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Abstract  

A global thermal equilibrium on earth requires that heat is transported from the tropics 

towards the poles. In the tropics, the ocean and atmosphere are strongly coupled, and 

the amount of heat transported in each is influenced by the other. The focus of this 

thesis is the mechanisms controlling the meridional transport of heat in the tropical 

ocean and atmosphere. 

Using reanalysis data, we investigate the seasonal and interannual, 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 the atmosphere as a function 

of low level moist static energy, which reflects underlying sea surface temperature (SST). 

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 lower, as is surface moist static energy).  

Next we focus on the convective regions of the tropics, where the circulation reflects the 

shape of the overturning Hadley Cell, and quantify the amount of heat transported here. 

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

and that convective heat transport is largely controlled by mass transport, with smaller 

variations in moist static energy.  

Finally, we use a coupled aquaplanet model to calculate the ocean and atmosphere heat 

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 atmospheric eddies 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 incoming solar energy 

than the extra-tropics; 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 

extra-tropics emit more energy than they receive. The curves in Figure 1.1 show the 

latitudinal variation in insolation and emitted radiation in W m-2. The amount of emitted 

longwave energy has a flatter distribution than the absorbed radiation, indicating that 

there must be heat transport from the tropics towards the poles in order for a global 

thermal equilibrium to exist. 

 

Figure 1.1. The radiation balance of the earth averaged over a 4 year period. Upper solid curve 
shows the average 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). 

 

In recent years, the aim of much research has been to discover the relative roles of the 

ocean and atmosphere in the poleward transport of heat (e.g. Held (2001), Trenberth & 

Caron (2001), Wunsch (2005), Czaja & Marshall (2006)). The complexity of the earthΩǎ 

system means that the way energy is transported around the planet, and indeed how 

energy transports may change under different conditions in the future, is an area which 

requires continuing investigation. In the past, a lack of observational data, especially in 

the oceans where data is often geographically confined (Wunsch 1997) has made 

estimates difficult, but recent observational campaigns, for example, the World Ocean 

Circulation Experiment (WOCE 2003), have provided more accurate and spatially diverse 
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data, and more and more accurate estimates of the partitioning between ocean and 

atmosphere are being computed over time (Trenberth & Caron 2001; Wunsch 2005). As 

well as studying the proportion of the heat transport taking place in the ocean and 

atmosphere, we need to understand the basic mechanisms of heat transport in both. In 

the atmosphere, different circulation patterns, such as the Walker and Hadley Cells in 

the tropics, and the mid latitude westerlies and storm tracks (Figure 1.2) influence how 

heat it transported. In the ocean, heat transport takes place as a result of geostrophic 

flow driven by pressure differences and wind driven currents. 

A strong coupling between the ocean and atmosphere means that each 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 moisture and temperature 

are heavily influenced by ocean conditions such as sea surface temperature (SST). This 

ŎƻǳǇƭƛƴƎ ƳŜŀƴǎ ǘƘŀǘ ŀ ŎƘŀƴƎŜ ƛƴ ŀƴȅ ǇŀǊǘ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ ǎȅǎǘŜm, such as an increase in 

greenhouse gases resulting in changes in radiative conditions in the atmosphere, 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 

(Solomon et al. 2007). All these factors can have catastrophic consequences for 

mankind, including increased flood 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, e.g. Held (2001), or is there compensation between the ocean 

and atmosphere meaning that variations are anticorrelated, e.g. Bjerknes (1964)? A 

greater understanding of the mechanisms of ocean and atmosphere heat transport and 

the coupling between them will aid more accurate predictions of possible global and 

regional climate scenarios for the future.  

This thesis focuses particularly on the tropics, where ocean and atmosphere play an 

approximately equal role in poleward heat transport (Trenberth & Caron 2001). We first 

use reanalysis data to investigate spatial variations in parameters such as SST, 

meridional mass transport and moist static energy, which play a role in poleward heat 

transport. After identifying the differences in mass transport in the atmosphere as a 

function of low level moist static energy, emphasis is given to determining the 

atmospheric heat transport associated with the Hadley Cell in the convective regions of 

the tropics. We also investigate ocean and atmosphere heat transport using a coupled 
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aquaplanet GCM to enable us to try to determine the extent to which the ocean and 

atmosphere heat transport is coupled in the tropics.  

 

Figure 1.2. General circulation of the atmosphere. From online Encyclopaedia Britannica 
(Britannica 2008) 

 

This chapter continues by providing a background to the analyses presented in the 

thesis. It begins with an overview of the main features of the tropical climate. We then 

provide a review of observations and estimates of meridional heat transport and look at 

meridional ocean and atmosphere heat transport in the tropics. The chapter concludes 

with an overview of the simple heat transport model of Held (2001), followed by some 

key questions addressed in the thesis. 

1.1 Tropical dynamics and climatology  

The tropics comprise half the surface of the planet, and motions in the tropics represent 

an important component of the dynamics of the whole planet through various 

teleconnections; the midlatitudes may also influence conditions in the tropics by means 

of propagating waves and heating anomalies (Tomas & Webster 2003). Figure 1.3 shows 

a global infrared image which highlights features in the tropics such as clusters of 

convective clouds aligned in narrow bands indicating the position of the inter-tropical 

convergence zone (ITCZ). There are also regions of subsidence in the subtropics with 

little cloud, for example over much of north Africa. In the extra-tropics, wave-like 

baroclinic disturbances dominate (Figure 1.3). Large scale circulations in the tropics 
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include the Hadley circulation, the Walker Cell, monsoon circulations and those 

influenced by the El Niño Southern Oscillation (ENSO). 

 

Figure 1.3. Composite image of instantaneous infrared imagery from geostationary satellites 
(1200 UTC 29th March 2004). From SATMOS, © METEO-FRANCE and Japan Meteorological 
Agency. From Bony et al. (2006). 

 

For the rest of section 1.1, we focus on the climate of the tropics. We next discuss how 

the temperature of the tropics appears to be regulated. We then move on to describe 

the Hadley Circulation, which is the dominant mechanism in the meridional transport of 

heat in the tropical atmosphere. The section concludes after a discussion of the Walker 

Circulation, ENSO and the tropical monsoon circulation. 

1.1.1 Regulation of the tropics 

There is considerable interannual variability in the tropics. The El Niño Southern 

Oscillation (ENSO) is associated with large gradients in the temperature of the surface of 

the ocean, yet the maximum SSTs in the tropics are fixed at around 29oC (Figure 1.4). 

Past paleoclimate data suggests a fixed upper limit on SST, although it is not clear how 

the tropics maintain this limit (Philander & Fedorov 2003). Ramanathan & Collins (1991) 

proposed that the tropical Pacific SST is mainly regulated by negative feedback from 

ŎƛǊǊǳǎ ŎƭƻǳŘǎΣ ǿƘƛŎƘ ǘƘŜȅ ŎŀƭƭŜŘ ǘƘŜ ΨǘƘŜǊƳƻǎǘŀǘ ƘȅǇƻǘƘŜǎƛǎΩΦ ¢ƘŜ ǘƘŜƻǊȅ ǿŀǎ ǘƘŀǘ 

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 CO2 forcing in the atmosphere would 

result in an increase in the maximum SSTs of only a few degrees, although there would 

be significant warming outside the deep tropics (Ramanathan & Collins 1991). This work 

sparked off alternative 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 SST (Hartmann & Michelsen 1993). Also 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 cooled (Wallace 

1992; Pierrehumbert 1995; Sun & Liu 1996). 

 

Figure 1.4. Sea surface temperatures (degrees Celsius) for El Niño and La Niña. From Philander 
& Federov (2003). 

 

Wallace argued that heat transported by the large scale circulation regulated the 

tropical temperature and that feedback from cirrus clouds would be unable to reduce 

temperatures below 305 K in the face of extensive greenhouse warming (Wallace 1992). 

In reply, Ramanathan and Collƛƴǎ ŀƴǎǿŜǊŜŘ ǘƘŀǘ ²ŀƭƭŀŎŜΩǎ ǘƘŜƻǊȅ ŘƛŘ ƴƻǘ Ŧƛǘ ǿƛǘƘ 

observations and pointed out that extensive evaporation was suppressed in the western 

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

was highly sensitive (Ramanathan & Collins 1992). Obviously, 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 atmospheric circulation, we may 

be able to address some fundamental climate questions. For example, what would 

happen to oceanic and atmospheric heat transport as tropospheric temperatures 

increase due to increased greenhouse gases? Also, how is the energy transport different 

during periods where surface temperatures are relatively spatially uniform (e.g. El Niño 

conditions) and conditions where there are strong surface temperature gradients (e.g. 

La Niña), (Figure 1.4)? Next we introduce the Hadley circulation, which dominates 

meridional heat transport in the tropical atmosphere. 

1.1.2 The Hadley Circulation 

The Hadley cells are thermally driven, direct circulations in the tropical atmosphere 

between 30oN and 30oS which conserve angular momentum (Held & 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 

levels in order to verify the theory (Halley 1686; Hadley 1735). The cells consist of low 

level flow toward the equator (the north-easterly and south-easterly trades), ascending 

air near the equator, in the region of the intertopical convergence zone (ITCZ), poleward 

flow aloft, and descent in the subtropics (James 2003). The Hadley Cells are illustrated in 

the schematic of Figure 1.2 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 circulation, and this is 

converted to kinetic energy to help drive the circulation (James 2003).  

Hadley Cell seasonality 

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

overturning cells, centred just north of the equator (Figure 1.5).  
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Figure 1.5. The annual mean meridional streamfunction. Contour interval 20 x 10
9
 kg s

-1
. 

Shading shows zonal winds greater than 20 m s-1, based on 20 years of ECMWF analysis. From 
James (2003). 

 

The streamfunction is defined as: 

 
 (1.1)  

where v is meridional wind, P is pressure (Ps is surface pressure) and x is longitude. 

Rising motion near the equator and sinking motion around 30o in 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 position of maximum insolation relative to the equator. A month by 

month view of the zonal mean circulation is shown in Figure 1.6. 
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Figure 1.6. Monthly variation of the climatological-mean streamfunction in the NCEP-NCAR 
reanalysis. Contour interval is 20 x 109 kg s-1, solid positive, dashed negative. From Dima & 
Wallace (2003). 

 

Months where the latitude of maximum insolation is furthest from the equator (July, 

January) exhibit a circulatory pattern where the winter cell is greatly enhanced and the 

summer cell much decreased (Figure 1.6). During months where the position of the sun 

is over the equator, (April, October), the circulation appears more like the annual mean 
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picture (Figure 1.5). 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 distributions (Lindzen & Hou 1988). 

[ƛƴŘȊŜƴ ŀƴŘ Iƻǳ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ ƛŘŜŀƭƛȊŜŘ ŜǉǳƛƴƻŎǘƛŀƭ ǇŀǘǘŜǊƴ ƛǎ άŀƭƳƻǎǘ ƴŜǾŜǊ 

ǊŜŀƭƛȊŜŘέ ŘǳŜ to the sensitivity of the mean meridional circulation (MMC) to small 

ŜǉǳŀǘƻǊƛŀƭ ŀǎȅƳƳŜǘǊƛŜǎ ŀǘ ǘƘŜ ǎǳǊŦŀŎŜΦ [ŀǘŜǊ ƛǘ ǿŀǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ ΨǎǉǳŀǊŜ ǿŀǾŜΩ 

type transitions between solsticial patters were not as abrupt as thought (Fang & Tung 

1999; Dima & Wallace 2003), although 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 mass transport (Dima & Wallace 2003; Schulman 1973). Walker & 

Schneider (2005) also studied seasonal variability in the Hadley Circulation and their 

results were largely consistent with Dima & Wallace (2003). They postulated that the 

nonlinear amplification of the annual averaged Hadley Cell found in Held & Hou (1980) 

and Lindzen & Hou (1988) was largely due to the upper boundary condition of a nearly 

inviscid lid. They point out that different seasons approach the nearly inviscid limit at 

varying degrees and that baroclinic eddies at the poleward edge of the cell may 

influence the Hadley Cell strength (Walker & Schneider 2005). Chapters 2 and 3 of this 

thesis aim to investigate the relative roles of the Hadley Cell and the monsoon 

circulation in transporting heat. We also highlight the role of atmospheric eddies in the 

tropics, in chapter 4. 

The Hadley Cell is at a maximum in the winter hemisphere during the solsticial seasons 

JJA (June to August) and DJF (December to February), (Figure 1.7). The cross-equatorial 

mass transport 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 at the equator due to the position of the ITCZ north of the equator for most of 

the year (Philander et al. 1996), meaning that the atmosphere has a net southward 

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

the mechanisms underlying this asymmetry.  

 

Figure 1.7. Mean meridional circulation for A) DJF and B) JJA. Other details as for Figure 1.5. 
From James (2003). 

 

1.1.3 The El Niño Southern Oscillation (ENSO) and the Walker Cell. 

In 1969, Bjerknes suggested a link between a circulation cell in the tropics, the Walker 

Cell, and the east-west SST contrast in the Pacific Ocean associated with the Southern 

Oscillation (Bjerknes 1969). 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 eastern South Pacific and Indonesia. The timescale of the anomalously low/high 

surface pressure at Tahiti/Darwin is 2 to 10 years (Tomas & Webster 2003). It was 
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Bjerknes who recognized that the Walker Cell was associated with the El Niño 

phenomenon on the west coast of South America (Bjerknes 1969).  

The El Niño phenomenon concerns the anomalous warming of surface waters in the east 

Pacific. During an El Niño phase, the trade winds in the western and central equatorial 

Pacific weaken or reverse. The western Pacific warmpool migrates eastward as a result, 

and this means the ŜǉǳŀǘƻǊƛŀƭ ŎƻƭŘ ΨǘƻƴƎǳŜΩ ƻŦ ǿŀǘŜǊ ǿƘƛŎƘ ƛǎ ǳǎǳŀƭƭȅ ǇǊŜǎŜƴǘ ōŜǘǿŜŜƴ 

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 trade winds. El Niño 

conditions are most pronounced during DJF. Figure 1.8 shows a schematic of normal 

conditions in the Pacific, and El Niño conditions. 

During normal conditions, the Walker Cell is shown as as a convective 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 ocean, can be seen 

below the surface in Figure 1.8. 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 Niño conditions 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 across the tropical ocean and the 

thermocline is less tilted, meaning the cold deep waters do not reach the surface. The 

opposite phase of El Niño is La Niña, where the Walker Cell is strengthened (Philander 

1990). SSTs in the tropics for March 1998, which was an El Niño year, and September 

1973, a La Niña year, are shown in Figure 1.4. 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 Niño reflect changes in the circulation of the tropics, particularly for the 

Walker Cell. It is a good example of ocean-atmosphere coupling, since conditions in the 

top layers of the ocean influence atmospheric convection, which leads to large scale 

variations in circulation. In turn, the surface 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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Figure 1.8. Ocean state and atmospheric circulation in the Pacific for normal conditions (upper) 
and El Niño conditions (lower). Colours represent SST and the thermocline is shown below the 
surface. The atmospheric circulation is represented by arrows and convective clouds. From the 
National Oceanic and Atmospheric Administration website (NOAA 2009). 

 

In a study which concentrated on the interannual variability in the Hadley circulation, 

the connection between ENSO, the Walker circulation and Hadley Cell strength was 

measured based on observations (Oort & Yienger 1996). It was shown that anomalies in 

the strength of the Hadley Cell were strongly anticorrelated with the Walker circulation. 

The 2 symmetric Hadley Cells were enhanced during El Niño events where there were 

higher SSTs in the eastern Pacific, and suppressed when there were cold anomalies 

(Figure 1.9), (Oort & Yienger 1996). This means that we would expect the Hadley cell 


