positive phase
of the SAM (Hall and Visbeck, 2002). For a negative phase ®f3AM, the response pattern is
the same, but with anomalies of the opposite sign and citicuigatterns acting in the opposite
direction.

initial ocean states. This alternative ensemble method ao¢ show the same SAM
response, supporting the suggestion that the responstgbaelicere, although statistically

significant, is likely due to the state of the control.

5.2.2 Response when varying initial ocean states
5.2.2.1 Where does the anomalous water go?

Within the first 10 years of EXP3b, the saline anomaly hasapte both the north and
south of the initial perturbation region through advectaom diffusion (Figure 5.7b). To
the north, the anomaly is carried along the western bounttatiie equatorial Pacific,
where currents allow the warm, salty water to spread througtihe equatorial region. To
the south, significant anomalies extend along the east obdststralia. The anomaly is
carried by the East Australian Current, from where it camtihavel around the south of
Australia. The location of these currents at the core AAIVgthglevel 11 in HadCM3)

is illustrated in Figure 5.6. As coastal Kelvin waves trapelewards along the eastern
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Figure 5.10: Decadal salt content anomalies (EXP3b — control) for yeats8, 51-60, 71-80
and 91-100 [0? kg nT2]. Contours show regions significant at th8% confidence level.

boundaries of the ocean, positive anomalies also extenithwards along the coast of
South America (Figure 5.7b).

As the simulation continues, the water mass spreads furtirér, and within 30 years,
anomalies are seen extending along the western boundanmg dfdrth Pacific and in the
region of the subpolar gyre (SPG) (Figure 5.7f). Anomaliessist in the North Pacific
throughout the remainder of the simulation (Figure 5.10pr years 51-60, increased
salt anomalies follow paths of recirculation in the subitapgyre (STG). The anomaly
also continues to recirculate in the South Pacific, howdwerdrgest area of significant
anomalies remains in the tropical regions. By the end of itihellgtion, the vast majority
of the Pacific basin has an increased salt content.

As well as spreading throughout the Pacific, both the IndrahAtlantic oceans have
increased salt contents at the end of the simulation (Figu@). The more saline water
mass can enter the Indian Ocean from either the Indonesiesug@h-Flow or from the
south of Australia (Figure 5.6). During the first 10 yeargréased salt content can be
found around both these entrance routes. The spread of faterthe ITF into the

Indian Ocean is most significant on levels 12-13 in HadCM3 ghown). Significant salt
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anomalies are found in the northwest section of the Indiainkfar years 31-40 (Figure
5.7h) and persist in this region for the remainder of the &tian (Figure 5.10).

From the Indian Ocean, anomalies can enter the Atlanticar@Qape Agulhas. Tracer
release experiments carried out by Sen Gupta and Englafd@i§28how that anomalies
in the southwest Pacific can rapidly be carried throughaistiuthern hemisphere basins,
with the signal travelling westwards in to the Indian Ocead then on to the Atlantic to
the south of South Africa (see their Fig. 10e). Alternativels the anomalies spread in
to the Southern Ocean, they can also be carried through raksage with the ACC.
Significant anomalies are found in the Atlantic sector of 8mthern Ocean within 40
years (Figure 5.7h). After 50 years the majority of the Alilainas an increased salt
content, with positive anomalies extending in to the GINsS®athe end of the simulation
(Figure 5.10).

Figure 5.11 shows the total salt content at upper, interatedind deep levels of the
Pacific basin. Throughout the simulation, the upper levele@Pacific have an increased
salt content. At the same time, the salt content in the irgeliate depths continues to
decrease. This supports the suggestion that the anomakaties mass is upwelling to
shallower depths through the course of the experiment, disawédeing advected out
of the Pacific. At the end of the simulation the upper and mtatiate depths have salt
content anomalies &f.6 x 10'* kg and1.18 x 10%° kg, equivalent to 18 % and 39 % of the
initial perturbation §.08 x 10'® kg), respectively. Just 4 % of the initial anomaly enters
the deep levels of the basin. It is also worth noting that firead seen in the ensemble
members for the deep levels (14-20) arises from the drifherrhodel. In these deep
levels, the drift leads to an increasing salinity with tinte.total, 61 % of the initial salt
perturbation remains in the Pacific after 100 years. Thipatp the fact that a significant
proportion of the anomaly has spread to other regions of tivdvocean. Globally, 78 %
of the initial heat anomaly remains in the ocean after 100syeBhis suggests that 22

% may have been lost through contact with the atmosphere.

5.2.2.2 Anomalies at the sea surface

Throughout the experiment, there is an increased SSS ingit@ial Pacific (Figures

5.4 and 5.12). In the central equatorial Pacific, the meani® 8 Nifio 3.4 region (55-
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Figure 5.11: Total salt content anomalies in the Pacific, betweeB86°S and 65N, for depth
levels (a) 1 — 9~ 0 — 300 m; (b) 10 — 13;- 300 — 1500 m; (c) 14 — 20y > 1500 m. Solid lines
show the ensemble mean anomalies (EXP3b — control); dastestshow anomalies of individual
EXP3b ensemble members minus the mean of the control emsembl
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Figure 5.12: Decadal anomalies (EXP3b — control) for years 41-50, 5180390 and 91-100.
Figures a, c, e and g show sea surface salinity (SSS); b, d] hahow sea surface temperature
(SST) [C]. Contours show regions significant at th&”% confidence level.
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Figure 5.13: Absolute values of climate indices for EXP3b: a) mean sefasarsalinity (SSS)
in the Niilo 3.4 index region (N-5°S,170-120W); b) mean sea surface temperature (SST) in
the Niio 3.4 index region; c) strength of Southern Ocean meridiomarturning circulation (SO
MOC) : maximum overturning south of 3®; d) volume transport through Drake Passage; €)
volume transport through the Indonesian Through-Flow {fFNorthward ocean heat transport
(OHT) at 26N in the Atlantic. Light (dark) shaded area shows tle(25%) spread of the control
ensemble (mean) around the 100 year mean. Dashed (solidipesishow the ensemble (mean)
anomalies for EXP3b (EXP3b — time-mean of control). Blue Bhows the mean of the control
ensemble around the 100 year mean. Data are smoothed usingearFunning mean. Dashed
black line indicates the reference time-mean value for thietrol ensemble over the 100 year
simulation (at zero).

5°N, 170°-120°W) is increased throughout the simulation (Figure 5.13&e danomalies
in this region extend from the surface to depths-df500 m, showing that the anomalies
may arise from the surfacing of AAIW. Along the equator, edgtwinds lead to poleward
Ekman transport of the surface layer, resulting in the ufimgebf deeper waters.

Away from the equatorial regions, significant SSS anomadiesalso found in the
North Pacific (Figures 5.4 and 5.12). Significant anomaliesfaund along the western

boundary and in the SPG within 30 years, corresponding wighatrrival of significant
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salt anomalies in these regions (Figure 5.7). From FiguBe ib.can be seen that the
MLD increases along the western boundary and into the Kiwdsktension, allowing
the perturbed AAIW to be brought to the surface as it is addeabrthwards. Isopycnals
also begin to shoal to the north, allowing AAIW to move clogethe surface as it enters
the SPG. As the water mass spreads throughout the basimyrfheessalinity of the North
Pacific remains increased to the end of the simulation (Eigut2). Upwelling is also
known to occur along the eastern boundaries of ocean bakirtee North Pacific, the
salinity anomalies along the eastern boundary extend ftenstirface to depths of 300
m, however few increased salinity anomalies are found atbegeastern boundary of
the South Pacific. As the anomalous water mass circulateseirSouth Pacific STG,
and portions are lost to the south of Australia or throughkBrBassage with the ACC,
this reduces the volume of anomalous water that returndwwartls along the eastern
boundary.

Although it has been shown that upwelling of the perturbetewmass occurs in a
number of regions, the anomalous heat content does not mfipeasult in significant
SST anomalies (Figures 5.3 and 5.12). Figure 5.13b showsédas SST for the Nifio
3.4 index region. Unlike the SSS, there is no significanttshitemperature through
the experiment. This is contrary to the results seen for EX#fch saw a shift in the
SST for the first 30 years of the experiment. For the first 10syeAEXP3b, there is an
increased SST for the Nifio 3.4 region, which is accompabied decreased heat flux in
the atmosphere-to-ocean direction (Figures 5.13b and.5Hdwever, there is no trend
in the heat flux anomalies that persists through the courseecsimulation. Therefore,
although the warmer water mass may be surfacing, the anasakat content may not
be great enough to overcome the internal variability andeausignificant change in the
ocean-atmosphere heat flux on decadal timescales.

In the extra-tropical Pacific, some SST anomalies coinciille 85S anomalies of the
same sign, however this is not always the case. For year$3thére is an increased
SSS throughout the majority of the North Pacific (Figurehsdd 5.12a), however the
SST field shows large regions of cooling surrounding warntresrin the western side of
the North Pacific (Figures 5.3h and 5.12b). This SST patteharacteristic of the Pa-

cific Decadal Oscillation, with anomalies of this sign cepending to the negative phase
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Figure 5.14: Mean ocean-atmosphere heat flux in thédidNi3.4 index region (N-5°S,170-
120°W). Positive values indicate heat flux in the atmosphereetan direction. Light (dark)
shaded area shows the 295%) spread of the control ensemble (mean) around the 100 yeanme
Dashed (solid) red lines show the ensemble (mean) anonfali&xXP3b (EXP3b — time-mean of
control). Blue line shows the mean of the control ensemtdarad the 100 year mean. Data are
smoothed using a 5 year running mean. Dashed black lineatelthe reference time-mean value
for the control ensemble over the 100 year simulation (ad)zer

(Mantuaet al., 1997). While some of the increased SSTs may be due to waratersv
surfacing, surface fluxes show that the cooling is driverhigydverlying atmosphere, and
not a result of internal ocean processes. These SST angméllibe discussed in further
detail in Section 5.2.2.3.

Outside the Pacific, significant SSS anomalies are founderSthuthern Ocean dur-
ing the latter years of the experiment, in particular forrgesl-60 and 91-100 (Figures
5.12c,g). Regions of increased SST can also be found duriagine (Figure 5.12d,h).
As isopycnals shoal towards the south, anomalous AAIW mdyrdeght to the surface in
the Southern Ocean. The warm region found south of Austi@igears 51-60 coincides
with regions of deep MLD (Figure 5.6), where anomalies maytmeight to the surface
from depths> 300 m. As described for EXP3 (Section 5.2.1), changes in SSTnakrthe
Southern Ocean may also be attributed to the Southern O8€@mgeridional overturn-
ing circulation. Prior to year 50, there is an increased SOQWiDrength, followed by a
decrease after year 50 (Figure 5.13c). For years 40-60 ihalso a shift from positive to
negative phase in the SAM index, indicating a changes in \strekss over the Southern
Ocean (Figure 5.15a). For years 80-100, there is also aadserin both the SO MOC

strength and SAM index. During the positive phase of the Sthid increased wind stress
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leads to a increased Ekman transport of fresh AASW to thenr(@igure 5.9). An in-
creased SO MOC will also result in greater volumes of warrity seep waters moving
polewards and upwelling in the Southern Ocean. Both thdeetefwill contribute to the
increased salinity found south of @9, around the Antarctic coast (Figure 5.12). The
increased poleward transport of deep waters also resulialticontent anomalies in the
Southern Ocean (Figure 5.10). The resulting density clategels to an increased tilt
in isopycnals towards the south. Along with the increaseddvétress, this leads to an
increased Drake Passage transport (DPT) during the lateohthe simulation (Figure
5.13d). The atmospheric anomalies mentioned here will beudsed further in Section
5.2.2.3.

In the Indian Ocean, a large area of significant anomaliesuad at the surface at
the end of the simulation (Figure 5.12g,h). Anomalies adoB& S show the same sign
for both SSS and SST, and extend from the surface t800 m depth. However, the
stronger salinity anomalies further north do not coinciddn8ST anomalies of the same
sign, suggesting that they do not result from surfacing AAREtterns of warm, fresh
anomalies in the east and cool, salty water in the northwestharacteristic of the Indian
Ocean Dipole (IOD) (Sajet al., 1999). This pattern of climate variability is associated
with changes in atmospheric circulation over the basin aitido& described in further
detail in Section 5.2.2.3. The large region of significarmeSSS anomalies results from
7 out of the 9 ensemble members being in the same (negatiasepif the 10D, when
compared with the mean of the control ensemble. There ddesppear to be a relation
with anomalous ITF transport from the Pacific (Figure 5.13e)

In the Atlantic, there is an increased SST and SSS throughasia towards the end
of the simulation (5.12), coinciding with the increased sahtent seen in Figure 5.10. As
the warm, saline AAIW moves northwards through the Atlgrtiere is a mean increase
in the meridional ocean heat transport (OHT) after 70 ydéitgife 5.13f). However, there
is no significant increase in the Atlantic MOC when compardti the control ensemble

(not shown).
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Figure 5.15: Absolute values of climate indices for EXP3b: a) Southemutar Mode (SAM) :
annual MSLP difference between 40 and $5b) mean Northern Hemisphere (NH) surface air
temperature (SAT) ¢) mean Southern Hemisphere (SH) SABulih&n Oscillation Index (SOI)

: annual MSLP difference from Tahiti-Darwin. Light (darkhaded area shows thes2(95%)
spread of the control ensemble (mean) around the 100 yeannigashed (solid) red lines show
the ensemble (mean) anomalies for EXP3b (EXP3b — time-mieaontrol). Blue line shows
the mean of the control ensemble around the 100 year meara &atsmoothed using a 5 year
running mean. Dashed black line indicates the reference-timean value for the control ensemble
over the 100 year simulation (at zero).

5.2.2.3 Atmospheric response

Unlike EXP3, there is no significant response in the SAM indeXeXP3b (Figure 5.15a).
This can be attributed to the lack of significant SST anoradlieboth the tropical and
extra-tropical Pacific during the first 20 years (Figure 54}hough there is little signif-
icance in the SST anomalies, there are positive SAT anosfdieboth the NH and SH
during the first 10 years (Figures 5.15b,c). The SAT anomal@relate predominantly
with the changes in SST. Positive SAT anomalies are foungidars 1-30, however after
this time, the SH SAT decreases, and after 40 years both therdkbH have a decreased
mean SAT. For the same period there is a reduction in SST, avitegative phase of
the PDO shown in the North Pacific (Mantaaal, 1997). The PDO pattern resembles
the extra-tropical response to ENSO, with the atmospheitige causing anomalous heat

fluxes due to changes in the Aleutian Low. It has been showirati@malies can persist on
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decadal time scales due to the reddening’ of ENSO varigbitirough the re-emergence
of SST anomalies in subsequent winters (Newraiaal., 2003). Collinset al. (2001) also
show that in HadCM3, the power spectrum for PDO variabilityeg no indication of
cyclic variability, and anomalies in the North Pacific areretated with tropical Pacific
variability. The surface flux anomalies for this experimshow that the warm region in
the northwest Pacific is partly forced by the overlying atpiwse, and regions of cooler
SST are releasing more heat to the atmosphere. Therefer&§SM pattern during this
decade may be a result of changes in overlying atmosphérer fiftan oceanic processes.

For years~ 42-52 there is a positive phase of the SAM, with significardgraalies
around year 50. This is followed by a negative phase durilagsye52-60. As mentioned
in Section 5.2.1, changes in the SAM may be triggered by S®maties in the tropical
Pacific, so the MSLP anomalies seen over the Southern Oceabeararesponse to SST
anomalies during years 40-60 (Figure 5.23). These SAM aliesiaad to corresponding
anomalies in the Deacon Cell (SO MOC) for years 40-60 (Figui&c), however they
are not significant.

Towards the end of the simulation, there is a mean increashédSAM index, NH
SAT and SH SAT, corresponding with an average increase in(Bigtires 5.15 and 5.12).
As there is an increased SST around the extra-tropical $$inthy lead to the increased
SAM index. This change in mean sea level pressure (MSLP)esulting wind patterns
contributes to the increased DPT towards the end of the ationl (Figure 5.13d).

The Southern Oscillation Index (SOIl) is related to ENSOalaility in the Pacific,
with a negative (positive) SOI corresponding to El Nifio (N#&a) events. For EXP3b
there is little significance in the SOl anomalies (Figures8)] consistent with the lack
of significant anomalies for the Nifio 3.4 SST index (Figurg3b). However, there is a
tendency for more negative SOI phases towards the end oiithéegion, corresponding
with warmer temperatures in the equatorial Pacific - El Ngfients.

For years 91-100, the strong SSS anomalies in the IndianrOEégure 5.12g) are
consistent with a negative phase of the I0D. &afl. (1999) describe the IOD as a pat-
tern of ENSO-like variability in the Indian Ocean, where #iatence in SST between the
east and west of the basin is driven by coupled air-sea oiterss. These SST anoma-

lies are shown to be linked with anomalies in precipitationl avind stress, leading to
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changes in the thermocline and resultant ocean circulgi@dierns. The Indian Ocean is
known to be strongly influenced by ENSO variability, howethgés mode is shown to vary
independently (Sajet al,, 1999). In the case observed here for years 91-100, there is a
region of warmer, fresher water in the eastern side of thinpard cooler, saltier water
to the west (Figure 5.12g-h). Although the 10D is defined byl $&riability, here the
SSS anomalies are stronger and more significant. SSS amegmalisist throughout this
decade, however significant SST anomalies do not, with \@&89 being dominated by
ENSO variability (Figure 5.15d). As a result, the patterratmhospheric anomalies is not
completely consistent with those observed (8ajl., 1999). Anomalous easterly wind
stress anomalies are observed over the region of warmshgirecean in the south Indian
basin, however positive (westerly) wind stress anomaliessaen along the equator for
this decadal mean (not shown). Spenetal. (2005) show that while HadCM3 does re-
produce the key features of SST variability for the 10D, tbempvertical resolution of the
ocean model leads to anomalies persisting and reinviggrati following years. There-
fore, the SSS anomalies seen in the Indian Ocean for thidadiimm are not likely to be a

realistic response.

5.3 Response to cooler, fresher AAIW

5.3.1 Where does the anomalous water go?

Within the first 10 years, the fresher AAIW is seen to have apr® both the north and
south in the Pacific (Figure 5.16). Figure 5.6 shows the n@jaients at the core AAIW
depth. To the south, the anomaly is carried with the Eastralish Current. As seen
in the Atlantic (Chapter 3), the speed of transport can bewted for by advective
timescales, due to currents sfl cm s ! at depths~ 500 m (core depth of AAIW). North
of the perturbed region, AAIW is carried to the equatoriaioas as it travels with the
western boundary current and circulates in the South Egah@®yre. Along the eastern
boundary of the South Pacific, coastal Kelvin Waves alsaadl@outhward spread of the
fresh anomaly.

As the simulation continues, the fresher water mass caggito spread northwards

as itis carried with the North Pacific STG. Fresh anomalied@und in the STG through
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a) EXP4,1-10y b) EXP4b, 1-10y

c) EXP4, 11-20y

e

Figure 5.16: Decadal salt content anomalies (EXP — control) for the fiGtéars [10% kg nT2].
Figures a, c, e and g show anomalies for EXP4; b, d, f and h shrewralies for EXP4b. Contours
show regions significant at tH5% confidence level.
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Figure 5.17: Decadal salt content anomalies (EXP4b — control) for yeats8, 51-60, 71-80
and 91-100 [0? kg nT2]. Contours show regions significant at th8% confidence level.

the experiment, however there are few regions of signifiedanahe early stages of the
experiment (Figure 5.16). However, after 70 years thereregan of significantly de-
creased salt content in the western side of the North Paeiinland for years 91-100 the
significant anomalies follow the Kuroshio Extension andgh#h of recirculation within
the gyre (Figure 5.17). Few fresh anomalies are found ndrtheoKuroshio Extension,
suggesting that little of the water mass is carried furthetmin to the subpolar gyre.
Although some fresh anomalies can be seen to extend alongastern coast of North
America, for example in years 51-60 of Figure 5.17.

To the south, significant salt content anomalies remain énSbuth Pacific as the
fresher AAIW recirculates in the STG. However, as AAIW isried south with the East
Australian Current, a portion of the anomalous water masailised eastwards in to the
Indian Ocean. This can be seen for both EXP4 and EXP4b in ydad (Figure 5.16).
For years 41-50, a region of significant freshening is foumdhe Indian Ocean. The
anomalous water mass can also been seen to enter through-tHerdm years 11-20, the
anomalous salt content can be seen passing through thinalh@igure 5.16d). By the

end of the simulation, the majority of the Indian Ocean hasdaiced salt content (Figure
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5.17d), and the anomalous water mass has spread through Adl&intic.

Figure 5.18 shows the total salt content at upper, interatedind deep levels of
the Pacific basin (from- 45°S-65N) for EXP4b. As the water mass spreads within the
Pacific it can be seen that whilst a portion of the anomalyreritee upper 9 levels of
the ocean, the majority of the water mass remains at intaatgedepths. At the end of
the simulation, there is a salt content anomaly-df.51 x 10'® kg in levels 10-13 of
HadCM3, equivalent t63% of the initial perturbation. Although the mean salt content
the upper levels remains lower than the control simulatiba,remaining anomaly after
100 years is equivalent to justs of the initial perturbation, and2% enters the deep
levels of the ocean. In total, the Pacific has a salt and heahaly of —2.10 x 10'® kg
and—3.82 x 10%2 J at the end of the simulation, equivalent to 73 % and 63 % aifitial
perturbation respectively. This suggests &k of the anomaly has been lost to other
regions of the world ocean. The lower heat content anomadists consistent with- 10
% of the anomaly coming into contact with the atmosphereui€id.11), and gaining
heat through anomalous heat fluxes.

In general, the spread of anomalous AAIW in the Pacific is lsinfor EXP4 and
EXP4b (Figure 5.16). The major region where differencesiniethe Southern Ocean.
For EXP4 there is a region of decreased salt content aroutal&ita, however EXP4b
sees an increased salt content in this region. These armsmweéll be discussed in further

detail in Section 5.3.3.

5.3.2 Anomalies at the ocean surface

Significant sea surface salinity (SSS) anomalies can bedfguthe equatorial Pacific
during the first 10 years of EXP4b (Figure 5.19b). These magahomalies extend from
the surface to intermediate depths, suggesting that thma@oas AAIW is surfacing in
this region. Along the Equator, upwelling occurs as a restitasterly winds driving
Ekman transport away from the Equator. As more AAIW spreads the equatorial
regions, this allows cooler, fresher water to continue tdase. For the first 50 years,
significant fresh anomalies are found in the equatorialoreggfor EXP4b, and for EXP4,
significant anomalies can also be found for years 21-40 (Eigul9). For the central

equatorial Pacific, the Nifio 3.4 index region shows a deg@anean SSS throughout the
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Figure 5.18: Total salt content anomalies in the Pacific, betweeB86°S and 638N, for depth
levels (a) 1 — 9~ 0 —300 m; (b) 10 — 13;~ 300 — 1500 m; (c) 14 — 20y > 1500 m. Solid lines

show the ensemble mean anomalies (EXP4b — control); dastestshow anomalies of individual

EXP4b ensemble members minus the mean of the control emsembl
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a) EXP4, 1-10y b) EXP4b, 1-10y
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e) EXP4, 21-30y
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Figure 5.19: Decadal sea surface salinity anomalies (EXP — control) ierfirst 40 years. Figures
a, ¢, e and g show anomalies for EXP4; b, d, f and h show anosfalieEXP4b. Contours show
regions significant at the5% confidence level.
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Figure 5.20: Absolute values of climate indices for EXP4b: a) mean sefasearsalinity (SSS)
in the Niilo 3.4 index region (N-5°S,170-120W); b) mean sea surface temperature (SST) in
the Niio 3.4 index region; c) strength of Southern Ocean meridiomarturning circulation (SO
MOC) : maximum overturning south of 3®; d) volume transport through Drake Passage; €)
volume transport through the Indonesian Through-Flow {fFNorthward ocean heat transport
(OHT) at 26N in the Atlantic. Light (dark) shaded area shows tle(25%) spread of the control
ensemble (mean) around the 100 year mean. Dashed (solidipesishow the ensemble (mean)
anomalies for EXP4b (EXP4b — time-mean of control). Blue Bhows the mean of the control
ensemble around the 100 year mean. Data are smoothed usingearFunning mean. Dashed
black line indicates the reference time-mean value for thietrol ensemble over the 100 year

simulation (at zero).

first 40 years in EXP4b, however after this time the salinffgavers and there is no trend
in the sign of anomalies towards the end of the simulatiogyie 5.20a). Upwelling is
also known to occur along eastern boundaries of ocean basiwr the coast of South
America, regions of decreased salinity can be found for B&tR4 and EXP4b throughout
the majority of the simulation, albeit not significant (Figa 5.19 and 5.23).

Although it is clear that the anomalous water mass is surggaiti these regions, there

are few significant SST anomalies. In the equatorial Patiéicetis a reduced SST during
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Figure 5.21: Decadal sea surface temperature anomalies (EXP — contolihfe first 40 years
[°C]. Figures a, c, e and g show anomalies for EXP4; b, d, f anddwshnomalies for EXP4b.
Contours show regions significant at th&% confidence level.



5.3 Response to cooler, fresher AAIW 141

a) Heat Flux

120°E 120°W 0°

-10 -5 0 5 10 -05 -0.256 0 025 05

Figure 5.22: Decadal mean anomalies (EXP4b — control) for years 41-50@an-atmosphere
heat flux (positive anomalies indicate heat flux in the atrhespto-ocean direction) [W nt];

b) surface air temperature (SAT)C]. Black contours show anomalies significant at the 95 %
confidence level.

the first 10 years, however there are few regions of signifiegifrigure 5.21). Figure
5.20b also shows that although the mean SST for the Nifioegjm shows an initial
decrease, there is no trend in the sign of anomalies as thdagiom continues. This is
likely due to the large internal variability in the equa#driPacific for the model.

Significant SST anomalies can be found in the extratropieaifié for years 31-40,
41-50 and 91-100. The patterns of anomalies found duringetlikecades are charac-
teristic of the PDO, with the negative anomalies surrougdirwarm centre in the west
corresponding to a negative phase of the oscillation (Maetal., 1997). These tempera-
ture anomalies are confined to the upper layers of the oee&f@ m) and do not coincide
with salinity anomalies of the same sign. Surface heat flotaalies also suggest that
the SST is partly forced by the overlying atmosphere, witkifh@ anomalies coinciding
with warm SST in the west (Figure 5.22a). These anomalidgiveih be discussed further
in Section 5.3.3.

Outside the Pacific, a significant cooling and fresheningoimél in the Southern
Ocean for years 21-30 in EXP4 (Figures 5.19¢e and 5.21e)gstigg surfacing of anoma-
lous AAIW. However, the significant anomalies do not alwagscide and are similar to
those seen in EXP3 for the negative phase of the SAM (Sect@i)5 These anoma-
lies are then likely to be influenced by the initial condiBamsed in this experiment. For
EXP4b, a reduction in SSS and SST is seen after 30 years, ighitificant SSS anomalies
in the Pacific sector (Figures 5.19h and 5.21h). Shoalingayyicnhals to the south can

allow the cooler, fresher water to be brought to the surfagerk as it is advected into the
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Figure 5.23: Decadal anomalies (EXP4b — control) for years 41-50, 5180390 and 91-100.
Figures a, c, e and g show sea surface salinity (SSS); b, d] hahow sea surface temperature
(SST) [C]. Contours show regions significant at th&”% confidence level.
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Figure 5.24: Absolute values of climate indices for EXP4b: a) Southemutar Mode (SAM) :
annual MSLP difference between 40 and $5b) mean Northern Hemisphere (NH) surface air
temperature (SAT) ¢) mean Southern Hemisphere (SH) SABulih&n Oscillation Index (SOI)

: annual MSLP difference from Tahiti-Darwin. Light (darkhaded area shows thes2(95%)
spread of the control ensemble (mean) around the 100 yeannigashed (solid) red lines show
the ensemble (mean) anomalies for EXP4b (EXP4b — time-mieaontrol). Blue line shows
the mean of the control ensemble around the 100 year meara &atsmoothed using a 5 year
running mean. Dashed black line indicates the reference-timean value for the control ensemble
over the 100 year simulation (at zero).

Southern Ocean. Negative SSS anomalies continue to be foondd the SH oceans as
the simulation progresses (Figure 5.23). Again it is woxting that the SST anomalies
are partly forced by the overlying atmosphere, as MSLP atiemélong with resulting
wind stress anomalies) develop over the Southern OceanréFig24a).

In the Indian ocean, a region of significant freshening istbin the eastern basin
for years 41-50 (Figure 5.23a). This region of fresher wapgyears to be isolated in the
upper layers of the ocean, separate from the anomalous AAlkteamediate depths. As
fresher water is found in the western Pacific, this suggéststhe anomaly may arrive
through the ITF. However, rather than bringing an increags#gdme of water from the
Pacific, the ITF has a decreased transport during this dg€agiere 5.20€e). The surface
freshening in the Indian Ocean is also accompanied by apased SST, with decreased
SST found in the west of the basin (Figure 5.23b). This suppitie suggestion that

surfacing AAIW is not the cause of this anomaly. This pat@r®ST in the Indian basin
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Figure 5.25: Absolute values of atmospheric climate indices for EXP4Sajthern Annular
Mode (SAM) : annual MSLP difference between 40 arft666) Southern Oscillation Index (SOI)
: annual MSLP difference from Tahiti-Darwin. Light (darkhaded area shows thes2(95%)
spread of the control ensemble (mean) around the 100 yeanmgashed (solid) red lines show
the ensemble (mean) anomalies for EXP4 (EXP4 — time-meaontdo. Blue line shows the
mean of the control ensemble around the 100 year mean. Datamoothed using a 5 year
running mean. Dashed black line indicates the reference-timean value for the control ensemble
over the 100 year simulation (at zero).

is characteristic of the IOD (Sadit al., 1999).

In the Atlantic, significant cool, fresh anomalies can benfbin the north towards the
end of the simulation (Figure 5.23). As the water mass sgragdd the Atlantic basin, the
decreased salt content can lead to a reduction in the omartucirculation. This results
in a decreased meridional OHT towards the end of the sinomdfigure 5.20f). At the
end of EXP4b, the Atlantic MOC has a reduced strength wherpaoed with the control
simulation, with an anomaly of -0.48 Sv. This, along with twoler AAIW moving
northwards through the basin, can account for the decrdssstdand salt content in the
North Atlantic. However, it is worth noting that this decsean MOC strength and OHT

is not significant.

5.3.3 Atmospheric response

Although there is a significant SSS and SST change for yea0dh EXP4, there is
no significant SAM response, as was seen for EXP3 (Figureah.28ather than seeing
an equal and opposite response to that for EXP3, the SAM iisdegain reduced, when
compared with the mean of the control ensemble. There isatdecrease in the SOI,
corresponding to El Nifioconditions in the Pacific (Figure 5.25b). With varying ialti

ocean conditions, Figure 5.24a shows that there is no signifitrend in the SAM index
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for the initial decades of EXP4b. As reduced SST is found endfuatorial Pacific for
the first 10 years, positive anomalies are found for the S@ufes 5.21b and 5.24d).
However, as no significant trends were seen for the SST intlere are no significant
trends in the SOI for the duration of the simulation.

There is a period of weakened SAM index for years 50-65 of BX{gure 5.24a).
As described in Section 5.2.1, a decrease in the SAM indels limachanges in wind stress
that result in a mean decrease in the strength of the SO MQurg-5.20c). The SAM
is also linked with changes in the meridional SST gradiertr years 51-60, decreased
SSTis found between 30 and“®in the Atlantic and Indian Ocean, along with increased
SST found further south (Figure 5.23d). Around year 60, teamDPT also decreases,
however following this there is an increased DPT which ssgintil the end of the simu-
lation (Figure 5.20d). During this time, the fresh AAIW camfound on the northern side
of the ACC, in each of the three major ocean basins (Figuré) 51t control conditions,
isopycnals shoal towards the south in the SO. The preserfrestier (less dense) water
to the north, then leads to an increased slope of isopycaradshence an increased DPT.

Patterns of SAT anomalies correspond mainly with SST aniesarl he largest anoma-
lies in the northern hemisphere (NH) occur during yeai80-80 (Figure 5.24b), when
there is a reduced SST in both the Pacific and Atlantic basilggi(e 5.23f). SAT is also
reduced during years 41-50 (Figure 5.22b), during whiclhetliethe strongest decrease
in SH SAT (Figure 5.24c). This coincides with negative pasfdboth the PDO and IOD.
As described in Section 5.2.2.3, the PDO has been shown to tuough 'reddening’
of ENSO events, and there is no sign of cyclic variability ind€M3. The 10D is also
known to show greater persistence in HadCM3, than seen eredtons (Spencest al.,
2005). Therefore, the anomalies in the Indian Ocean, andehiére large decrease in SH

SAT for this time, may not be a realistic response.

5.4 Discussion

For both the perturbations in the Pacific] °C, the anomaly is seen to surface in the equa-
torial Pacific. For EXP3, the warmer surface waters triggeegative phase of the SAM
for years 11-30, and significant changes in the SouthernrOciezulation. However, the

same response was not seen in EXP3b, when varying the ioit&n conditions. This
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suggests that the response in EXP3 is influenced by thelistiée of the control en-
semble. Also, no equal and opposite response is seen for BXBAP4b. As with the
previous experiments, we find that response to the two ftions,+1°C is non-linear.
In the Pacific, the warmer, saltier AAIW appears to spend ntione in the surface
layers, with 18 % of the salt perturbation remaining in mdeegls 1-9 of the Pacific after
100 years. The cooler, fresher AAIW remains predominarttigtarmediate depths, with
53 % of the salt anomaly being found in levels 10-13 at the drttieo simulation, and
just 8 % in the upper levels. As the warm, saline AAIW spreadthée upper levels of
the ocean, a greater portion of the anomalous water masadspoaitside the Pacific, as it
is advected with more rapid currents at shallower depthg. choler, fresher AAIW has
a tendency to remain in the Pacific, and extends less far todtth, with little evidence
of it reaching the SPG (Figure 5.17). In total, 61 % and 73 %hefwarmer and cooler
AAIW, respectively, remains between36°S and 65N in the Pacific after 100 years.
This result is contrary to that found for the Atlantic, whéne cooler, fresher AAIW
spends more time in surface layers (Figure 3.32). The iticui in the Pacific is funda-
mentally different to the Atlantic, with no sinking of deeters in the north. The main
overturning cells for the upper layers of the ocean occuh@dubtropical gyres, with
upwelling along the Equator, driven by surface wind stré&&SS anomalies are found in
this region for both experiments, however the persistefiea@amalies in upper layers for
EXP3b may be related to an increase in the overturning gytharNorth Pacific (Fig-
ure 5.26). A combination of advection and diffusion allowe ferturbed water masses to
spread northwards through the basin. For EXP4b, the oventyicirculation decreases
during years 50-80, due to wind stress anomalies over thatedal region (not shown).
Although the water masses are seen to reach the surface lafyhve ocean in the
tropical Pacific, the SST response is less significant. Tlaig Ibe due to the large internal
variability in this region, due to the ENSO. Significant SSMomalies are found in the
extra-tropical Pacific that resemble the PDO. However,i@odt al. (2001) and Newman
et al. (2003) show that this variability in the Pacific is linked t8Bin the tropics and is
likely a result of ENSO variability, along with the re-emerge of SST anomalies from
previous winters. Therefore these anomalies may be dueténal variability in the

model rather than a result of the perturbations.
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Figure 5.26: Mean overturning streamfunction anomaly in the top 1000 rthefindo-Pacific
for 100 years of EXP3b (EXP3b-Control) [Sv]. Contours shberean overturning streamfunc-
tion in the control ensemble, with solid (dashed) lines ¢ating positive (negative) values and
clockwise (anti-clockwise) circulation. Contours are draat intervals of 3 Sv.

As the perturbed water mass leaves the Pacific, the largeahdagalt perturbations
made in these experiments allow heat and salt anomaliesgedrethroughout the world
ocean by the end of the experiment. Heat and salt enter tlenli@tean through either
the ITF or from the south of Australia. The majority of the araies in the Atlantic
enter from the south of South Africa. The representationhef Agulhas Current and
retroflection in HadCM3 is poor due to the lack of eddy resolutHowever, this path of
transport is consistent with previous modelling studied alpservations (e.g. Sen Gupta
and England, 2007b; McCarthst al., 2011). As the anomaly spreads south, into the
Southern Ocean, both perturbations show an increased RDRirds the end of the simu-
lation. For the cooler, fresher AAIW, anomalous surface fleaes allow the water mass
to gain heat, but remain fresh. This leads to a reduction isitienorth of the ACC, and
an increase in the meridional density gradient (illusttateFigure 5.27). However, the
DPT response to the warm, saline perturbation is not opmaesitd instead may be linked
to changes in wind stress over the Southern Ocean. As theawavater surfaces, this
leads to an increase in the meridional temperature gradidris may be a cause of the
increased mean SAM index in the latter years of the simuiafidarshall and Connol-

ley, 2006; Sen Gupta and England, 2007a). As the wind stresstiee Southern Ocean
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Figure 5.27: Schematic to demonstrate the response to a cold, freshifgeasnpensating) per-
turbation, as seen in EXP4b. Dashed lines illustrate isopygin the ocean. As isopycnals shoal
towards the south, the anomalous water mass comes intoatomith the atmosphere. Heat flux
anomalies into the ocean result in a negative density anpasthe fresh anomaly remains. This
increases the north-south density gradient across therFatantal Zone, strengthening the ACC.

increases, this can then drive the increased ACC and DPTirg-59).

It is worth noting that although the nonlinear response m Bacific is somewhat
different to that observed for the Atlantic experimentsghesanomalous water mass enters
the Atlantic, a similar response to EXP1b and EXP2b can be. s&®the cooler, fresher
AAIW moves northwards, a greater proportion is found in tpper layers, and there is a

reduction in the MOC towards the end of the simulation.



Chapter 6

Response to perturbing AAIW In

the Indian Ocean

6.1 Introduction and Methods

We now see what impact a change of properties can have withiintlian Ocean. The
basic principle is again kept the same as that used for théopieexperiments (Chapters
3 and 4), so that the results can be compared with those fétheatic and Pacific. Figure
5.1 showed the temperature-salinity diagram for 1022 each of the three major ocean
basins. In the Indian Ocean, the salinity minimum occursagdhe same isopycnal range
as that for the Atlantic, with a minimum of 33.8 at a potentlahsity of 1028.5 (relative
to level 11 in HadCM3). In the Indian Ocean, the core is found greater depth than in
Atlantic or Pacific, in level 12 of the model. The potentiahdity boundary for AAIW in
the Indian Ocean is then chosen toltR27.5 — 1029.1 (Figure 6.1). The temperature is
altered by+1°C within this density range, and0.5 °C in the model levels directly above
and below. The salinity is then altered to maintain constiemisity. The location of the
perturbed region, between 10 and’ 30n the basin, is illustrated in Figure 6.2.

The experiments in this chapter will hereafter be referoeastEXP5 and EXP6 for the
+1°C and—1°C perturbations, for the ensembles with the same oceaalindgnditions
and varying atmosphere; EXP5b and EXP6b denotertisC and—1°C ensembles with
varying initial conditions in both the atmosphere and océaperiments are listed in

Appendix A for reference). Analysis of results will focusegominantly on the ensembles
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Figure 6.1: 0-S plot for perturbation and control start dumps. Red plsssed blue crosses show
the conditions for the+-1°C (EXP5) and—1°C (EXP6) perturbations respectively. Black circles
show the control conditions. Black dotted contours showddeesponding potential density
values calculated relative to a depth €500 m. Green contours show the boundaries of AAIW,
1027.5 and 1029.1.
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Figure 6.2: Schematic of the perturbed region of the Indian in HadCM3;2IBS. Arrows show
the mean locations of the strongest currents { cm s!) at ~500 m (level 11 in HadCM3).
Shading shows the mean maximum mixed layer depth for 108 géthre control ensemble [m].

Resolution of the coastline is 2.% 3.75, matching the resolution of the atmospheric component.
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with varying ocean initial conditions.

6.2 Results

6.2.1 Warmer, saltier AAIW
6.2.1.1 Where does it go?

The anomaly spreads away from the initial perturbationaegiue to a combination of
advection and diffusion. Within the first 10 years, the migoof the Indian Ocean has
an increased salt content (Figure 6.3). To the north, sgmifianomalies extend along
the coast of Africa as the anomalous water mass is carriddthét Somali Current. The
location of the major currents(1 m s~!) at intermediate depths in the Indian Ocean are
shown in relation to the perturbed region in Figure 6.2. Thenaaly spreads predomi-
nantly at intermediate depth levels, and significant anmsa&lan be found in the north of
the basin on levels 10-14 of HadCM3 within the first 40 yearst @hown). In the latter
half of the simulation, there are fewer significant anongaliethe South Indian Ocean,
however significant anomalies persist north of the equatdrparticularly in the western
side of the basin (Figure 6.3).

After 100 years, the Indian Ocean in EXP5b contalris x 10 kg more salt than
the control simulation, corresponding to just% of the initial perturbation. The majority
of the anomaly is found at intermediate depths, with Figuf@ &howing that there is an
increased zonal-mean salinity from300-2000 m throughout the Indian Ocean for years
91-100. A portion of the anomaly enters the deep levels, kiemeefresh anomaly is found
in the upper levels at the end of the simulation. As arf; of the salt anomaly remains
in the Indian Ocean, this shows that the vast majority hasagpin to other regions of the
world ocean.

To the south of the initial perturbation, the Mozambique r€at carries the anoma-
lous water mass along the western boundary of the basinr@-&R). From here, AAIW
can then be carried into the Atlantic with the Agulhas andd@@eha Currents. The rep-
resentation of the Agulhas Current and retroflection in H48Gs poor due to the lack

of eddy resolution. Although this error may lead to largelumoes of AAIW entering the
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Figure 6.3: Decadal salt content anomalies (EXP5b — contrdl)] kg nt2]. Contours show
regions significant at the5% confidence level.
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Figure 6.4: Zonally averaged decadal salinity anomalies (EXP5b — adpfor years 91-100 in
the: a) Indian; b) Atlantic; c) Pacific oceans. Contours shogan potential density (relative to
level 11 in HadCM3) for years 91-100 of the control ensemble.

Atlantic through this route, than would be seen in realitys ppath of transport is con-
sistent with previous modelling studies and observatieng. (Sen Gupta and England,
2007b; McCarthyet al,, 2011). Significant salt anomalies can be found in the Sowth A
lantic within 10 years (Figure 6.3). After the anomaliescreghe Atlantic, the path of
circulation is similar to that observed in the Atlantic ekpeents (Figure 3.7). Within 20
years, significant anomalies are found in the tropical Naitthntic, and within 30 years,
significant anomalies extend along the path of the Gulf &tré@igure 6.3). After 100
years, the majority of the Atlantic basin and SPG have areas®d salinity (Figure 6.4b)
and the total salt anomaly for the basir6i8 x 10'* kg, equivalent t36% of the original
perturbation.

As well as spreading into the Atlantic, a portion of the anlyntlzat moves southwards

enters the Southern Ocean. The water mass is carried edstwidin the ACC, from which
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it can enter the South Pacific sub-tropical gyre (Figure.6R3gions of significant salt
anomalies are found in the southwest and southeast Pacifilv@0 years. For years
21-30, significant anomalies can also be found in the tréBleaific. Positive anomalies
remain in the sub-tropical South Pacific for the remaindéhesimulation, however there
are few significant anomalies, and less northward trangpart is seen in the Atlantic
(Figure 6.3 and 6.4). In total, the salt anomaly in the Paaifithe end of the simulation
is 14% of the original perturbation. As seen in EXP3b, the majooityhis warm, saline
anomaly can be found in the upper layets300 m).

This leaves a large portior37%) of the anomaly outside the 3 major ocean basins.
Significant salt content anomalies remain in the Southera@¢o the end of the simu-
lation (Figure 6.3). Figure 6.4 shows that there is an ireedasalinity south of 3 in
each of the zonal mean sections. South of the Indian Oceiarartbmaly extends to the

surface at 60S.

6.2.1.2 Anomalies seen at the surface

For the first 40 years, positive SSS anomalies can be fourieiBouth Indian Ocean, in
particular on the eastern side of the basin (Figures 6.58l®se anomalies extend from
the surface to depths greater than 500 m, suggesting thanttraalous water mass is
surfacing in these regions. There is also a warming in tHasaitndian Ocean during this
time, although the significant SST anomalies are found éuntest and are not consistent
with the locations of the strongest salinity anomalies (Fég 6.5b,d). Negative heat
flux anomalies along the eastern boundary of the South Id@an show that the is an
increased heat loss from the ocean (not shown). This irelidhiat the excess heat may
be lost to the atmosphere, and not be sufficient to causdisagmi SST anomalies in this
region.

For years 11-20, positive salinity anomalies are found énrtbrth of the basin, how-
ever there is a cooling in this region (not shown). Positisd @nomalies are confined to
~ 3(°S. At this latitude, deeper mixed layers may allow anomatlielse brought to the
surface from depths greater than 300 m (Figure 6.2).

Fresh anomalies develop in the equatorial region for year3@(Figure 6.5c), and
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Figure 6.5: Decadal anomalies (EXP5b — control) for years 1-11, 21-3058, 81-90 and 91-
100. Figures a, c, e, g and i show sea surface salinity (SSS); ) h and j show sea surface
temperature (SSTY{]. Contours show regions significant at th&% confidence level.
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extend into the Arabian Sea for years 31-40 (not shown). igutiese decades, the pos-
itive SSS anomalies are confined to the coast of India (Fi§use), and for years 31-40,
can still be found in the Bay of Bengal. The fresh anomaliesfaund only in the up-
per 8 levels of the ocean, showing that surface freshwateedlare likely to cause this
variability. For years 21-30, significant SST anomalies farend in the southeast and
northwest of the basin (Figure 6.5d). This pattern is caestswith the 10D (Sajkt al.,
1999; Spenceet al., 2005), and occurs as a result of wind stress variability thelndian
Ocean (this will be discussed in further detail in SectichB23). There is also a warming
in the tropical Pacific during this time. Such anomalies arewn to affect the atmo-
spheric circulation over the Indian Ocean, and hence tHaciproperties of the ocean
(e.g. Bjerknes, 1969; Tourre and White, 1995). There aragnifieant SST anomalies
in these regions for years 31-40, however there is a warnmirigd Bay of Bengal that
extends to intermediate depths (not shown), suggestingitmmnalies in this region may
be due to the surfacing warmer, saltier water.

For the latter half of the simulation, there are few signiftcemperature and salinity
anomalies, except for a region of increased salinity in thrtheast of the basin for years
81-90 (Figure 6.5g). However, the anomaly is only significenthe upper layers of
the ocean and there are only weak anomalies in SST (Figuhd. 64 the end of the
simulation, although an increased salinity remains attdejpie average salinity in the
surface layer of the Indian Ocean sees no significant chamgkis actually fresher than
the control simulation (Figures 6.4a and 6.5i). The uppdiam Ocean remains warmer
than the control (Figure 6.5j), but the anomaly in the heateat is only equivalent té%
of the original perturbation.

As the anomalous water mass is advected away from the patiumtyegion, stronger
and more significant anomalies are found outside the Indieea® (Figure 6.3). In the
North Atlantic and GIN Seas, there are regions of significaatming during years 81-
90 (Figure 6.5h). Although less significant, there is alsongneased surface salinity in
these regions (Figure 6.5g). In the North Atlantic, the aalies extend from the surface
to depths> 2000 m, suggesting that the warmer, saltier water mass may bacigf as
it progresses northwards (Figure 6.4b). Surface heat floxnaties also show that the

warm ocean is losing heat to the atmosphere, rather thaig laémospherically forced
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Figure 6.6: Absolute values of climate indices for EXP5b: a) Total glofmthward ocean heat
transport (OHT) at 26N; b) Atlantic meridional overturning streamfunction (MQi@dex : max-
imum overturning at 49\; c) mean sea surface salinity (SSS) in th@d\8.4 index region (8\-
5°S,170-120W); d) mean sea surface temperature (SST) in tifi® Ri4 index region; e) mean SST
in the Southern Ocean (SO), 309 f) mean SSS in the SO, 30250g) mean atmosphere-ocean
heat flux in the SO, 30-58 : positive values indicate heat flux in the atmosphere tammdéec-
tion; h) volume transport through the Indonesian ThroudbviF(ITF). Light (dark) shaded area
shows the 2 (95%) spread of the control ensemble (mean) around the 100 yeanmBashed
(solid) red lines show the ensemble (mean) anomalies folBBXPXP5b — time-mean of control).
Blue line shows the mean of the control ensemble around tBgd#r mean. Data are smoothed
using a 5 year running mean. Dashed black line indicates d¢fierence time-mean value for the
control ensemble over the 100 year simulation (at zero).

(not shown).
In Chapter 3, the density in the North Atlantic was shown taseachanges in the

meridional OHT. As the saltier water mass arrives in the S&d, sinks around 60,

there is an increased density and decreased steric heitfti$ #atitude. For this experi-
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ment, there is an increased OHT towards the end of the siimjats there is an increase
in the MOC strength (Figures 6.6a,b). However, for yeard@Q-years the MOC strength
returns to control values. This increased MOC strength add @ill contribute to the
increased SST in the North Atlantic (Figures 6.5h,j).

In the Pacific, there is a sign that the anomaly may be suddcithe equatorial re-
gions. For the Nifio 3.4 index region, in the central Pacifiere is an increased SSS
throughout the majority of the simulation (Figures 6.5 angch However, there is no
significant change in SST in this region (Figure 6.6d). Ayear 30, there is an anoma-
lous heat flux from the ocean to the atmosphere, indicatiagstbme of the increased heat
content has been lost to the atmosphere. However, thereligterm trend in the heat
flux anomalies during the simulation. Some of the increassat may be lost through
transit to the Pacific via the Southern Ocean. At the end ofithelation, the majority of
the anomalous heat and salt which remains in the Pacific redfauthe upper layers of
the ocean (Figure 6.4c). The salt anomaly in the upper 9 medels is equivalent to 9
% of the original perturbation, whereas a total of 5 % is foumthe levels below. This is
similar to the results seen for EXP3b (Chapter 5).

Although there is a lack of significant SST signals in the ¢égpi@ regions, they can
be found further south. In the first 10 years, regions of iggmt warming can be found
around the Southern Ocean40-60°'S (Figure 6.5b). Warming is also seen for years 11-
20 (not shown). Figure 6.6e shows the mean SST for the Sou@wzan between 30 and
50°S during the simulation. Some negative anomalies can belfduring the first half of
the simulation, however the mean SST for EXP5b remains ath@/eontrol simulation
for years~ 10-30, and there is a greater warming during yea65-80. The mean SSS
also increases for the latter half of the simulations, wligh mean of EXP5b outside the
95% range of the mean of the control (Figure 6.6f). Figurg &l§ows the mean surface
flux over 30-50S in the Southern Ocean. The sign of the surface heat flux diesma
is not consistent throughout warm periods, showing thatxithening may be partly due
to atmospheric forcing. This will be discussed further ia fbllowing section (Section
6.2.1.3). However, for years 11-30 and 71-80, increaseSThad SSS are accompanied
by negative flux anomalies. As this indicates that the ocednsing more heat to the

atmosphere, this suggests that warmer water is surfacitigeisouthern Ocean during
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Figure 6.7: Absolute values of climate indices for EXP5b: a) Southernutar Mode (SAM) :
annual MSLP difference between 40 and$5b) Southern Oscillation Index (SOI) : annual MSLP
difference from Tahiti-Darwin c) mean Northern Hemisph@tél) surface air temperature (SAT)
d) mean Southern Hemisphere (SH) SAT; e) Dipole Mode Indkd)(Dmean SST difference
between west and east of Indian Ocean°AC°S, 60-80E — 0-10'S, 90-110E); f) Rainfall
response to the Indian Ocean Dipole (IOD) : mean precipitaiin tropical eastern Indian Ocean
(0-30°S, 90-120E). Light (dark) shaded area shows the @5%) spread of the control ensemble
(mean) around the 100 year mean. Dashed (solid) red linew she ensemble (mean) anomalies
for EXP5b (EXP5b — time-mean of control). Blue line showsntiean of the control ensemble
around the 100 year mean. Data are smoothed using a 5 yeaingmmean. Dashed black line
indicates the reference time-mean value for the controtede over the 100 year simulation (at
zero).

this time.

6.2.1.3 Atmospheric response

There are no significant trends in the SAM or SOI (Figures,B)7ddowever, particular
phases of variability can account for temperature anomaken in the ocean and atmo-

sphere. During the first 10 years, positive SST and SAT ariemale found around the
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Southern Ocean, between50 and 60S (Figures 6.5b and 6.6e). However, surface flux
anomalies show that the ocean temperature is being forcéldebgverlying atmosphere
(Figure 6.6g). During this time, there is a negative SOI aalymcorresponding to an
El Nifio event in the Pacific (Figures 6.7b and 6.6d). Therdss a negative phase of the
SAM (albeit not significant; Figure 6.7a). Negative phasethe SOl and SAM can be
associated with increased SST in the Southern Ocean (egpr @ad Blackmon, 1995;
Hall and Visbeck, 2002; Zhou and Yu, 2004).

For years 21-30, significant SAT anomalies are found overPheific and Indian
Oceans, consistent with the location of SST anomalies (Ei§lbd). These SST anoma-
lies show patterns associated with El Nifio and the IOD. @&lggh some warmer, saltier
water is believed to surface in the equatorial regions ofrtle-Pacific, the location of the
salinity anomalies is not consistent with SST anomalieshefd¢ame sign (Figure 6.5c).
This suggests that atmospheric variability is responditniéhe SAT anomalies in these
regions.

The 10D is described by Sagit al. (1999) as a coupled mode of variability, involving
changing wind, precipitation and SST patterns over thetegahlndian Ocean. During a
Dipole Mode event, cool anomalies develop off the coast ofi&ra. Reduced convection
in the region and surface pressure anomalies then lead targehn the surface wind
field. The westerly winds, usually found in the equatoriajioe, weaken and reverse
direction. Easterly wind anomalies are then characteristithese events. Increased
convergence and moisture supply in the west then lead tedsed precipitation over
East Africa, along with the warm SST anomalies. In the eastete of the basin, there
is reduced precipitation over Indonesia and Western Alisstrahe Dipole Mode Index
(DMI) defined for the IOD calculates the difference in SSTwestn the west and east of
the Indian Ocean (TN-10°S, 60-80E — 0-10'S, 90-110E). For EXP5b the mean DMI
remains above that for the control ensemble for years 2I#fufe 6.7e). During this
time, there is a significant easterly anomaly in the zonabvgimess (not shown). Figure
6.7f also shows that the mean precipitation over the eastelian basin, Indonesia and
northwestern Australia (0-38, 90-120E) is decreased for years20-40.

For years~ 30-60, there is a mean increase in the ITF, from the Pacificiv Indian

Ocean (Figure 6.6h). Godfrey’s island rule states that trmilation around an island
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can be determined purely from the windstress curl acrosotean (Godfrey, 1989).
Banks (2000a) use this theory to show that the ITF transpdadCM3 is composed of
an upper and lower level, with the upper level 50 m) driven predominantly by the
wind stress, and the lower level-(250 m) by bottom pressure torques. Observations
and modelling studies have also shown that the transparm@baries in phase with the
SOl (e.g. Meyers, 1996; England and Huang, 2005). For EX®brelationship holds
true for the first~ 30 years, with increased transport being found during Lrealfi€riods
(positive SOI), and decreases during El Nifio (negativei8@Hx; Figures 6.6h and 6.7b).
However, after this time, there is no prolonged La Nifiasstataccount for the increased
transport from the Pacific.

This slight increase in the ITF suggests an increased toahspeither warm, saline
thermocline waters in the upper level, or fresher intermkedivaters in the lower level,
from the Pacific. As the increase is not shown to be driven byBNSO, this suggests
that the increase may be predominantly in the lower levatjiteg to an increased volume
of Pacific intermediate waters entering the Indian Ocearalysis of the total transport
across 32S in the Indian basin shows that there is an increased sordhu of inter-
mediate waters during the course of the experiment (not showhis may account for
the decreased significance of saline anomalies in the souitdian Ocean in the second
half of the simulation (Figure 6.3). The southward flux offaoe and deep waters also
increases, when compared with the control ensemble.

Towards the end of the simulation there is an increase in #védional OHT, leading
to an increased mean SAT over the northern hemisphere &fygafs (Figure 6.7¢). The
increased SST in the North Atlantic (Figure 6.5) leads togmificant increase in the
SAT over the GIN Seas, Scandinavia and eastern Europe. Wgthaot significant, the
mean southern hemisphere SAT remains warmer throughontdfaeity of the simulation

(Figure 6.7d).

6.2.2 Cooler, fresher AAIW

6.2.2.1 Where does it go?

The cool, fresh anomaly spreads through the Indian Ocearcbgnaination of advection

and diffusion, along similar paths to those seen for EXP5bh.thE north, the anomaly
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Figure 6.9: Zonally averaged decadal salinity anomalies (EXP6b — adhfor years 91-100 in
the: a) Indian; b) Atlantic; c) Pacific oceans. Contours shogan potential density (relative to
level 11 in HadCM3) for years 91-100 of the control ensemble.

spreads up the coast of Africa with the Somali Current (Fégu8.2 and 6.8). The core
of AAIW in the Indian Ocean lies between levels 11-32400-800 m). At these depths,
significant anomalies extend into the Arabian Sea and theoBBgngal within 20 years
(not shown). The majority of the Indian Ocean then has a redisalt and heat con-
tent, with significant salt anomalies extending frep0°S-10N. Significant negative
anomalies persist throughout the Indian Ocean for the flisgears of the experiment,
however after this point the significance decreases antiymanomalies can be found in
the South Indian Ocean for years 81-90 (Figure 6.8). Cofbhfranomalies remain north
of the equator up to the end of the simulation (Figure 6.9a).

After 100 years a salt anomaly ef6.0 x 10'4 kg remains in the Indian, equivalent to
38 % of the original perturbation. This salt anomaly is ligkly evenly spread between

the upper and intermediate levels of the basin (Figure 6v@ig —2.9 x 10'* kg in the
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upper levels and-2.6 x 10'* kg at intermediate depths. Little of the anomaly enters the
deep levels of the Indian Ocean, with just 3 % of the total aalgrat levels 14 and below
after 100 years. After 100 years, the majority of the iniiabmaly has spread into the
other ocean basins.

Within the first 10 years, the anomaly has spread south ofiSifiica and into the
South Atlantic, with the Agulhas and Benguela Currents Fég6.8). As the anomaly
enters the Atlantic, it is carried rapidly northwards angngicant negative anomalies
are found in the north within the first 20 years of the expentm&he anomaly spreads
north in the Atlantic at intermediate depths (500 m), before entering the deep levels
(> 1500 m) north of the NAC. Figure 6.9b shows that by the end of theuation, the
fresh anomalies in the NAC and GIN Seas extend from the suttadepths greater than
2000 m. Of the original perturbatio;y% remains in the Atlantic after 100 years, with
the largest reduction in salt content being found in the uppéd intermediate depths.

In the Pacific Ocean, there is less progression of the anoneatiiwards than is seen
in the Atlantic (Figure 6.8). After 10 years, significantdheanomalies can be seen in the
ACC, west of Drake Passage. From here, a portion of the aiyocaal enter the South
Pacific STG. Fresh anomalies can then be found in the SoutfidPaihin 30 years,
however only in the latter half of the simulation can sigrmificanomalies be found in the
north (Figure 6.8). After 100 years, the total salt anomalyhie Pacific is-5.5 x 10'4
kg, equivalent ta36% of the original perturbation. However, the surface layerthaf
North Pacific remains more saline, with the fresh anomalyaiaing predominantly at

intermediate depths(300-1500 m; Figure 6.9c¢).

6.2.2.2 Anomalies seen at the surface

During years 1-10, negative SSS anomalies are found betwe40'S in the Indian
and Atlantic oceans (Figure 6.10a). These correspond ttotations of salt anomalies
seen in Figure 6.8 and extend to depths greater than 1000set {8 in HadCM3). The
path of these anomalies can be traced back to the origintirpation region, suggesting
that the anomalous water mass is surfacing in these regkigare 6.2 also shows that

south of 30S in the Indian Ocean, there are regions of deep mixed layghdge 300 m),
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Figure 6.10: Decadal anomalies (EXP6b — control) for years 1-11, 21-3658, 81-90 and 91-
100. Figures a, c, e, g and i show sea surface salinity (SSS); © h and j show sea surface
temperature (SSTY]. Contours show regions significant at th&% confidence level.
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Figure 6.11: Absolute values of climate indices for EXP6b: a) Total gloharthward ocean
heat transport (OHT) at 28\; b) Atlantic meridional overturning streamfunction (MPDdex

© maximum overturning at 4%; c) mean sea surface salinity (SSS) in th@d\B.4 index re-
gion (5°N-5°S,170-120W); d) mean sea surface temperature (SST) in tii@I8i4 index region;
e) mean SST in the Southern Ocean (SO), 3656 mean SSS in the SO, 30250 g) mean
atmosphere-ocean heat flux in the SO, 3050 positive values indicate heat flux in the atmo-
sphere to ocean direction; h) volume transport through tigohesian Through-Flow (ITF). Light
(dark) shaded area shows the 295%) spread of the control ensemble (mean) around the 100
year mean. Dashed (solid) red lines show the ensemble (nae@malies for EXP6b (EXP6b —
time-mean of control). Blue line shows the mean of the cbetisemble around the 100 year
mean. Data are smoothed using a 5 year running mean. DaslaeH lihe indicates the reference
time-mean value for the control ensemble over the 100 yeaulation (at zero).

allowing anomalies to surface as isopycnals shoal to thihséor the first 10 years, neg-
ative SST anomalies can also be found in these regions, leowlesy are less significant
than the SSS anomalies (Figure 6.10b).

For years 11-50 there is a decrease in the mean SST betweard 3D'&, in the
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Southern Ocean (Figures 6.10d,f and 6.11e). There is atssfmt SSS decrease (Figure
6.11f). However the mean ocean-atmosphere heat flux in tiierra@lso shows some
negative anomalies, indicating that some of the SST anematiay be forced by the
overlying atmosphere rather than just the surfacing codiW (Figure 6.11g).

Around year 50, there are significant anomalies for both S®ISSET in the Indian,
Pacific and Southern Oceans (Figures 6.10 and 6.11). Thermpatt the North Pacific
is consistent with the PDO. However, at this time the contfiohate sees a significant
change from the long-term mean. For example, the mean ofdh&at ensemble is
warmer in the equatorial Pacific and fresher in the Southeea® (Figures 6.11d,f). The
stronger anomalies for the experiments at this point in imellstion may then be due to
the shift in the control ensemble. The SST anomalies seeyefins 41-50 are similar to
those seen for this same time period in EXP3b and EXP4b (Esgbil2 and 5.23).

After 50 years, there is a decrease in the mean SSS in theéouiltean, although
the mean SST does not show this persistent trend, and beeolitttssmore variable than
seen for the earlier half of the experiment (Figures 6.)1édfjain the SST anomalies
may be partly forced by the overlying atmosphere, with riegdteat flux anomalies
for years 70-80 (Figure 6.11g). However, the reduction ifT $&vards the end of the
simulation is accompanied by an increased atmospheredaroheat flux. This, along
with the decreased SSS, suggests that cooler, fresherig/atefacing in the region.

In the North Atlantic and GIN Seas there is also a decreasharBSS through to
the end of the simulation (Figure 6.10i). As the fresher watass spreads northwards
through the Atlantic it reaches the surface in the NAC, SPGGIN Seas, as described in
Chapters 3 and 4. As seen for EXP2(b), we find that the majofitie anomalous water
mass is found in the upper 300 m of the Atlantic after 100 y€er% of the original salt
perturbation). A portion also sinks into deep levels {500 m) as it reaches the deep
water formation regions (Figure 6.9b). As the density dases in the North Atlantic,
there is a decline in the MOC strength towards the end of thelstion (Figure 6.11b).
This results in a decrease in the mean meridional OHT afte® years (Figure 6.11a),
however due to the smaller volume of anomalous water, tleetdfi EXP6b is less strong
than that for EXP2b. The SST decreases in the North AtlanticGIN Seas as a result of

surfacing AAIW anomalies and a decrease in meridional OHT.
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Figure 6.12: Absolute values of climate indices for EXP6b: a) Southemutar Mode (SAM) :
annual MSLP difference between 40 and$5b) Southern Oscillation Index (SOI) : annual MSLP
difference from Tahiti-Darwin c) mean Northern Hemisph@tél) surface air temperature (SAT)
d) mean Southern Hemisphere (SH) SAT; e) Dipole Mode Indkd)(Dmean SST difference
between west and east of Indian Ocean°AC°S, 60-80E — 0-10'S, 90-110E); f) Rainfall
response to the Indian Ocean Dipole (IOD) : mean precipitain tropical eastern Indian Ocean
(0-30°S, 90-120E). Light (dark) shaded area shows the @5%) spread of the control ensemble
(mean) around the 100 year mean. Dashed (solid) red linew she ensemble (mean) anomalies
for EXP6b (EXP6b — time-mean of control). Blue line showsntiean of the control ensemble
around the 100 year mean. Data are smoothed using a 5 yeaingmmean. Dashed black line
indicates the reference time-mean value for the controberide over the 100 year simulation (at
zero).

6.2.2.3 Atmospheric response

During the first 50 years, there is a decrease in the NorthetnSmuthern Hemisphere
SAT (Figures 6.12c,d). This coincides with the decrease@ &®und the Southern
Ocean, as well as negative phases of the PDO and surfacimga#ies in the North At-

lantic (Figures 6.10 and 6.11e). Surface heat flux anomsliew that the SST anomalies

in the Southern Ocean may be partly due to atmospheric fp(&ilgure 6.11g). During
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years~ 1-10 and 20-30, negative anomalies indicate that the ocgasing more heat to
the overlying atmosphere, when compared with the contredle.

There is little trend in the SAM, however during years 10-8d 40-50, the mean of
EXP6b remains above that of the control ensemble (Figu@a. T his indicates stronger
winds around the Southern Ocean. As discussed in Chapte&baBomalies in either
the Pacific or Southern Ocean can be associated with MSLPaligsnover the Southern
Ocean and Antarctic continent. For years 30-50, there i<eedse in the Nifio 3.4 SST
index (Figure 6.11d), coinciding with the PDO event in thetdPacific (Figure 6.10f).
Unlike EXP4b, there is no significant shift in SSS in the equiat Pacific (Figure 6.10
and 6.11c), showing that this effect is likely due to the aptwric variability rather than
surfacing ocean anomalies. For year80-40, there is an increased SOI, corresponding
with a cool, La Nifia anomaly in the tropical Pacific (FiguréZb). For the PDO event,
there is also a significantly increased MSLP over the Norttifltgnot shown). This may
lead to a change in wind circulation over the Pacific, briggimoler air down over the
eastern boundary and cooling the surface ocean in thisrreditthough the anomalies
are not significant, the surface fluxes show that the northreesfic is losing more heat to
the atmosphere during years 41-50 (not shown).

For years~ 35-80, there is a mean decrease in the ITF, from the Pacifictid
Indian Ocean (Figure 6.11h). Previous studies have shoatrtlie ITF varies in phase
with the SOI (e.g. Meyers, 1996; England and Huang, 2005). skbrter timescales
(annual-decadal) the relationship between the ITF and @lalSes appear to hold in this
model, however there is no shift in the SOI to account for therelased transport in this
experiment (Figure 6.12b). For HadCM3, Banks (2000a) sttbatswhile the upper 250
m of the ITF is forced by wind stress, at depths greater th@n25wvater mass properties
may play a more important role. The lower core of the throfigi-is shown to be
correlated with the bottom pressure torque at the westenndary of the South Pacific.
As the transport anomaly seen here occurs predominanthyeitotver core of the flow,
it is then likely a result of anomalous heat or salt contentthée southwest Pacific. The
control state of the Indian Ocean has a net southward flowtefrirediate watersy{300-
1500 m) across 33, which decreases (or reverses) when the ITF decreases/€oses)

(Banks, 2000a). As the flow of intermediate waters from theiffe(lower level of the
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ITF) decreases through this experiment, this may accoutihéopersistence of anomalies
in the southern Indian Ocean, as the transport out of thamn@icean decreases. After 80
years, the ITF increases, and the significant salt anomalethen lost from this region
(Figures 6.11h and 6.8). This increase occurs predominanthe upper 250 m of the

ocean, therefore is likely due to wind stress variability.

6.3 Discussion

Both the warming and cooling experiments show a large tiemsgh the anomalous inter-
mediate water out of the Indian Ocean. After 100 years,1j3i& and38% of the original
salt anomalies are still present in the Indian Ocean in EX&BbEXP6b, respectively.
This difference may be accounted for by an increased ITFX##%b, and a decreased ITF
for EXP6b. As the through-flow increases, an increased velofrPacific intermediate
waters enters the Indian Ocean, and the volume of interreediater leaving the Indian
Ocean increases. Banks (2000a) shows that the controuavierg in the Indian Ocean
for HadCM3 has a net out-flow of intermediate waters (1000026h), which decreases
as the ITF decreases. The decreased ITF in EXP6b is likelyodoettom pressure torque
anomalies in the western boundary of the South Pacific,aebla an increased transport
in the East Australian Current. However, Banks (2000a) atste that the resolution of
the model topography (Figure 2.4) may mean that this regpisnsot entirely realistic.
As the anomalous water mass leaves the Indian Ocean, EXPBIs sh relatively
even spread within each of the 3 major ocean basins. HowewdeXP5b, there is less
transport into the Pacific, and more into the Atlantic andtBeun Ocean. The majority
of the anomaly remains at intermediate depth8(00-1500 m, model levels 10-13). For
EXP5hb, 47% of the salt anomaly remains in levels 10-13, with the rem@irgpread
relatively evenly between the uppet (300 m, levels 1-9) and deep>( 1500 m, levels
14-20) levels of the model. Contrary to the mechanisms megan Chapter 3, a larger
portion (5%) of the fresh anomaly remains at intermediate depths for@Xfhan the
salt anomaly in EXP5b. Both experiments see a similar poréinter the deep levels.
Less of the anomalous water mass enters the upper 300 m of¢la@ in EXP6b, than
in EXP5b. Given this difference in spread between the twaargents, within the water

columns and world oceans, the question arises as to whatcthis non-linear response
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Figure 6.13: Drake Passage transport anomalies for: a) EXP5b; b) EXPébht(dark) shaded
area shows the @ (95%) spread of the control ensemble (mean) around the 100 yeanme
Dashed (solid) red lines show the ensemble (mean) anonfaliemch experiment (EXP — time-
mean of control). Blue line shows the mean of the control rabgearound the 100 year mean.
Data are smoothed using a 5 year running mean. Dashed blaektidicates the reference time-
mean value for the control ensemble over the 100 year siiouléat zero).

to the anomalies? Could it be that the presence of greatenaies at depth leads to more
of the cooler fresher, water remaining within the Indian &agtific basins? Or does the
spread within the different basins lead to spread at diftedepths?

As the anomalous water mass spreads southwards, densityab@® occur as the
AAIW shoals towards the surface mixed layers. For the codtesher AAIW, surfac-
ing leads to a reduced density as heat is gained from the ptraas As this anomaly
develops, the meridional density gradient increases isthehern Ocean, strengthening
the ACC (process illustrated in Figure 5.27). For years @@F8s leads to an increased
transport through Drake Passage (Figure 6.13b). The stremgd ACC may then ac-
count for greater eastward transport, leading to increasednalies in the Pacific. The
response to a warm, saline anomaly can be opposite, witimtieaised density reducing
the meridional density gradient. The strength of the cusremay be decreased in parts of
the Southern Ocean for EXP5b, however the impact does nenéxs far as that seen in
EXP6b, with no significant change in Drake Passage (Figur@a. Non-linearity arises
as the change in current strength affects the distributfidheoanomalous water mass in

the world ocean. For EXP5b, a greater portion of the anontayn moves westwards,
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into the Atlantic basin. This difference in global spread tiaen account for the differ-
ence in vertical distribution of the anomaly. For exampkeneore of the warm, saline
water moves northward in the Atlantic, a greater portioreenthe deep levels (levels
14-20 of HadCM3;> 1500 m).

Some surface responses do appear to be opposite (lineagdrethe experiments.
As anomalies surface in the Southern Ocean, SST anomalid4deSAT anomalies in
the Southern Hemisphere for both experiments. There isaakimilar response in the
northern hemisphere Atlantic to that seen in Chapter 3. Asuiter mass moves north-
wards, surfacing anomalies and resulting changes in the M@€to SST anomalies in
the subtropical North Atlantic, SPG and GIN Seas. Howevdike EXP1b, an increased
MOC strength can be seen for EXP5b. As the anomalous AAIW fiteerindian Ocean
is advected southwards before entering the Atlantic, #mpaopycnals allow the water
mass to have greater contact with the atmosphere than in EEXHiis leads to greater
density anomalies in the intermediate waters, which themenmorthwards through the
Atlantic. The salt anomaly also moves northwards at greddégth in the Atlantic for
EXP5b than for EXP6b, due to the non-linear response mesmadéscribed in Section
3.5 (illustrated in Figure 3.32).

Over the Indian Ocean, the atmospheric response to bothiegrds showed signs
of 10D variability. Spenceet al. (2005) show that while HadCM3 does reproduce the
key features of SST variability, the poor vertical resalntiof the ocean model leads to
the anomalies persisting and reinvigorating in followirepks. In models with increased
vertical resolution, surface anomalies are able to sepdmain the anomalies in the sub-
surface thermocline, preventing this unrealistic respoittierefore, the peaks in the DMI
seen for these simulations are not likely to be a realisspoase. The PDO response in
the Pacific is also similar to that seen in Chapter 5. As a aimnédsponse is seen in both
experiments, these anomalies may be due to the state of theoCensemble at these

times.



Chapter 7

Discussion

7.1 Does perturbing AAIW affect climate?

The aim of this thesis has been to investigate whether clsang®AIW can have an im-
pact on the climate system. For changes in the ocean to hangant on the atmosphere,
temperature or heat flux anomalies must develop at the surfrom these experiments,
it has been shown that there is a surface response to chamgipgrties at intermediate
depths in each of the three major ocean basins. The key segibare AAIW is found to

reach the sea surface are shown in Figure 7.1. They are:
e equatorial regions, through wind-driven upwelling.
e eastern boundaries, through wind-driven upwelling.

e in the southern hemisphere; 30-50°'S, due to shoaling isopycnals and/or deep

mixed layer.

¢ in the northern hemisphere, the Kuroshio Extension, NAGtiNAtlantic SPG and

GIN Seas, due to shoaling isopycnals and/or regions of déegdrtayers.

Although SSS anomalies are found in each of these regioeg,ate not always accom-
panied by SST anomalies. As the anomalous water mass rehehssrface, anomalous
heat fluxes lead to heat anomalies being lost to the atmasplmeequatorial regions, heat
fluxes and the large range of internal variability lead to f@gnificant SST anomalies

developing. However, the salinity anomaly leads to no aphesc response. Significant
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Figure 7.1: Map to show key regions where AAIW reaches the surface lagading to surface
temperature and salinity anomalies. Regions are labelligd & or B, to indicate the mechanisms
responsible for surfacing: A: equatorial or coastal upvirey, due to wind stress; B: shoaling of
isopycnals and/or deep mixed layer depths.

SSS anomalies are found in equatorial regions, and peosishé entire simulation in
EXP3b.

Perturbing AAIW does have an impact on the climate systemdéadal timescales,
anomalies in atmospheric temperature are found to be piiedotty driven by the ocean,
and linked with SST anomalies of the same sign. Therefoggome where the warmer
or cooler AAIW comes to the surface may be associated witim@aor cooler SAT. The

atmospheric response to AAIW will be discussed further icti®a 7.3.

7.2 Non-linear responses

Although the experiments carried out here were initiallypgig/-compensating, interac-
tion with the atmosphere leads to heat flux anomalies, butineatdresponse to surface
salinity anomalies. This results in opposing density arl@sdor the warming and cool-

ing experiments. The depth distributions of salt anomaldiethe end of each experiment
are illustrated in Figure 7.2. In the Atlantic Ocean, oppgsilensity anomalies lead to
the fresher water spending a greater time in the surfaceddye300 m; Figure 3.32).

The lighter water mass then leads to a reduction of the AdaMOC as it reaches the

SPG and GIN Seas. The denser, saltier water mass spendsimerattintermediate
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Figure 7.2: Percentage of the initial salt perturbation left at: uppet (300 m; top 2 bars),
intermediate §00 — 1500 m; middle 2 bars) and deep>( 1500 m; bottom 2 bars) levels, after
100 years. Results refer to totals left in the initially petied basin: EXP1b and EXP2b for the
Atlantic; EXP3b and EXP4b for the Pacific; EXP5b and EXP6bther Indian Ocean. Red bars
refer to warm, salty perturbations; blue bars refer to cdadsh perturbations. Note that values for
each experiment do not sum100% when anomalies are advected out of the orginally perturbed
basin.

depths, leading to less interaction with the atmospherd,hemce less response in the
MOC. However, for warm, salty perturbations made in the fRaand Indian Oceans, the

perturbed water mass that subsequently enters the Atldoie lead to an increased MOC
strength. As the anomalous water is advected towards tlamtitlin the Southern Ocean,

it spends a greater time in the surface layers, leading @mtgrelensity anomalies, when
compared with EXP1b. As meridional OHT is correlated with MIOC, these changes in

ocean circulation contribute to basin-wide SST anomali&ss effect is seen most clearly

for EXP2b (Figure 4.14).

In the Pacific Ocean, the final depth distribution of the angrsnot the same as
that in the Atlantic (Figure 7.2). An increased proportidrsalty water is found in the
upper 300 m (Figure 7.2, EXP3b). This is likely due to the éased shallow, wind-
driven overturning during EXP3b, compared with EXP4b. AsMSLP (and hence large-
scale wind patterns) in the Pacific are influenced by the PBiS,result may be due
to internal climate variability rather than a response t® plerturbations. In the Indian
Ocean, the surface layer becomes fresher during EXP5b. iBhébdtion of heat and

salt in this ocean is influenced by the strength of the ITFcicreases during EXP5b,
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Figure 7.3: Percentage of original salt perturbation found in each aebasin after 100 years, for
each experiment. Red bars indicate warm, salty initial pexations; blue bars indicate cool, fresh
initial perturbations. For each basin, hatched bars releEXP1b and EXP2b; cross-hatched bars
refer to EXP3b and EXP4b; dotted bars refer to EXP5b and EXP6b

and decreases during EXP6b. The ITF can be influenced by &ithd stress (ENSO) or
bottom pressure anomalies in the Pacific. The long term $ramntthese experiments occur
in the lower level of the flow$ 250 m), which is driven by bottom pressure anomalies in
the Pacific.

The surfacing of the anomalous water mass also leads toimearlresponses in the
Southern Ocean (Figure 5.27). Changes in the meridiondityegradient in the ocean
lead to differing responses in the ACC transport, and heiftaridg global distributions
of the salt anomaly (Figure 7.3). As the ACC transport insesavhen the fresh anomalies
reach the Southern Ocean, this may account for the greatporion of the salt anomaly
entering the Indian and Pacific Oceans. In the Atlantic, #¢agrehsed MOC in the case
of fresh anomalies (initiated in each basin) also leadss® teeridional transport into the
basin. For saline anomalies, there is less eastward trengpo the Indian and Pacific
Oceans, and more northward transport into the Atlantic asitincreased MOC. Changes
in the MOC can also account for the spread of salt anomaliteirrctic Ocean (Figure

7.3).
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Figure 7.4: Schematic to illustrate global atmospheric responses tugeations in Antarctic
Intermediate Water: a) warming, salting (EXP1b,3b,5b)cbpling, freshening (EXP2b,4b,6b).

Figure summarises the major long-term responses througtihaucourse of each simulation, for
surface air temperature and precipitation.

7.3 Atmospheric responses

Figure 7.4 summarises the major atmospheric responsetht ai warming or cooling
of AAIW. The majority of signals occur within the Atlantic drSouthern Ocean. In the
North, surfacing of warm/cool anomalies in the North Atlar8TG, SPG and GIN Seas
leads to warming/cooling of the overlying atmosphere. Tésponse is significant over
a larger area for the cool, fresh perturbation due to a grgatgortion of the fresher

water remaining at the surface, and the Atlantic MOC deangasSutton and Hodson
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(2005) show that basin-wide changes in SST can lead to MStUPpwatipitation anoma-
lies over the surrounding continents. Evidence of this saasgonse was found for EXP2.
However, despite the stronger SST response for EXP2b, tHePM@d precipitation re-
sponses over North America and Africa were less signifiaaiXP2b than EXP2. The
precipitation anomalies in the tropical Atlantic for theoling experiments are consistent
with a southward shift of the ITCZ due to the decreased MOCdraahge in meridional
temperature gradient (Vellinga and Wu, 2004).

For both the warming and cooling experiments, there is airngah the NAC (Fig-
ure 7.4). In Section 3.3.2.1, this was shown to result fronivardence of OHT, with
an increased SPG transport bringing cooler, fresher waterthe NAC. For EXP2, this
anomaly persists from year 30, to the end of the entire sitionlaThe reduced SST forces
an increased MSLP in the region, causing wind stress anesnidtat act to strengthen the
SPG. This results in a feedback loop, with the increased $&ort then bringing
cooler, fresher water into the NAC, leading to a more sigaiftcresponse to the pertur-
bation. The response is less persistent for EXP2b. Howéwere is a decreased SST
and divergence of OHT in the NAC, which lasts from year 60 ® ¢nd of the simula-
tion. For the warming experiments, the cool anomalies mitiality result due to reduced
MSLP over Greenland, caused by increased SST in the reghis.l@ads to wind stress
anomalies over the Labrador Sea and SPG.

In the Pacific, SST and SAT anomalies appear to be predonyjnasgociated with
the ENSO and PDO. It is therefore unclear whether this résaltresponse to the pertur-
bation, or internal variability of the model climate. EXRé@b all show a cool phase of the
PDO for years 41-50. During this time, the mean of the corgralemble is in a strong
warm phase of the PDO. This shows that whilst varying théainitcean conditions does
improve confidence in our results, there is still an influefioen the control state of the
simulation. Increasing the ensemble size of the experisnentadding a passive tracer to
the perturbed AAIW may have helped to address this issue ER&3, surfacing warm
anomalies in the equatorial Pacific were shown to cause ainegdase of the SAM.
This response was likely sensitive to the initial ocean gk, as the same response
was not seen for EXP3b.

As the anomalies surface in the Southern Ocean, SAT anesyatieur for both the
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warming and cooling experiments (Figures 7.1 and 7.4). S®malies in the Southern
Ocean have been shown to cause shifts in the SAM (due to thiiorel SST gradi-
ent; Marshall and Connolley, 2006; Sen Gupta and Englan@7&0Q however there was
no long term trend in MSLP over the Southern Ocean in thesergrpnts. The SAT
response over the Southern Ocean was strongest in the ctwe laflian Ocean pertur-
bations, due to the net southward transport of intermediaters in Indian Ocean. The
surface response over the Indian Ocean also showed patsosiated with the I0D. The
IOD in HadCMa3 is known to not be realistic, showing greatensigence than seen in ob-
servations (Spencet al, 2005). Therefore, it is unlikely that this is a realistispense

to changes in AAIW.

7.4 What response can we expect in reality?

Climate projections suggest that AAIW will change in our marg climate, with a warm-
ing of the salinity minimum at depth, and cooling and freshgron isopycnals (e.g.
Banks, 2000b; Sen Guptt al, 2009; Downest al, 2011). Figure 7.5 illustrates how
a warming of the water column can be observed as a decreampdrure and salinity,
for isopycnals initially above the salinity minimum. In thase of a cooling and freshen-
ing on isopycnals, our results from the cooling and fresing@Experiments may be most
useful for understanding potential climate responses. &eadsing MOC is consistent
with climate projections (Gregorgt al., 2005), and may contribute to reduced warming
in the North Atlantic (i.e. negative feedback), in partauin the region of the NAC. The
positive feedback mechanism proposed for cooling in the @&&tion 3.3.2.1) may also
be applicable for climate projections, as an increasedroece of positive NAO phases
has been suggested in future climate scenarios (Metetil 2007).

Recent observations have shown a warming of the AAIW coreQafthyet al., 2011;
Schmidtko and Johnson, 2011), and along isopycnals igiti@low the salinity minimum
this can lead to an increased temperature and salinity (&ig). Lessons should then
also be learned from the warming perturbations presentes fAidese experiments have
shown that additional heat content in the ocean does noecigsificant changes in the
equatorial regions, but may contribute to a warming at hidgagtudes, in particular in

the GIN Seas and the Southern Ocean. This suggests that iw&ARA could lead to a
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Figure 7.5: Schematic to illustrate changes on isopycnals for AAIWerttse of a warming water
column. The solid black (grey) line indicates the potertdaiperature-salinity profile of the water
column before (after) warming. Dashed lines show isopysnalaces. For isopycnals initially
above the salinity minimum, AAIW is observed to cool andhérgblue shading). For isopycnals
initially below the salinity minimum, AAIW is observed tovhan increased temperature and
salinity (red shading). This principal is discussed fullyBindoff and McDougall (1994).

positive feedback at high latitudes. Our perturbationsaweuch larger than the observed
heat changes in the ocean for the past century, howevertelimadels suggest warming
of up to °C over the next century (e.g. Sen Guptaal,, 2009), therefore the magnitude
of changes in our experiment may not be entire unrealistic.

It is worth remembering that as AAIW is formed in the South@tean, the South-
ern Ocean responses seen here may not be applicable toaddlelanges in AAIW.
However, they do illustrate how changes in individual ocbagsins can spread to other
regions of the global ocean. Changes in the Southern OcehA@@ transport can lead

to variations in the global spread of AAIW, along with its haad salt variations.

7.5 Possibllities for future work?

From this thesis, | feel that there are a number of key aredsitiare work:
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e Further perturbation experiments

— using different coupled models, with more realistic repraations of AAIW

(e.g. Sloyan and Kamenkovich, 2007).

— using varying magnitudes of perturbations - sensitivitstseand increased

signal to noise ratio.
— increased ensemble sizes of previous experiments.

— addition of passive tracer to the perturbed region.
e Continued analysis of AAIW control states, using both medeld observations

— What is the range of internal variability, and what are theses?

— Are trends in observations outside this range of variafilit

Whilst it would have been interesting to perform a sensitignalysis for this the-
sis, with varying control conditions and magnitudes of pdxations, time and computer
power were not available. Using ensembles with varyingahgtates in the ocean and
atmosphere gave greater confidence in the results, howteigestill clear that the state
of the control runs can influence the results. Increasingtisemble size of the previous
experiments would address this issue. Whilst the pertiotmperformed here were large
with respect to the observed changes, performing largéanbations may also allow for
a greater signal to noise ratio. The inclusion of a passaeetrin the perturbed region
would also allow for clearer tracking of the path of the antouna water, and would be a
useful addition to future experiments.

Performing further experiments with various models wouldvile greater insight
into the influence of AAIW on the climate system. For HadCM3$s cclear that the North
Atlantic and MOC are sensitive to changes in AAIW. Experitsewith various ocean
models may show whether this is a real response, or whetrt£ M3 is overly sensitive
in this region. The persistence of anomalies in the NAC is als interesting response
that may warrant further study, and give us further insigtb ithe ocean-atmosphere
interactions responsible for North Atlantic climate véilgy.

Other climate models have shown more realistic represensgabf AAIW (Sloyan

and Kamenkovich, 2007). It would then be interesting to shether they respond in a
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different manner to the results shown here. Sloyan and Kkowigh (2007) show that
AAIW in HadCMa3 lies at shallower depths than seen in obséuat This may affect
the transport of heat and salt into the surface layers of deam CHIME is a version
of HadCM3 that includes a hybrid coordinate ocean model @tegt al, 2010). In
this model, the ocean is observed to be less diffusive, allpwater masses such as
AAIW to extend further through the ocean before their corgpprties are eroded. This
may have consequences for how heat and salt anomalies aspdrged northwards the
ocean, away from AAIW formation regions. It is also worth ingtthat HadCM3 is
not resolve eddies in the ocean. More recently, higher uéisal coupled models have
been developed, which are eddy permitting. HIGEM is a highsolution version of the
Hadley Centre coupled model, with a resolution1gB° in the ocean (Shaffregt al,
2009). As eddies have been shown to play a key role in the tiawmand subduction
of AAIW (e.g. Marshall, 1997; Sgrensegi al,, 2001; Sloyaret al., 2010), it would be
interesting to see the impact of perturbation experimargsich higher resolution models.
As surface anomalies have been shown to develop on decauddales, these re-
sults also emphasize the importance of observations atrietiiate depths for decadal
predictions. The growing density of Argo floats in the globakan are helping to im-
prove our knowledge of the ocean state to depths of up to 20@0chprojects such as the
Southern Ocean Observing System (SOOS) are now focusingngrtérm observational
time series. Much work is still to be done, and the resultsgméed here show that it is

worthwhile pursuing.

7.6 Summary

This thesis has shown that there is a surface response tgehemnAAIW at depth in each
of the three major ocean basins. When the water mass suifattes equatorial regions,
there is no significant change in SST. There is a greater negpehen the anomalies sur-
face in higher latitudes. Anomalous sea-to-air heat fluzasd density anomalies in the
ocean. Resulting changes in ocean circulation then caesesponses to warm and cool
perturbations to not be equal and opposite. The North Adagpears to be particularly
sensitive to cool, fresh perturbations, with the densityraalies leading to changes in the

MOC, outside the range of internal variability for the cahtrSurfacing anomalies and
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changes in OHT cause basin-wide changes in surface oceaovarlging atmosphere
on multi-decadal timescales. Some results from the Pacif&a® experiments are less
certain. Further model runs are needed to establish whttbgratterns seen are due to

internal variability or are a real response to the pertiobat






Appendix A

List of Experiments

For each experiment, perturbations were made in the latihaehd of 10-20S, within the
density boundaries of Antarctic Intermediate Water fot perticular ocean basin. The
chosen density boundaries were: Atlantic = 1027.9-102Ratific = 1027.2-1029.1;

Indian = 1027.5-1029.1. Further details can be found ini@eét2.
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Table A.1: List of perturbation experiments carried out.
Label Ensemble Tyge Perturbatiof
EXP1 A Atlantic,+1°C
EXP1b B Atlantic,+1°C
EXP2 A Atlantic,—1°C
EXP2b B Atlantic,—1°C
EXP3 A Pacific,4+-1°C
EXP3b B Pacific+1°C
EXP4 A Pacific,—1°C
EXP4b B Pacific—1°C
EXP5 A Indian,+1°C
EXP5b B Indian+1°C
EXP6 A Indian,—1°C
EXP6b B Indian—~1°C

1 Ensemble types: A = Ocean: 1/12/2789, Atmosphere: (1-@7BD; B =

Ocean and atmosphere: 1/12/(2789, 2839, 2889, 2939, 2089, 3089, 3139,

3189). Dates given refer to the date of the start dump useithéonitial condi-

tions, in model years.

2 For each temperature perturbation, a density compenseitiagge in salinity

was also made.
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List of Acronyms

AABW Antarctic Bottom Water.
AAIW Antarctic Intermediate Water.
AASW Antarctic Surface Water.
ACC Antarctic Circumpolar Current.
AOU Apparent Oxygen Utilisation.

AR4 Fourth Assessment Report (of the IPCC).

CFC chlorofluorocarbon.

CTD conductivity, temperature, depth.

DMI Dipole Mode Index.

DPT Drake Passage transport.
ENSO EI Nifio Southern Oscillation.
GIN Greenland, Iceland and Norwegian.

IOD Indian Ocean Dipole.
IPCC Intergovernmental Panel on Climate Change.

ITF Indonesian Through-Flow.
LGM last glacial maximum.

MIW Mediterranean Intermediate Water.
MOC meridional overturning circulation.

MSLP mean sea level pressure.

NAC North Atlantic Current.
NADW North Atlantic Deep Water.

NAO North Atlantic Oscillation.

OHT ocean heat transport.
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PDO Pacific Decadal Oscillation.

PFZ Polar Frontal Zone.

SAF Subantarctic Front.

SAM Southern Annular Mode.
SAMW Subantarctic Mode Water.
SH Southern Hemisphere.

SO Southern Ocean.

SOl Southern Oscillation Index.

SOOS Southern Ocean Observing System.

SPG subpolar gyre.
SSS sea surface salinity.
SST sea surface temperature.

STG subtropical gyre.

TAR Third Assessment Report (of the IPCC).

THC thermohaline circulation.



