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Abstract

A global thermal equilibrium on earth requirtigat heat is transported from the tropics
towards the wles In the tropics, the ocean and atmosphere are stronglypted, and
the amount of heat transported in each is influenced by the othi&e focus of this
thesis is the mechanisms controlling the meridional transport of heat in the tbpic

ocean and atmosphere

Using reanalysis data, we investigate the seasondlimtierannual, as well as spatial
variability of moist static energy and meridional mass transport in the atmosphere. We
then introduce a framework to sort the mass transport of ttenosphere as a function

of low level moist static energy, which reflectsderlyingsea surface temperaturéSS7.

The framework enables us to identify differences in the mass transport between
convective regions (which correspond to high SST and surface moist static energy) and

non-convective regions (where SSTs are lowers asirface moist static energy).

Next we focus on the convective regions of the tropics, where the circulation reflects the
shape of theoverturningHadley Celland quantify the amount of heat transportdtere.

We find that the convective regions contute significantly to the total heat transport,

and that convective heat transport is largely controlled by mass transpitt smaller

variations inmoist static energy

Finally, weuse a coupled aquaplanet model to calculate tloean and atmosphereea
transport associated with the surface wind stress to test the theory that annual
variations in ocean and atmosphere heat transport are positively correlated in the
tropics.We find there is a strong relationship between the trade winds and ocean heat
transport out of the tropics. There is a similar relationship in the atmosphere, although
with a smaller correlation, highlighting the important role of atmospbeddies in the

tropics of the aquaplanet model.
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Chapter 1 Introduction

The geometry of the earth is such that the tropics receive more inagsiter energy
than the extratropics hence there is a temperature gradient between the equator and
the poles. In fact, the tropics receive more energy from the sun than they emit and the
extratropics emit more energy than they receivihe curves iifrigurel.1 show the
latitudinal variation in insolation and emitted radiation in™#. The amount oEmitted
longwave energy has a flatterstribution than the absorbed radiatiorindicaing that

there must be heatransport from the tropics towards the poles in order foglobal

thermal equilibriumto exist.

—
// e

Figurel.1l. The radiation balance of the earth averaged over a 4 year period. Upper solid curve
shows the aveage flux of solar energy reaching the outer atmosphere and lower solid curve
shows the amount of solar energy absorbed. The dashed line shows the average amount of
outgoing radiation. From Gill (1982).

Inrecent yearsthe aim of muchresearchhasbeen b discover therelative roles of the
ocean and atmosphera the polewardtransport of heat(e.g.Held (2001), Trenberth &
Caron (2001), Wunsch (200%zaja & Marshall (2006The complexity of thearthQ a
system meaathat the way energy is transportestound the planet, and indeed how
energy transports may change under di#fat conditions in the future, is an area which
requirescontinuinginvestigation.In the past, a lack of observational data, especially in
the oceans where data is often geographiig@onfined(Wunsch 1997has made
estimates difficult, but recent observational campaigits examplethe World Ocean

Circulation Experimer(®WOCE 2003haveprovided more accurate and spatially diverse
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data, andmore and moe accurate estimatesf the partitioning between ocean and
atmosphereare being computedvertime (Trenberth & Caron 2001; Wunsch 20083
well as stalying the proportion of the heat transport taking placetie ocean and
atmospherewe need to understanthe basic mechanisms of heat transport in both. In
the atmospheredifferent circulation patternssuch as the Walker and Hadley Cells in
the tropics and the mid latitude westerlies and storm tragksgurel.2) influence how
heat it transported In the ocean, heat transport takes place as a resufeafstrophic

flow driven by pessure differenceand wind diven currents.

A strong coupling betweeré ocean and atmosphereans thatieach plays a role in
determining how heat is transported by the other. For example, ocean circulation near
the surface is largely driven by winds, and lower atmosphere moistutdeanperature

are heavily influenced by ocean conditions such as sea surface temperature (SST). This
O2dzLJ Ay3a YSIya GKIFG F OKI nf,3uBh as af intrgage inLJ- NJi
greerhouse gases resulting in changes in radiative conditions iatthesphere, is likely

to drive changes in both the ocean and atmosphere. This could lead to changes in
regional temperatures, global circulation, precipitation patterns, storms and more
(Solomoret al.2007) All these factors can have catastrophic consequences for

mankind, including increasdibod and drought risk, increased storm occurrence or
intensity, and difficulties for agriculture. It is important to discover how the ocean and
atmosphere work together, for example do variations in heat transport in one media
follow that of the other, eg.Held (2001)or is there compensation between the ocean

and atmosphere meaning that variations are anticorrelated, e.g. Bjerknes (1864)?
greater understanding of the mechanisms of ocean and atmosphere heat trareuobrt

the coupling between therwill aid more accurate predictions of possilgebal and

regional climatescenariodor the future.

This thesis focuses particularly on the tropics, where ocean and atmosphere play an
approximately equal role in poleward heat transpfrrenberth & Caron 2001\We first
use reanalysis data to investigate spatial variations in parameters such as SST,
meridional mass trasport and moist static energy, which play a rol@atewardheat
transport. After identifying the differences in mass transport in the atmosphere as a
function of low level moist static energgmphasis is given to determining the
atmospheric heat transport associated with thkadley Cell ithe convective egionsof

the tropics We also investigate ocean and atmosphere heat transport using a coupled

20
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aquapanet GCMo enable us to try to determine the extent to which the ocean and

atmosphere heat transport is coupled in the tropics.

Faolar cell
Ferrel cell

Hadley
cell

h, \SOutheast trad

=1
<
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—
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Hadley cell

Farrel cell
Faolar cell

Figurel.2. General circulation of the atmosphere. From online Encyclopaedia Britannica
(Britannica 2008)

This chapter continues by providing a background to th&yses presented in the
thesis. It begins witlan overview of the main features of the tropical clite. We then
provide a review of observations and estimates of meridional heat trangpariookat
meridionalocean and atmosphergeat transportin the tropics The chapter concludes
with an overview of thesimple heatransport model of Held (2001jollowed by some

key questions addressed in the thesis.

1.1 Tropical dynamics and climatology

The tropics comprise half the surface of the plammetd motions in the tropics represent
an important component of the dynamics of the whole plattebugh various
teleconnectionsthe midlatitudes may also influence conditions in the tropics by means
of propagating waves and heating anomali@mas & Webster 2003yigurel.3 shows

a global infrared image which highlights features in the tropics such as clusters of
convective clouds aligned in narrow banddicating the position of the intetropical
convergence zone (ITCZ). Thereass regions of subsidence in the subtropigth

little cloud, for example ovemuch ofnorth Africa In the extratropics,wavelike

baroclinic disturbances dominat€&igurel.3). Large scale circulations in tiv®pics

21
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include the Hadley circulation, the Walker Cell, monsoon circulations and those
influenced by the El Nifio Southern Oscillation (ENSO).

=

L 3 B
3 a8

Figurel.3. Composite image of instantaneous infrared imagefrgm geostationary satellites
(1200 UTC 29March 2004). From SATMOS, © METERANCE and Jap Meteorological
Agency. Fom Bonyet al. (2006)

For the rest of section 1, we focus on thelimate of thetropics. We next discuss tho
the temperature of theropics appears to be regulated. We then move on to describe
the Hadley Circulation, which is the dominamé¢chanismn the meridional transport of
heatin the tropical atmosphere. The section concludes after a discussion uY#tieer

Circulation, ENSnd the tropical monsoon circulation.

1.1.1 Regulation of the tropics

There is considerable interannual variability in the tropics. The El Nifio Southern
Oscillation (ENS@) associated witharge gradiats in the temperature of the surface of
the ocean ye the maximum SSTs in the tropics are fixed at arou?€ gBigurel.4).

Past paleoclimate data suggests a fixed upper limit on SST, although it is not clear how
the tropics maintain this limiPhilander & Fedorov 2003Ramanathan & Collins (1991)
proposed that the tropical Pacific SST is mainly regulated by negative feedback from
OANNMza Of 2dzRa X 6 KAOK (KSBQIICKS Ri KISKRSNEBW (6K SANIVI2K:
feedbacks between SST, convection and cloud reflection of solar radiation prevents a
runaway greenhouse effect and acts as a thermostat to limit the maximum SST. This
implies that even an order of magnitude larger,@@cing in theatmosphere would

result in an increase in the maximum SSTs of only a few degrees, although there would
be significant warming outside the deep trop{€&amanathan & Collins 199This work

sparked off altenative proposals as to how the tropics are regulated. Further theories
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included those where evaporation at the surface is thought to be more important in
terms of limiting tropical SYHartmann & Michelsen 1993)\Iso there were those

where it is the coupling between large scale circulation and the local environment which
is thought to be the main mechanism for regulation, for example, heat is transported
from convective regions to the dry subtropics, where it is radiatively coflédllace

1992; Pierrehurbert 1995; Sun & Liu 1996)

El Nino — March 1998
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Figurel.4. Sea surface temperatusgdegrees Celsius) for El Nifio and La NiffankPhilander
& Federov (2003).

Wallace argued thateat transported by théarge scaleirculaion regulated the

tropical temperature andhat feedback froncirrus clouds would be unable to reduce

temperatures below 305 K in the face of extensive greenhouse warfwitatjace 1992)

Inreply, Ramanathanand Coly & | yagSNBR GKIF G 21ttt 0SQa (KS2
observations and pointed out that extensive evaporation was suppresdéd imestern

Pacific ocean due to the high humidity in the boundary layer while feedback from clouds

was highly sensitiveERamanathan & Collins 1992)bviously, the complex nature of the
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regulation of temperatures in the tropics and the associated feedback mechanisms

requires greater understanding.

By considering the coupled nature of the oceanic and atmospb&dalation, we may
be able to address some fundamental climate questions. For exampét would
happen to oceanic and atmospheric heat transport as tropospheric temperatures
increase due to increased greenhouse gases? Also, how is the energy traritpmnhtd
during periods where surface temperatures are relatively spatially uniforgnEe&Nifio
conditions) and conditions where there are strong surface temperature gradieuwts (e
La Nifia),Kigurel.4)? Next ve introducethe Hadley circulation, which dominates

meridional heat transport in the tropical atmosphere

1.1.2TheHadleyCQrculation

The Hadley cells are thermally driven, direct circulations in the tropical atmosphere
between 30N and 36S which conseerangular momentunfHeld & Hou 1980)The

circulation was proposed by both Edmond Halley and George Hadley over 250 years ago
even though at that time, there was no way to discover the state of the winds at upper
levek in order to verify the theorgHalley 1686; Hadley 1739)he cells consist of low

level flow toward the equator (the nortkasterly and soutleasterly trades), ascending

air near the equator i the region of the intertopical convergence zone (ITCZ), poleward
flow aloft, and descent in the subtropi¢dames 2003)The Hadley Cells aréustrated in

the schematic oFigurel.2 as part of the general circulation of the atmosphere.

The sinking of relatively cool air in the subtropics and the rising of lighter warm moist air
at the equator means that potential energy is released by the circulationttaads

converted to kinetic energy to help drive the circulatidames 2003)

Hadley Cell seasonality

On an annual, zonal mean basis, the Hadley Circulation takes the form of two

overturning cellscentred just north of the equatoiHgurel.5).
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Figurel.5. The annual mean meridional streamfunction. Contour interval 20 X kg $".
Shading shows zonal windgeater than 20 m 3, based on 20 years of ECMWF analysisni
James (2003)

The streamfunction idefined as

Y= ﬂpsvd—de (1.1)

wherev is meridional windPis pressureRsis surface pressure) ands longituce.

Rising motion neathe equator and sinking motion around 3@ each hemisphere
defines the two overturning cells. However, on shorter timescales, e.g. seasonal or
monthly, the Hadley circulation differs from this almost symmetric picture, due to the
change in the positionfanaximum insolation relative to the equator. A month by

month view of the zonal mean circulation is showifrigurel.6.
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Figurel.6. Monthly variation of the climaologicalmean streamfunction in the NCERCAR
reanalysis. Contour interval is 2010 kg s, solid positive, dashed negative. FroBima &
Wallace (2003).

Months where the latitude of maximum insolation is furthest from the equator (July,
January) exhiba circulatory pattern where the winter cell is greatly enhanced and the
summer cell much decreaseBigurel.6). During months where the position of the sun

is over the equator, (April, October), the circulat@mmpears more like the annual mean
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picture (Figurel.5). It was suggested that the solsticial pattern would dominate the
tropical mean meridional circulation throughout most of the year, with the equinoctial
pattern only present fleetingly between single cell distributighisdzen & Hou 1988)

[ AYRT Sy FTYR 1 2dz adzZ33SaidSR ddKIFIG GKS ARSIFEAT SR
NB I t A TtStRessensitdy of thenean meridional circulatioMMC) to small

Sldzr G2NAFE a@YYSGNARSA G GKS &dzNFIFOSe® [ G§SNJ
type transitions between solsticial patters were not as abrupt as tho(igdmg & Tung

1999; Dima & Wallace 20Q3Ithough the theory that small displacements of the

thermal equator might be responsible for driving the solsticial cell persists. An
alternative view is that it is largely the regionally concentrated monsoon circulation
which drives the solsticial cell. Dima and Wallace (2003) suggest that the equatorially
symmetric and asymmetric components can be considered to be of roughly comparable
importance, because of the smaller meridional scale of the slightly enhanced solsticial
circulation. They support the theory that the monsoon circulation coincides closely with
the maximum asymmetrical component and hence plays a large role in
interhemispherical rass transpor{Dima & Wallace 2003; Schulman 19%8pnlker &
Schneider (2005)Iso studied seasonal variability in thedhzy Circulation and their

results were largely consistent with Dima & Wallace (2008¢ypostulated that the
nonlinear amplification of the annual averaged Hadley Cell fourteid & Hou (1980)

and Lindzen & Hou (1988)aslargely due to thaipper bourdary conditionof a nearly
inviscid lid They point out that different seasons approach the nearly inviscid limit at
varying degreeand that baroclinic eddieat the poleward edge of the cathay

influence the Hadley Cell strengftWalker & Schneider 2008} hapters 2 and 3 of this
thesis aim to investigate the relative roles of the Hadley Cell and the monsoon
circulationin transporting heat We also highlight the role of atmospheric eddieghe

tropics, in chapter 4.

The Hadley Cell is at a maximum in the winter hemisphere during the solsticial seasons
JJAJune to Augustind DJFDecember to February(frigurel.7). The crosgquatorial

mass tranport in these seasons is also at a maximum. It is for these reasons that we
concentrate on the cross equatorial heat transport during the solsticial seasons in much
of chapter 2 and 3. There is an asymmetry in the annual mean atmospheric heat
transport atthe equator due to the position of the ITCZ north of the equator for most of
the year(Philanderet al. 1996) meaning that the atmosphere has a net southward

transport across the agptor on annual timescales. Investigating atmospheric heat
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transport atthe equator in all seasons of the year therefore goes towards understanding

the mechanisms underlying this asymmetry.

Pressure (hPa)

Pressure (hPa)

(8)

Figurel.7. Mean meridional circulation for A) DJF and B) JJA. Other details aBifurel.5.
From James (2003)

1.1.3 The EI Nifio Southern Oscillation (EN%@J the Walker Cell.

In 1969, Bjerknes suggested a link betweeir@utation cell in the tropics, the Walker

Cell, and the eastvest SST contrast in the Pacific Ocean associated with the Southern
Oscillation(Bjerknes 189). The Walker Cell consists of rising air over the warm waters

of the western Pacific Ocean, flow towards the east Pacific aloft, and sinking over the
east Pacific. The Southern Oscillation is a large scale pressure difference with dipoles
over the eastrn South Pacific and Indonesia. The timescale of the anomalously low/high

surface pressure at Tahiti/Darwin is 2 to 10 ygdismas & Webster 2003} was
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Bjerkneswvho recognized that the Walker Cell was associated with the El Nifio

phenomenon on the west coast of South AmeiiBgerknes 1969)

The EI Nifilo phenomemaoconcerns the anomalous warming of surface waters in the east

Pacific. During an EIl Nifio phase, the trade winds in the western and central equatorial

Pacific weaken or reverse. The western Pacific warmpool migrates eastward as a result,
andthismeansth& lj dz G2 NA I f O2f R Wi2y3dzSQ 2F 4 GSNI 6K
the west coast of South America and the international dateline does not occur

(McPhaden 1999)The cold tongue is usually present as a result of coastal upwelling to

replace the surface waters which are advected westward by the tédds. El Nifio

conditions aremost pronouncediuring DJH-igurel.8 shows a schematic of normal

conditions in the Pacific, and El Niflo conditions.

During normal conditions, the Walker Celi®wn asas a conveive loop (top). The
thermocline, which represents a sharp vertical temperature gradient between the top
100 m or so of well mixed, relatively warm ocean and the rest of the Qoaanbe seen
below the surface ifrigurel.8. White arrows indicate that the surface waters are
advected by the trade winds towards the west. The shallow thermocline in the east
Pacific in normal conditions means that cold waters are outcropping at the surface. In
the lower panel, El Nificonditions mean that the Walker Cell has been disrupted and
the centre of convection that is usually near the western Pacific has migrated towards
the central Pacific. Warm surface waters extend all acrosgrtipécal ocean and the
thermocline is less tiéd, meaning the cold deep waters do not reach the surface. The
opposite phase of El Nifio is La Nifia, where the Walker Cell is strengttiem&thder
1990) SSTs in the tropics for March 1998, which was an El Nifio year, and September
1973, a La Nifa year, are showrFigurel.4. In the upper panel, the highest SSTs
extend across the Pacific and there is no cold tongue in the east Pacific. The lower panel

shows areas of lower SST, coinciding with upwelling of cold waters.

The phases of El Nifio reflect changes in the cirimaif the tropics, particularly for the
Walker Cell. It is a good example of ocesimosphere coupling, since conditions in the

top layers of the ocean influence atmospheric convection, which leads to large scale
variations in circulation. In turn, the gace winds go some way to determining the
distribution of warm surface waters in the Pacific Ocean. In other words, ENSO could not

exist in the ocean or the atmosphere in isolation without the influence of the other.
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Figurel.8. Ocean state and atmospheric circulation in the Pacific for normal conditions (upper)
and El Nifio conditions (lower). Colours represent SST and the thermocline is shown below the
surface. The atmospheric circulation is representied arrows and convective clouds. From the
National Oceanic and Atmospheric Administration websi(BIOAA 2009)

In a study which concentrated on the interannual variability in the Hadley circulation,
the comectionbetween ENSO, the Walker circulation and Hadley Cell strength was
measured based on observatiof@ort & Yienger 1996)t wasshown that anomalies in
the strength of the Hadley Cell were strongly anticorrelated with the Walkeulation
The 2 symmetric Hadley Cells were enhanced duribgiielevents whee there were
higherSS¥in the eastern Pacific, and suppressed when there were cold anomalies

(Figurel.9), (Oort & Yienger 1996 his means that we wddiexpect the Hadley cell
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