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iiAbstra
tCapitalising on the vast knowledge gained in the tropi
al Pa
i�
, tropi
al Atlanti
 variability is viewed from anenergeti
s perspe
tive and 
ontrasted against the Pa
i�
 at both seasonal and inter-annual times
ales. The
hara
ter of remotely for
ed thermo
line depth variability is evaluated using available potential energy whi
hsu

in
tly quanti�es the response of the upper equatorial o
ean to large s
ale wind for
ing. To fa
ilitatethe Atlanti
-Pa
i�
 
omparison, available potential energy values are derived from the temperature andsalinity �elds of two global o
ean models. The presen
e of a strong sea surfa
e temperature-availablepotential energy relationship in the Atlanti
, like that observed in the Pa
i�
, suggests that anomalousverti
al adve
tion in the 
entral-eastern basin due to remotely for
ed thermo
line depth 
hanges plays anequally important role in determining sea surfa
e temperature variability in the Atlanti
. However, unlike inthe Pa
i�
, the largest 
hanges in available potential energy o

ur seasonally rather than inter-annually inthe Atlanti
.Fo
using in on the Atlanti
, the Regional O
ean Modelling System is used to simulate 
onditions in thetropi
al Atlanti
 from 1980-2004. This simulation is 
ondu
ted to fa
ilitate the 
al
ulation of surfa
e layerheat budgets as well as to diagnose the pro
esses determining the evolution of available potential energy. Thein-phase relationship between seasonal available potential energy and sea surfa
e temperature �u
tuationsin the Atlanti
 is shown to be due to the fa
t that the large annual in
rease in the intensity of 
ooling dueto verti
al adve
tion is not purely a lo
ally for
ed phenomena. Instead, it is largely due to the horizontalredistribution of warm surfa
e waters in response to large s
ale 
hanges in seasonal wind for
ing, a pro
essthat only plays a signi�
ant role inter-annually in the Pa
i�
.Furthermore, this seasonal upper o
ean response appears to involve more than a passive response to seasonalwind for
ing. The relationship between seasonal sea surfa
e temperature, available potential energy, andzonal wind stress 
hanges supports the notion that the seasonally ex
ited growth of asymmetri
 
onditionsabout the equator as the 
old tongue develops is a

ompanied by a seasonally ex
ited Bjerknes feedba
k.Seasonal available potential energy 
hanges in the Atlanti
 are seen to be primarily for
ed by seasonal 
hangesin the work done by the wind on the o
ean. Distin
tions between the seasonal sea surfa
e temperaturesignature in the 
entral-eastern Pa
i�
 and Atlanti
 are as
ribed to the presen
e of this seasonally ex
itedBjerknes feedba
k as well as a delayed negative feedba
k me
hanism in the form of o
ean memory. In thePa
i�
, inter-annual available potential energy anomalies are grown by the Bjerknes feedba
k me
hanismuntil the delayed response of the o
ean a�e
ts the ability of the wind to do work on the o
ean. The results ofthe energeti
s analysis 
ondu
ted in this thesis indi
ate that a similar pro
ess, referred to as the thermo
linemode, is seasonally ex
ited in the Atlanti
 between April and O
tober after whi
h point seasonal for
ingregains 
ontrol.As opposed to a dynami
ally distin
t natural mode of variability operating on inter-annual times
ales,seasonality in the o

urren
e of anomalous 
entral-eastern basin sea surfa
e temperature events 
orrelatedwith thermo
line depth and zonal wind anomalies suggests that inter-annual variability asso
iated with theAtlanti
's zonal mode may be best understood as modulations of the seasonally ex
ited thermo
line mode.The o
ean memory me
hanism asso
iated with the zonal mode appears to operate on mu
h shorter times
ales than that asso
iated with the El Niño Southern Os
illation, largely being asso
iated with inter-annualmodulations of the seasonally a
tive delayed negative feedba
k response. Di�eren
es between the El NiñoSouthern Os
illation and the zonal mode 
an then be a

ounted for in terms of these distin
tions.
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hanges in the average temperature of the upper equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) and the upper tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) based on theWOA05 (Lo
arnini et al., 2006) 
limatologi
al temperature �eld. . . . . . . . . . . . . . . 41
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LIST OF FIGURES x3.8 Seasonal 
hanges in the average density of the upper equatorial Atlanti
 (3°S-3°N 60°W-15°E0-400m) and the upper tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m). (a) Climatologi
aldensity values have been 
al
ulated based on simulated temperature and salinity �elds fromthe SODA model. (b) Climatologi
al density values have been 
al
ulated based on simulatedtemperature and salinity �elds from the ORCA model. (
) Climatologi
al density values havebeen 
al
ulated based on WOA05 
limatologi
al temperature and salinity �elds. . . . . . . 423.9 Seasonal 
hanges in equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE obtained usingEquation 3.3, APE and BPE obtained using Equation 3.2, as well as seasonal 
hanges in theMass of this domain. Mass, BPE and APE values have been normalised. Values shown herehave been 
al
ulated using SODA data, the same �gure only based on ORCA data, FigureA.2, 
an be found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433.10 A 
omparison between total Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S130°E-85°W 0-400m) APE variability. SST and APE values were 
al
ulated using SODAdata. The 
orrelation between ea
h SST index and APE values (r) is give on ea
h �gure,together with the required 
orrelation value for signi�
an
e at the 95% level taking intoa

ount the e�e
tive degrees of freedom (r*). SST and APE values have been normalisedand detrended. APE values were 
al
ulated following Equation 3.2. The 
orresponding �gurebased on ORCA data, Figure A.3, 
an be found in Appendix A. . . . . . . . . . . . . . . . 443.11 A 
omparison between total Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)APE variability. SST and APE values were 
al
ulated using SODA data. The 
orrelationbetween the Atl3 SST index and APE values (r) is give on ea
h �gure, together with therequired 
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tivedegrees of freedom (r*). SST and APE values have been normalised and detrended. APEvalues were 
al
ulated following Equation 3.2. The 
orresponding �gure based on ORCAdata, Figure A.4, 
an be found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . 443.12 A 
omparison between total and 
limatologi
al equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE values. APE values were 
al
ulated following Equation 3.2 using SODA dataand have been detrended. The 
orresponding �gure based on ORCA data, Figure A.5, 
anbe found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453.13 A 
omparison between total and 
limatologi
al equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE values. APE values were 
al
ulated following Equation 3.2 using SODA dataand have been detrended. The 
orresponding �gure based on ORCA data, Figure A.6, 
anbe found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453.14 (a) Equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE versus tropi
al Pa
i�
 (15°N-15°S 130°E-85°W 0-400m) APE. (b) Equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APEversus tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) APE. APE values were 
al
ulated usingSODA data following Equation 3.2. The 
orresponding �gure based on ORCA data, FigureA.7, 
an be found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
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LIST OF FIGURES xi3.15 A 
omparison between inter-annual Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE anomalies. SST and APE anomalies were 
al
ulated usingSODA data. The 
orrelation between anomalies in ea
h SST index and APE (r) is given,together with the required 
orrelation value for signi�
an
e at the 95% level taking intoa

ount the e�e
tive degrees of freedom (r*). SST and APE values have been normalised aswell as detrended. APE values were 
al
ulated following Equation 3.2. The 
orresponding�gure based on ORCA data, Figure A.8, 
an be found in Appendix A. . . . . . . . . . . . 483.16 A 
omparison between 
limatologi
al Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE. SST and APE values were 
al
ulated using SODA data.The 
orrelation between ea
h SST index and APE values (r) is give on ea
h �gure, togetherwith the required 
orrelation value for signi�
an
e at the 95% level taking into a

ount thee�e
tive degrees of freedom (r*). SST and APE values have been normalised. APE valueswere 
al
ulated following Equation 3.2. The 
orresponding �gure based on ORCA data,Figure A.9, 
an be found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . . 493.17 This �gure depi
ts the seasonal 
y
le of (a) meridional wind stress and (b) zonal wind stressalong the equator (3°S-3°N) in the Pa
i�
. COADS data (DaSilva et al., 1994) and a 
ontourinterval of 0.005Nm-2 has been used. The thi
k bla
k line represents the 0Nm-2 
ontour line. 503.18 A 
omparison between 
limatologi
al Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E0-400m) APE. SST and APE values were 
al
ulated using SODA data. The 
orrelationbetween the Atl3 SST index and equatorial Atlanti
 APE values (r) is given, together with therequired 
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tivedegrees of freedom (r*). SST and APE values have been normalised. APE values were
al
ulated following Equation 3.2. The 
orresponding �gure based on ORCA data, FigureA.10, 
an be found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 513.19 A 
omparison between inter-annual Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E0-400m) APE anomalies. SST and APE anomalies were 
al
ulated using SODA data. The
orrelation between SST and APE anomalies (r) is given, together with the required 
or-relation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees offreedom (r*). SST and APE values have been normalised as well as detrended. APE valueswere 
al
ulated following Equation 3.2. The 
orresponding �gure based on ORCA data,Figure A.11, 
an be found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . 543.20 The seasonal dependen
e in 
orrelations between Atl3 SST and equatorial Atlanti
 (3°S-3°N60°W-15°E 0-400m) APE anomalies. SST and APE anomalies were 
al
ulated using SODAdata. Positive 
orrelations are 
ontoured in solid lines and negative 
orrelations in dashedlines. Correlations signi�
ant above the 95 per
entile are shaded in grey. APE values were
al
ulated following Equation 3.2. The 
orresponding �gure based on ORCA data, FigureA.12, 
an be found in Appendix A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
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LIST OF FIGURES xii3.21 Spatial maps, based on SODA re-analysis data, of the 
orrelation between monthly zonalwind stress values and monthly Niño 3.4, Niño 3 and Atl3 time-series spanning 1958-2004.(a) Climatologi
al zonal wind stress and 
limatologi
al Niño 3.4 SST. (b) Anomalous zonalwind stress and anomalous Niño 3.4 SST. (
) Climatologi
al zonal wind stress and 
lima-tologi
al Niño 3 SST. (d) Anomalous zonal wind stress and anomalous Niño 3 SST. (e)Climatologi
al zonal wind stress and 
limatologi
al Atl3 SST. (f) Anomalous zonal windstress and anomalous Atl3 SST. Correlation values plotted are those signi�
an
e at the 95%level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 563.22 Spatial maps, based on SODA re-analysis data, of the 
orrelation between monthly zonal windstress values and monthly equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE spanning1958-2004. (a) Climatologi
al zonal wind stress and 
limatologi
al APE, and (b) anomalouszonal wind stress and anomalous APE. Correlation values plotted are those signi�
an
e atthe 95% level. APE values were 
al
ulated following Equation 3.2. . . . . . . . . . . . . . 573.23 A 
omparison between variability in total versus 
limatologi
al, (a) western-
entral basinzonal wind stress in the Pa
i�
 (5°N-5°S 160°E-160°W), and (b) western basin zonal windstress in the Atlanti
 (3°S-3°N 40°W-20°W). Created using SODA wind stress for
ing data.Wind stress values are given in Nm-2 and have been detrended. . . . . . . . . . . . . . . . 583.24 (a) A 
omparison between inter-annual Atl3 SST and western equatorial Atlanti
 (5°N-5°S40°W-20°W) zonal wind stress anomalies. The 
orrelation between anomalies (r) is giventogether with the required 
orrelation value for signi�
an
e at the 95% level taking intoa

ount the e�e
tive degrees of freedom (r*). (b) The seasonal dependen
e in 
orrelationsbetween Atl3 SST and zonal wind stress anomalies. Positive 
orrelations are 
ontoured insolid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95per
entile are shaded in grey. SST and zonal wind stress anomalies were 
al
ulated usingSODA data and have been normalised and detrended. . . . . . . . . . . . . . . . . . . . 603.25 (a) A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)APE and western equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stress anomalies. The
orrelation between anomalies (r) is given together with the required 
orrelation value forsigni�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). (b)Seasonal dependen
e of 
orrelation between APE and zonal wind stress anomalies. Positive
orrelations are 
ontoured in solid lines and negative 
orrelations in dashed lines. Correlationssigni�
ant above the 95 per
entile are shaded in grey. APE and zonal wind stress anomalieswere 
al
ulated using SODA data and have been normalised and detrended. APE valueswere 
al
ulated following Equation 3.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 613.26 Time lag 
orrelations between anomalous (a) Atl3 SST and equatorial Atlanti
 APE (3°S-3°N60°W-15°E 0-400m), (b) Atl3 SST and western equatorial Atlanti
 (5°N-5°S 40°W-20°W)zonal wind stress, and (
) equatorial Atlanti
 APE and western equatorial Atlanti
 zonalwind stress. SST, APE and zonal wind stress anomalies were derived from 1958-2004 SODAdata and have been detrended. APE values were 
al
ulated following Equation 3.2. . . . . 62
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LIST OF FIGURES xiii4.1 The standard deviation of monthly, (a) total TAtl-ROMS SST variations, (b) total HadleyOI SST variations, (
) seasonal TAtl-ROMS SST variations, (d) seasonal Hadley OI SSTvariations, (e) inter-annual TAtl-ROMS SST anomalies, and (f) inter-annual Hadley OI SSTanomalies from 1980-2004. A 
ontour interval of 0.25°C has been used, regions of >1.5°Care shaded in �gures a-d and >0.5°C in �gures e and f. The Atl3 (3°S-3°N 20°W-0°E) regionhas been demar
ated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 674.2 A 
omparison between the Atl3 (3°S-3°N 20°W-0°E) index 
reated using Hadley OI SSTdata versus ROMS-TAtl SST data, (a) 
limatologi
al Atl3 SST and (b) inter-annual Atl3SST anomalies. The 
orrelation between inter-annual anomalies in ea
h SST index (r) isgive on �gure b, together with the required 
orrelation value for signi�
an
e at the 95% leveltaking into a

ount the e�e
tive degrees of freedom (r*). SST values are given in °C andhave been detrended in �gure b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 684.3 Climatologi
al 
ross-se
tions in (a) April and (b) August of temperature (°C) along theequator (1°N-1°S) based on WOA05 data (Lo
arnini et al., 2006) (solid bla
k and 
olour
ontours) and overlaid with data from the ROMS-TAtl simulation (dashed bla
k 
ontours). 694.4 A monthly 
limatology of temperature pro�les for three sites on the equator (a) 0°N,35°W,(b) 0°N,10°W and (
) 0°N,0°E. (Bla
k 
ontours) PIRATA mooring data (Servain et al., 1998)(Red 
ontours) ROMS-TAtl simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 694.5 A 
omparison between (a) ROMS-TAtl, and (b) observed 
limatologi
al SSH anomalies northof the equator (3°N-5°N); (
) ROMS-TAtl, and (d) observed 
limatologi
al SSH anomaliesalong the equator (1°S-1°N); (e) ROMS-TAtl and (f) observed 
limatologi
al SSH anomaliessouth of the equator (3°S-5°S). Observed 
limatologi
al SSH anomalies where derived from1/3° Aviso data (www.aviso.o
eanobs.
om) spanning January 1993-De
ember 2004 andtherefore the ROMS-TAtl SSH 
limatology shown here was derived from simulated SSH overthe 
orresponding period. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 704.6 A 
omparison between (a) ROMS-TAtl, (b) observed, 
limatologi
al, equatorial Atlanti
,zonal surfa
e 
urrents averaged between 4°N-4°S. Observed zonal surfa
e 
urrents plottedin b where derived from the surfa
e 
urrent 
limatology produ
t of Lumpkin and Garra�o(2005) (www.aoml.noaa.gov/phod/da
/drifter_
limatology.html). This surfa
e 
ur-rent 
limatology produ
t is based on surfa
e drifter observations spanning 28 O
tober 1990- 28 February 2004 and therefore the ROMS-TAtl zonal surfa
e 
urrent 
limatology shownhere was derived from simulated 
urrents over the 
orresponding period. . . . . . . . . . 714.7 Meridional se
tions of the mean simulated zonal velo
ity �eld (given in ms-1) at (a) 35°W,(b) 23°W and (
) 10°W. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 724.8 A 
omparison between equatorial Atlanti
 (3°S-3°N 60°W-15°E) APE values 
al
ulatedbased on density values derived from ROMS-TAtl temperature and salinity output using anon-linear equation of state, and APE values 
al
ulated based on density values derived usinga linear equation of state. APE values where evaluated following Equation 3.2 and have hadthe mean subtra
ted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
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LIST OF FIGURES xiv5.1 (a) Seasonal variations in SST, the average temperature of the Surfa
e Mixed Layer (SML)(varying depth), and the average temperature of the SubSurfa
e Layer (SSL) (�xed depth=70m) for the Atl3 region. Temperature values are given in °C. (b-
) Climatology of terms(°Cs−1) 
ontributing to seasonal variations in the mean temperature of (b) the surfa
e mixedlayer, and (
) the subsurfa
e layer. A 14 day running mean has been applied to the timeseries to smooth out the high frequen
y variability. . . . . . . . . . . . . . . . . . . . . . 795.2 Seasonal variations in the average depth of the surfa
e mixed layer for the Atl3 region givenin meters. A 14 day running mean has been applied to the time series to smooth out thehigh frequen
y variability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 805.3 A 
omparison between 
limatologi
al Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE. SST and APE values were 
al
ulated using ROMS-TAtl data and havebeen normalised. The 
orrelation between the Atl3 SST and equatorial Atlanti
 APE (r) isgiven together with the required 
orrelation value for signi�
an
e at the 95% level takinginto a

ount the e�e
tive degrees of freedom (r*). APE values were 
al
ulated followingEquation 3.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 815.4 Seasonal variations in zonal and meridional ROM-TAtl wind stress for
ing as well as lo
alEkman verti
al velo
ities for the Atl3 region. Wind stress and Ekman verti
al velo
itiesvalues have been normalised. A 14 day running mean has been applied to the time series tosmooth out the high frequen
y variability. . . . . . . . . . . . . . . . . . . . . . . . . . . 825.5 Seasonal variations in the intensity of the verti
al adve
tion term for the Atl3 SubSurfa
eLayer (SSL) heat budget 
ompared with seasonal variation in Ekman verti
al velo
ities for theAtl3 region and the rate of 
hange of equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE.Note that, verti
al adve
tion values have been inverted to fa
ilitate the 
omparison. Ekmanverti
al velo
ities, APE rate of 
hange and verti
al adve
tion values have been normalised.A 14 day running mean has been applied to the time series to smooth out the high frequen
yvariability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 825.6 (a) Seasonal variations in SST (°C) for the southern (0°N-3°S 60°W-15°E) and northern(3°N-0°S 60°W-15°E) Atl3 regions. (b) Same as (a) only SST values have been normalisedfor a 
loser 
omparison. A 14 day running mean has been applied to the time series tosmooth out the high frequen
y variability. . . . . . . . . . . . . . . . . . . . . . . . . . . 835.7 (a-b) Seasonal variations in zonal and meridional wind stress as well as lo
al Ekman verti
alvelo
ities for (a) the southern Atl3 region, and (b) the northern Atl3 region. Wind stress andEkman verti
al velo
ities values have been normalised. (
-f) Climatology of terms (°Cs−1)
ontributing to seasonal variations in the mean temperature of, (
) the southern Atl3 regionsurfa
e mixed layer, (d) the northern Atl3 region surfa
e mixed layer, (e) the southern Atl3region subsurfa
e layer, and (f) the northern Atl3 region subsurfa
e layer. A 14 day runningmean has been applied to the time series to smooth out the high frequen
y variability. . . 85
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LIST OF FIGURES xv5.8 Seasonal variations in the intensity of the verti
al adve
tion term for (a) the southern Atl3region and (b) the northern Atl3 region, subsurfa
e layer heat budget, 
ompared with seasonalvariation in Ekman verti
al velo
ities for (a) the southern Atl3 region and (b) the northernAtl3 region, and the rate of 
hange of equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE.Note that, verti
al adve
tion values have been inverted to fa
ilitate the 
omparison. Ekmanverti
al velo
ities, APE rate of 
hange and verti
al adve
tion values have been normalised.A 14 day running mean has been applied to the time series to smooth out the high frequen
yvariability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 865.9 The balan
e of terms for the PE evolution equation in the form given by Equation 5.14,assessed over the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dPE/dt rep-resents the a
tual rate of 
hange of PE where as derived dPE/dt represents the rate of
hange of the PE estimated by balan
ing the terms within Equation 5.14. A 14 day runningmean has been applied to the time series to smooth out the high frequen
y variability. . . 915.10 The balan
e of terms for the BPE evolution equation in the form given by Equation 5.19,assessed over the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dBPE/dt rep-resents the a
tual rate of 
hange of BPE where as derived dBPE/dt represents the rateof 
hange of the BPE estimated by balan
ing the terms within Equation 5.19. A 14 dayrunning mean has been applied to the time series to smooth out the high frequen
y variability. 935.11 The balan
e of terms for the APE evolution equation in the form given by Equation 5.20,assessed over the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dAPE/dt rep-resents the a
tual rate of 
hange of APE where as derived dAPE/dt represents the rateof 
hange of the APE estimated by balan
ing the terms within Equation 5.20. A 14 dayrunning mean has been applied to the time series to smooth out the high frequen
y variability. 945.12 Balan
e of terms for the APE evolution equation in the �nal form given by Equation 5.29,assessed over the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dAPE/dt rep-resents the a
tual rate of 
hange of APE where as derived dAPE/dt represents the rateof 
hange of the APE estimated by balan
ing the terms within Equation 5.29. A 14 dayrunning mean has been applied to the time series to smooth out the high frequen
y variability. 975.13 A 
omparison between 
limatologi
al APE values and the two 
omponents whi
h make up
limatologi
al APE values, clm and clp for (a) the equatorial Atlanti
 and (b) the tropi
alAtlanti
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1005.14 The 
limatologi
al balan
e of terms (Js-1) for the APE evolution equation (Equation 5.29),assessed over (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m), and (b) thetropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). A 14 day running mean has beenapplied to the time series to smooth out the high frequen
y variability. . . . . . . . . . . . 1025.15 The 
limatologi
al balan
e of terms (Js-1) for the KE evolution equation (Equation 5.30),assessed over (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m), and (b) thetropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). A 14 day running mean has beenapplied to the time series to smooth out the high frequen
y variability. Note Φapkcl
valuesin this KE evolution equation balan
e are the inverse of Φapkcl

values given for the APEevolution equation (Figure 5.14). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
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LIST OF FIGURES xvi5.16 A 
omparison between seasonal �u
tuations in buoyan
y power (Φapkcl
) and wind power(Φwwcl

) for (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m), and (b) thetropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). Buoyan
y power (Φapkcl
) and windpower (Φwwcl

) values have been normalised. A 14 day running mean has been applied tothe time series to smooth out the high frequen
y variability. . . . . . . . . . . . . . . . . 1045.17 A 
omparison between seasonal �u
tuations in the buoyan
y power term (Φapkcl
); the
ombined e�e
t of physi
al pro
esses operating within the domain, Φwwcl

+ Φsscl
; andthe 
ombined e�e
t of terms asso
iated with boundary pro
esses, Φkacl

+ Φpwcl
for (a)the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m) and (b) the tropi
al Atlanti
domain (8°S-8°N 60°W-15°E 0-400m). Values are given in Js-1. A 14 day running mean hasbeen applied to the time series to smooth out the high frequen
y variability. . . . . . . . . 1055.18 Equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) 
limatologi
al APE and BPE 
hangesversus tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) 
limatologi
al APE and BPE 
hanges.APE and BPE values were 
al
ulated based on output from the ROMS-TAtl simulation(1980-2004) following Equation 3.2. Values have been normalised to fa
ilitate a better
omparison. A 14 day running mean has been applied to the time series to smooth out thehigh frequen
y variability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1075.19 A 
omparison between seasonal �u
tuations in the wind power term (Φwwcl

), and its zonal(Φwwx
cl
) and meridional (Φwwy

cl
) 
omponents for the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E). Values are given in Js-1. A 14 day running mean has been applied to the time seriesto smooth out the high frequen
y variability. . . . . . . . . . . . . . . . . . . . . . . . . 1085.20 A 
omparison between seasonal �u
tuations in the zonal 
omponent of the wind power termfrom its temporal mean (˜z=0 uclτ

x
scl

dS −
˜

z=0 uclτx
scl

dS), the mean perturbation terms,
Φmupτ

wwcl
and Φmτpu

wwcl
as well as the perturbation term, Φpp

wwcl
for the tropi
al Atlanti
 domain(8°S-8°N 60°W-15°E). Values are given in Js-1. A 14 day running mean has been applied tothe time series to smooth out the high frequen
y variability. . . . . . . . . . . . . . . . . 1095.21 A 
omparison between seasonal �u
tuations in the mean perturbation term, Φmupτ

wwcl
, seasonal�u
tuations in zonal wind stress integrated over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E), and seasonal �u
tuations in zonal wind stress integrated over 8°S-2°N 50°W-0°E.Values have been normalised. A 14 day running mean has been applied to the time series tosmooth out the high frequen
y variability. . . . . . . . . . . . . . . . . . . . . . . . . . . 1105.22 The mean zonal surfa
e velo
ity �eld (u) for the tropi
al Atlanti
 domain, based on outputfrom the ROMS-TAtl simulation (1980-2004). Zonal surfa
e velo
ities are given ms−1. . . 1105.23 Seasonal zonal surfa
e 
urrent perturbations from the annual mean averaged between 4°S-4°N. This �gure is based on output from the ROMS-TAtl simulation (1980-2004). Zonalsurfa
e velo
ity perturbations are given ms−1. . . . . . . . . . . . . . . . . . . . . . . . . 1115.24 Monthly maps illustrating the spatial stru
ture in the 
limatologi
al wind power �eld (Wm-2)over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E). . . . . . . . . . . . . . . . . . . 113



Univ
ers

ity
 of

 C
ap

e T
ow

n

LIST OF FIGURES xvii5.25 Monthly maps illustrating the spatial stru
ture in 
limatologi
al zonal wind stress perturba-tions from the annual mean (Nm-2) over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E)between April and September. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1145.26 Monthly maps illustrating the spatial stru
ture in 
limatologi
al zonal surfa
e 
urrent pertur-bations from the annual mean (ms-1) over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E)between April and September. Figures in the left 
olumn (a, 
 , e , g ,i and k) are basedon output from the ROMS-TAtl simulation (1980-2004), while �gures in the right 
olumn(b, d, f, h, j and l) are based on the surfa
e 
urrent 
limatology produ
t of Lumpkin andGarra�o (2005) (www.aoml.noaa.gov/phod/da
/drifter_
limatology.html). . . . . . 1155.27 (a) APE verse wind power phase diagram asso
iated with the seasonal 
y
le in the tropi
alAtlanti
 domain (8°S-8°N 60°W-15°E). (b) A 
omparison between seasonal �u
tuations inAPE (APEcl), the APE tenden
y term (dAPEcl/dt) and the wind power term (Φwwcl
) forthe tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E). Values have been normalised and a 14day running mean has been applied to the time series to smooth out the high frequen
yvariability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1185.28 The 
limatologi
al balan
e of terms (Js-1) for the BPE evolution equation (Equation 5.19),assessed over (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m) and (b) thetropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). A 14 day running mean has beenapplied to the time series to smooth out the high frequen
y variability. . . . . . . . . . . . 1196.1 (a) A 
omparison between inter-annual Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE anomalies. The 
orrelation between anomalies (r) is given, togetherwith the required 
orrelation value for signi�
an
e at the 95% level taking into a

ountthe e�e
tive degrees of freedom (r*). SST and APE values have been normalised. (b)The seasonal dependen
e in 
orrelations between Atl3 SST and equatorial Atlanti
 (3°S-3°N60°W-15°E 0-400m) APE anomalies. Positive 
orrelations are 
ontoured in solid lines andnegative 
orrelations in dashed lines. Correlations signi�
ant above the 95 per
entile areshaded in grey. SST and APE anomalies were 
al
ulated based on ROMS-TAtl output. APEvalues were 
al
ulated following Equation 3.2. . . . . . . . . . . . . . . . . . . . . . . . . 1256.2 (a) A 
omparison between ROMS-TAtl, monthly, inter-annual anomalies in SST, the averagetemperature of the Surfa
e Mixed Layer (SML) (varying depth) and the average tempera-ture of the SubSurfa
e Layer (SSL) (�xed depth =70m) for the Atl3 region. The 
orrelationbetween variables (r) is given, together with the required 
orrelation value for signi�
an
eat the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). (b) The sea-sonal dependen
e in the 
orrelation between inter-annual anomalies in SST and the averagetemperature of the subsurfa
e layer for the Atl3 region. Positive 
orrelations are 
ontouredin solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95per
entile are shaded in grey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1276.3 Climatologi
al wind stress values for the Atl3 region. Climatologi
al wind stress values werederived from the ROMS-TAtl simulation's wind stress for
ing. . . . . . . . . . . . . . . . . 128
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LIST OF FIGURES xviii6.4 (a) A spatial map based on ROMS-TAtl data of the 
orrelation between monthly anomaliesin zonal wind stress values and Atl3 SST spanning 1980-2004. Correlation values plottedare those signi�
an
e at the 95% level. (b) The seasonal dependen
e in 
orrelation betweenROMS-TAtl western equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stress anomaliesand Atl3 SST anomalies. Positive 
orrelations are 
ontoured in solid lines and negative
orrelations in dashed lines. Correlations signi�
ant above the 95 per
entile are shaded ingrey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1296.5 (a) A spatial map based on ROMS-TAtl data of the 
orrelation between monthly anomaliesin zonal wind stress values and equatorial APE (3°S-3°N 60°W-15°E 0-400m) spanning 1980-2004. Correlation values plotted are those signi�
an
e at the 95% level. (b) The seasonaldependen
e in 
orrelation between ROMS-TAtl western equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stress anomalies and equatorial APE anomalies. Positive 
orrelations are
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
antabove the 95 per
entile are shaded in grey. . . . . . . . . . . . . . . . . . . . . . . . . . 1306.6 Time lag 
orrelations between anomalous (a) Atl3 SST and equatorial Atlanti
 APE (3°S-3°N60°W-15°E 0-400m), (b) Atl3 SST and western equatorial Atlanti
 (5°N-5°S 40°W-20°W)zonal wind stress, and (
) equatorial Atlanti
 APE and western equatorial Atlanti
 zonal windstress. SST, APE and zonal wind stress anomalies were derived from 1980-2004 ROMS-TAtldata. APE values were 
al
ulated following Equation 3.2. . . . . . . . . . . . . . . . . . . 1316.7 A 
omparison between monthly, inter-annual anomalies in the buoyan
y power term (Φapkanoin Js-1), and APE evolution (dAPEano/dt in Js-1), assessed over (a) the equatorial Atlanti
domain (3°S-3°N 60°W-15°E 0-400m) and (b) the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). The 
orrelation between anomalies (r) is given, together with the required
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degreesof freedom (r*). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1336.8 A 
omparison between monthly inter-annual anomalies in the buoyan
y power term (Φapkano
),and wind power (Φwwano) term, for (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E0-400m) and (b) the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). The 
orrelationbetween anomalies (r) is given, together with the required 
orrelation value for signi�
an
eat the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). Anomalousbuoyan
y power (Φapkano

) and wind power (Φwwano) values have been normalised. . . . 1356.9 (a) A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)APE anomalies and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) APE anomalies. (b) Timelag 
orrelations between equatorial and tropi
al Atlanti
 APE anomalies. (
) A 
omparisonbetween inter-annual Atl3 SST and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) APEanomalies. SST and APE anomalies were 
al
ulated based on ROMS-TAtl output. SST andAPE values have been normalised. APE values were 
al
ulated following Equation 3.2. In aand 
, the 
orrelation between anomalies (r) is given, together with the required 
orrelationvalue for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom(r*). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
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LIST OF FIGURES xix6.10 A 
omparison between monthly, inter-annual anomalies in APE evolution (dAPEano/dt)and wind power (Φwwano) for the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m).Anomalous APE evolution (dAPEano/dt) and wind power (Φwwano) values have been nor-malised. (b) The seasonal dependen
e in 
orrelation between monthly inter-annual anomaliesin APE evolution (dAPEano/dt) and wind power (Φwwano) for the tropi
al Atlanti
 domain(8°S-8°N 60°W-15°E 0-400m). Positive 
orrelations are 
ontoured in solid lines and negative
orrelations in dashed lines. Correlations signi�
ant above the 95 per
entile are shaded ingrey. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1376.11 (a) A 
omparison between monthly, inter-annual anomalies in the wind power term (Φwwano),and its zonal (Φwwx
ano

) and meridional (Φwwy
ano

) 
omponents for the tropi
al Atlanti
 domain(8°S-8°N 60°W-15°E 0-400m). Values are given in Js-1. (b) A 
omparison between monthly,inter-annual anomalies in the zonal 
omponent of the wind power term (Φwwx
ano

), and APEevolution (dAPEano/dt) assessed over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). The 
orrelation between anomalies (r) is given, together with the required 
orrelationvalue for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom(r*). Values have been normalised. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1386.12 (a) Time lag 
orrelations between inter-annual Atl3 SST anomalies and tropi
al Atlanti
 windpower anomalies (Φwwano). (b) The seasonal dependen
e in 
orrelations between monthlyinter-annual Atl3 SST anomalies and tropi
al Atlanti
 wind power anomalies (Φwwano). Pos-itive 
orrelations are 
ontoured in solid lines and negative 
orrelations in dashed lines. Cor-relations signi�
ant above the 95 per
entile are shaded in grey. SST anomalies and windpower anomalies were 
al
ulated based on ROMS-TAtl output and a three month runningmean has been applied to the time series. . . . . . . . . . . . . . . . . . . . . . . . . . . 1406.13 The seasonal dependen
e in monthly Atl3 SST auto 
orrelation. Positive 
orrelations are
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
antabove the 95 per
entile are shaded in grey. SST anomalies were 
al
ulated based on ROMS-TAtl output. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1426.14 A 
omparison between monthly anomalies in the zonal 
omponent of the wind power term,
Φwwx

ano
; the mean perturbation terms, Φmupτ

wwano and Φmτpu
wwano ; and the perturbation term,

Φpp
wwano for the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). Values are given inJs-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1436.15 (a) Time lag 
orrelations between inter-annual Atl3 SST anomalies and the mean perturba-tion term Φmupτ

wwano. (b) The seasonal dependen
e in 
orrelations between monthly inter-annualAtl3 SST anomalies and the mean perturbation term Φmupτ
wwano. Positive 
orrelations are 
on-toured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant abovethe 95 per
entile are shaded in grey. SST anomalies and Φmupτ

wwano were 
al
ulated based onROMS-TAtl output and a three month running mean has been applied to the time series. 144
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LIST OF FIGURES xx6.16 (a) Time lag 
orrelations between inter-annual Atl3 SST anomalies and the mean perturba-tion term Φmτpu
wwano. (b) The seasonal dependen
e in 
orrelations between monthly inter-annualAtl3 SST anomalies and the mean perturbation term Φmτpu

wwano. Positive 
orrelations are 
on-toured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant abovethe 95 per
entile are shaded in grey. SST anomalies and Φmτpu
wwano were 
al
ulated based onROMS-TAtl output and a three month running mean has been applied to the time series. 1456.17 Monthly anomalies in ROMS-TAtl Atl3 SST plotted in relation to one standard deviation.Periods where simulated Atl3 SST anomalies 
orrespond poorly with observed Hadley OIAtl3 SST anomalies are plotted in bla
k. . . . . . . . . . . . . . . . . . . . . . . . . . . . 1486.18 Cold year (1983, 1986, 1992, 1994 and 2004) 
omposites of (a) anomalous Atl3 SST,equatorial Atlanti
 APE (3°S-3°N 60°W-15°E 0-400m), tropi
al Atlanti
 APE (8°S-8°N 60°W-15°E 0-400m) and tropi
al Atlanti
 BPE (8°S-8°N 60°W-15°E 0-400m); (b) total versus
limatologi
al values of Atl3 SST, tropi
al Atlanti
 APE and tropi
al Atlanti
 BPE; (
)total versus 
limatologi
al values for wind work (Φww) and adve
tion of the density �eld(Φbpa); and (d) the relative 
ontribution of mean perturbation terms Φmupτ

wwano and Φmτpu
wwano toanomalous wind power. In (a)-(
) values have been normalised while in (d) values are givenin Js−1. A 14 day running mean has been applied to ea
h time series to smooth out thehigh frequen
y variability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1496.19 Cold year (1983, 1986, 1992, 1994 and 2004) 
omposite monthly maps illustrating thespatial stru
ture in wind power anomalies (Wm−2) over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E) between April and September are shown in the left 
olumn (a, 
, e, g,i, k and m). These are 
ompared with the spatial stru
ture in 
limatologi
al wind poweranomalies from the annual mean in the right 
olumn (b, d, f, h, j, l and n). . . . . . . . 1506.20 Cold year (1983, 1986, 1992, 1994 and 2004) 
omposite of tropi
al Atlanti
 APE versuswind power phase diagram. The phase diagram based on 
omposited total APE and windpower values is shown in red while the seasonal phase diagram as in Figure 5.27 is shownin bla
k. Values have been normalised and a 14 day running mean has been applied to thetime series to smooth out the high frequen
y variability. . . . . . . . . . . . . . . . . . . 1516.21 (a) 1992 and (b) 2004 anomalous Atl3 SST, equatorial Atlanti
 APE (3°S-3°N 60°W-15°E0-400m), tropi
al Atlanti
 APE (8°S-8°N 60°W-15°E 0-400m) and tropi
al Atlanti
 BPE(8°S-8°N 60°W-15°E 0-400m). (
) The 1992 and (b) the 2004 relative 
ontribution of meanperturbation terms Φmupτ

wwano and Φmτpu
wwano to anomalous wind power. In (a) and (b) valueshave been normalised while in (
) and (d) values are given in Js−1. A 14 day running meanhas been applied to ea
h time series to smooth out the high frequen
y variability. . . . . . 1526.22 (a) 1992 and, (b) 2004, total versus 
limatologi
al values for Atl3 SST and equatorialAtlanti
 APE. Values have been normalised. A 14 day running mean has been applied toea
h time series to smooth out the high frequen
y variability. . . . . . . . . . . . . . . . 153
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LIST OF FIGURES xxi6.23 Tropi
al Atlanti
 APE versus wind power phase diagram for (a) 1992 and (b) 2004. Thephase diagram based on total APE and wind power values is shown in red while the 
limato-logi
al phase diagram as in Figure 5.27 is shown in bla
k. Values have been normalised anda 14 day running mean has been applied to the time series to smooth out the high frequen
yvariability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1536.24 Warm year (1984, 1987, 1988, 1991, 1995, 1996, 1998 and 1999) 
omposites of (a) anoma-lous Atl3 SST, equatorial Atlanti
 APE (3°S-3°N 60°W-15°E 0-400m), tropi
al Atlanti
 APE(8°S-8°N 60°W-15°E 0-400m) and tropi
al Atlanti
 BPE (8°S-8°N 60°W-15°E 0-400m); (b)total versus 
limatologi
al values of Atl3 SST, tropi
al Atlanti
 APE and tropi
al Atlanti
BPE; (
) total versus 
limatologi
al values for wind work (Φww) and adve
tion of the density�eld (Φbpa); (d) the relative 
ontribution of mean perturbation terms Φmupτ
wwano and Φmτpu

wwanoto anomalous wind power. In (a)-(
) values have been normalised while in (d) values aregiven in Js−1. A 14 day running mean has been applied to ea
h time series to smooth outthe high frequen
y variability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1556.25 Warm year (1984, 1987, 1988, 1991, 1995, 1996, 1998 and 1999) 
omposite monthly mapsillustrating the spatial stru
ture in wind power anomalies (Wm−2) over the tropi
al Atlanti
domain (8°S-8°N 60°W-15°E) between April and September are shown in the left 
olumn (a,
, e, g, i, k and m). These are 
ompared with the spatial stru
ture in 
limatologi
al windpower anomalies from the annual mean in the right 
olumn (b, d, f, h, j, l and n). . . . . 1566.26 Warm year (1984, 1987, 1988, 1991, 1995, 1996, 1998 and 1999) 
omposite of tropi
alAtlanti
 APE versus wind power phase diagram. The phase diagram based on 
ompositedtotal APE and wind power values is shown in red while the 
limatologi
al phase diagram asin Figure 5.27 is shown in bla
k. Values have been normalised and a 14 day running meanhas been applied to the time series to smooth out the high frequen
y variability. . . . . . 1576.27 (a) 1988 and (b) 1991 anomalous Atl3 SST, equatorial Atlanti
 APE (3°S-3°N 60°W-15°E0-400m), tropi
al Atlanti
 APE (8°S-8°N 60°W-15°E 0-400m) and tropi
al Atlanti
 BPE(8°S-8°N 60°W-15°E 0-400m). (
) The 1988 and (b) the 1991 relative 
ontribution of meanperturbation terms Φmupτ
wwano and Φmτpu

wwano to anomalous wind power. In (a) and (b) valueshave been normalised while in (
) and (d) values are given in Js−1. A 14 day running meanhas been applied to ea
h time series to smooth out the high frequen
y variability. . . . . . 1596.28 (a) 1988 and, (b) 1991, total versus 
limatologi
al values for Atl3 SST and equatorialAtlanti
 APE. Values have been normalised. A 14 day running mean has been applied toea
h time series to smooth out the high frequen
y variability. . . . . . . . . . . . . . . . 1606.29 Tropi
al Atlanti
 APE versus wind power phase diagram for (a) 1988 and (b) 1991. Thephase diagram based on total APE and wind power values is shown in red while the 
limato-logi
al phase diagram as in Figure 5.27 is shown in bla
k. Values have been normalised anda 14 day running mean has been applied to the time series to smooth out the high frequen
yvariability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
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LIST OF FIGURES xxii6.30 A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) BPEanomalies and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) BPE anomalies. The 
or-relation between anomalies (r) is given, together with the required 
orrelation value forsigni�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). BPEanomalies were 
al
ulated based on ROMS-TAtl output following Equation 3.2 and havebeen normalised. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1616.31 A 
omparison between monthly inter-annual anomalies in BPE evolution (dBPEano/dt inJs-1) and BPE evolution driven by �u
tuations in the adve
tion of the density �eld (Φbpaano
inJs-1), assessed over (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m) and(b) the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). The 
orrelation betweenanomalies (r) is given, together with the required 
orrelation value for signi�
an
e at the95% level taking into a

ount the e�e
tive degrees of freedom (r*). . . . . . . . . . . . . 1626.32 (a) A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)APE and BPE anomalies. The 
orrelation between anomalies (r) is given, together withthe required 
orrelation value for signi�
an
e at the 95% level taking into a

ount the ef-fe
tive degrees of freedom (r*). APE and BPE values have been normalised. (b) Time lag
orrelations between equatorial APE and BPE anomalies. (
) The seasonal dependen
e in
orrelations between equatorial Atlanti
 APE and BPE anomalies. Positive 
orrelations are
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
antabove the 95 per
entile are shaded in grey. APE and BPE anomalies were 
al
ulated basedon ROMS-TAtl output following Equation 3.2. . . . . . . . . . . . . . . . . . . . . . . . 1636.33 (a) A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)BPE and Atl3 SST anomalies. The 
orrelation between anomalies (r) is given, togetherwith the required 
orrelation value for signi�
an
e at the 95% level taking into a

ount thee�e
tive degrees of freedom (r*). SST and BPE values have been normalised. (b) Time lag
orrelations between equatorial Atlanti
 BPE and Alt3 SST anomalies. (
) The seasonal de-penden
e in 
orrelations between equatorial Atlanti
 BPE and Atl3 SST anomalies. Positive
orrelations are 
ontoured in solid lines and negative 
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ant above the 95 per
entile are shaded in grey. BPE anomalies were 
al
ulated basedon ROMS-TAtl output following Equation 3.2. . . . . . . . . . . . . . . . . . . . . . . . 164A.1 Variability in the verti
al density pro�le estimated by horizontally averaging the monthly meandensity �eld within the 
hosen domain: (a) the equatorial Pa
i�
 (5°N-5°S 130°E-85°W),(b) the equatorial Atlanti
 (3°S-3°N 60°W-15°E), (
) the tropi
al Pa
i�
 (8°N-8°S 130°E-85°W), (d) the tropi
al Atlanti
 (8°S-8°N 60°W-15°E), (e) the extended tropi
al Pa
i�
(15°N-15°S 130°E-85°W), and (f) the extended tropi
al Atlanti
 (15°S-15°N 60°W-15°E).Seasonal variability in the verti
al density pro�le is overlayed on the total spread of verti
aldensity pro�les between 1958-2004 shown in 
yan. Depth (m) is represented on the y-axisand density (kgm-3) on the x-axis. Monthly density �elds are derived from the monthlyORCA temperature and salinity �elds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . II
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 (5°N-5°S 130°E-85°W 0-400m) APE anomalies. SST and APE anomalies where 
al
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ount the e�e
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an
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ount the e�e
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limatologi
al Atl3 SST and equatorial Atlanti
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al
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ount the e�e
tive degrees of freedom (r*). SST and APE values have been normalised. VII
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Chapter 1
Introdu
tion
1.1 Ba
kgroundDespite the dominant semi-annual signal in solar for
ing at the top of the atmosphere, atmospheri
 ando
eani
 
onditions in the 
entral-eastern equatorial Pa
i�
 and Atlanti
 basins exhibit a distin
t annual 
y
le(Mit
hell and Walla
e, 1992). In these regions, atmospheri
 and o
eani
 
onditions observed at the time ofthe two equinoxes strongly 
ontrast ea
h other. This seemingly in
onsistent behaviour is due to the integralrole o
ean-atmosphere intera
tions play in determining the seasonal 
y
le within these regions (Mit
hell andWalla
e, 1992).Tropi
al o
eans are parti
ularly sus
eptible to o
ean-atmosphere intera
tions. Firstly, atmospheri
 
ir
ulationexhibits a strong dependen
e on underlying Sea Surfa
e Temperature (SST) in the tropi
s (Rowell, 1998) asdeep atmospheri
 
onve
tion is driven by the warmer (>27°C) SSTs whi
h reside in the tropi
s. Se
ondly,while extra-tropi
al SSTs are predominately determined by the magnitude of the surfa
e heat �ux, witho
ean dynami
s tending to play a relatively small role, the o
eani
 response to wind for
ing has a mu
hstronger in�uen
e on SST in the tropi
s (Kraus, 1977; Philander, 1990). This is primarily be
ause the depthof the surfa
e mixed layer is not determined lo
ally over most of the tropi
s due to the presen
e of a sharp,shallow thermo
line that separates 
old sub-thermo
line waters from a thin layer of warm surfa
e waters.The depth of this thermo
line is remotely for
ed by large s
ale o
eani
 adjustment in response to 
hangesin atmospheri
 for
ing involving o
eani
 Kelvin and Rossby waves (Philander, 1990).At the inter-annual time s
ales, global 
limate variability is primarily asso
iated with the El Niño SouthernOs
illation (ENSO) (Walla
e et al., 1998). While ENSO is the strongest mode of 
oupled 
limate variabilityin the tropi
s and has far rea
hing impa
ts, there are other tropi
al modes of 
oupled 
limate variabilityin the Indian and Atlanti
 O
eans whi
h have re
eived 
onsiderably less attention. Intera
tion betweenthe tropi
al o
eans and their overlying atmosphere is seen to give rise to 
lear signals of 
oupled 
limatevariability at several time s
ales (seasonal, inter-annual, and de
adal as outlined in the review paper ofChang et al., 2006a). The upper equatorial o
ean is in�uen
ed by the atmosphere via thermodynami
and/or dynami
 pro
esses. In response, the o
ean a
ts to reinfor
e, in the 
ase of a positive feedba
k, ordampen, in the 
ase of negative feedba
k, atmospheri
 behaviour through 
hanges in its upper o
ean heat
ontent and SST �eld. 1
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CHAPTER 1. INTRODUCTION 2From a pra
ti
al point of view, when fore
asting seasonal anomalies in atmospheri
 �elds su
h as temper-ature and rainfall, one of the greatest limitations lies in providing atmospheri
 models with a

urate futurevariations in SST. Given the 
orre
t evolution of global SSTs as boundary 
onditions, atmospheri
 modelsare able to produ
e a realisti
 and statisti
ally signi�
ant atmospheri
 response (Trenberth et al., 1998).Numeri
al models of the o
ean on the other hand 
an reprodu
e SST evolution with reasonable a

ura
ywhen for
ed with observed wind stress and surfa
e heat �ux for
ing from the atmosphere. Although itshould be noted that this skill is largely determined by the restoring e�e
t in the bulk formulation of surfa
eheat �uxes (Seager et al., 1988). It is the intera
tion between these two �uid layers that is an importantsour
e of feedba
ks, whi
h lead to the growth of empiri
al errors in 
oupled o
ean-atmosphere models, andlimit our ability to predi
t both future SST �elds and the resultant atmospheri
 response.As SST 
hanges represent variability at the interfa
e between ea
h 
omponent of the 
oupled o
ean-atmosphere system, one 
an gain great insight into the me
hanisms driving 
oupled variability by under-standing the primary pro
esses 
ontrolling the evolution of SST. The type of o
ean-atmosphere feedba
kme
hanism behind 
oupled variability may be identi�ed a

ording to the primary physi
al pro
ess govern-ing SST 
hanges. Feedba
k me
hanisms asso
iated with 
oupled equatorial variability are seen to be eitherthermodynami
 or dynami
 in nature. If SST 
hanges asso
iated with 
oupled variability are driven primarilyby 
hanges in the intensity of the surfa
e heat �ux for
ing, then a thermodynami
 feedba
k me
hanism isbehind the growth of 
oupled anomalies. On the other hand, a dynami
 feedba
k me
hanism is responsibleif adve
tion and mixing pro
esses are behind the SST 
hanges, as 
hanges in upper o
ean 
ir
ulation inresponse to wind for
ing plays an a
tive role in driving SST variability.A thermodynami
 feedba
k me
hanism inherent to the tropi
s is the Wind-Evaporation-SST (WES) feedba
kme
hanism (Xie and Philander, 1994; Chang et al., 2006a). As the name suggests, anomalous latent heatingis responsible for the growth of SST anomalies attributed to the WES feedba
k me
hanism. The WESfeedba
k is initiated by the presen
e of a small anomalous 
ross-equatorial SST gradient. The atmospheri
response to this anomalous SST pattern gives rise to anomalous 
ross-equatorial surfa
e winds. The Coriolisfor
e de�e
ts the meridional �ow su
h that it a
ts to in
rease 
limatologi
al zonal wind speeds in the 
olderhemisphere enhan
ing evaporative 
ooling, and de
rease 
limatologi
al zonal wind speeds in the warmerhemisphere de
reasing evaporative 
ooling. The meridional atmospheri
 boundary layer �ow from the 
oolerto the warmer hemisphere therefore a
ts to reinfor
e the anomalous SST gradient through anomalous latentheating.Another thermodynami
 feedba
k me
hanism a
tive in the tropi
s is the Cloud-SST feedba
k (Wang andEn�eld, 2001; Okumura et al., 2001; Tanimoto and Xie, 2002). Two kinds of Cloud-SST feedba
k me
h-anisms of potential importan
e in the tropi
al Atlanti
 are identi�ed in the literature. Firstly, there is afeedba
k me
hanism between SST anomalies in the western basin's warm pool region and 
loud indu
edlongwave radiation anomalies. Warm (
old) SST anomalies de
rease (in
rease) Sea Level Pressure (SLP),thereby in
reasing (de
reasing) atmospheri
 
onve
tion and 
loudiness. This in
reased (de
reased) 
loudi-ness de
reases (in
reases) the loss of longwave radiation, reinfor
ing the warm (
old) SST anomaly (Wangand En�eld, 2001). Se
ondly, there is a feedba
k me
hanism involving low-level stratiform 
louds in thesubtropi
s. Cold (warm) SST anomalies in
rease (de
rease) the stati
 stability of the atmospheri
 boundarylayer enhan
ing (suppressing) stratus 
loud formation whi
h limits the amount of solar radiation rea
hingthe earth's surfa
e by re�e
ting it ba
k up into spa
e, reinfor
ing the 
old (warm) SST anomaly (Klein andHartmann, 1993; Okumura et al., 2001; Tanimoto and Xie, 2002).
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CHAPTER 1. INTRODUCTION 3Equatorial regions support two distin
t types of dynami
 feedba
k me
hanisms known as the 'Bjerk-nes'/'thermo
line' feedba
k and the 'Ekman'/'surfa
e-layer' feedba
k me
hanisms (Neelin et al., 1998).Both of these feedba
k me
hanisms involve a 
ir
ular argument whereby SST 
hanges are both the 
auseand result of wind perturbations. These feedba
ks arise from the fa
t that equatorial o
eans have a ratherspe
ial mean state whi
h fa
ilitates the 
oupling between subsurfa
e and surfa
e o
ean pro
esses.This mean state, in the 
ase of the Pa
i�
 and Atlanti
 o
ean basins, is 
hara
terised by a zonal sea level and
orresponding thermo
line slope a
ross the basin. The thermo
line shoals in the east, as the mean easterlyzonal wind stress for
ing is balan
ed at the �rst order by a zonal pressure gradient. Another key aspe
tof the mean state is the 
hange in sign of Coriolis for
ing a
ross the equator and the asso
iated Ekmandivergen
e whi
h drives equatorial upwelling. This equatorial upwelling, superimposed on the zonally slopingthermo
line, in turn results in the zonal SST gradient whi
h supports the atmospheri
 Walker 
ir
ulationthat gives rise to the mean equatorial easterly trade winds.As a result of these mean state 
hara
teristi
s, the dynami
 o
ean response to small perturbations in windfor
ing is 
apable of for
ing 
entral-eastern basin equatorial SST 
hanges big enough to feedba
k andsigni�
antly e�e
t atmospheri
 
ir
ulation. The shallow thermo
line in the east means that SST is stronglymodulated by the verti
al adve
tion of 
older subsurfa
e water into the surfa
e mixed layer. The extent of
ooling asso
iated with this verti
al adve
tion depends on either the strength of verti
al velo
ities indu
edby lo
al Ekman pumping, or on remotely for
ed 
hanges in the thermo
line depth indu
ed by a basin wideadjustment to wind stress �u
tuations.The Bjerknes feedba
k (Bjerknes, 1969), involves a 
ir
ular argument whereby anomalously warm (
ool)SSTs in the eastern equatorial basin modify the basin's Walker 
ir
ulation 
ausing a de
rease (in
rease) inthe easterly trade winds. This perturbation to the zonal wind stress for
ing triggers o
eani
 equatorial Kelvinwaves that a
t to zonally redistribute warm water along the equator de
reasing (in
reasing) the east-westslope in the thermo
line. The resulting thermo
line depth 
hanges in the east then modulate the strengthof verti
al adve
tion su
h that the original SST anomaly is enhan
ed 
ompleting the positive feedba
k loop.The o
ean-atmosphere feedba
k me
hanism referred to as the Ekman feedba
k, involves a purely lo
aldynami
al o
ean response to 
hanges in the wind for
ing. Like the Bjerknes feedba
k, SST anomalies modifythe strength of equatorial winds, whi
h then a
t to reinfor
e the original SST anomaly. However, unlike theBjerknes feedba
k me
hanism, thermo
line depth variations asso
iated with the Ekman feedba
k me
hanismare driven by the divergen
e of surfa
e Ekman 
urrents rather than remotely for
ed geostrophi
 
urrentanomalies. Upper o
ean dynami
s in�uen
e SST through anomalous adve
tion driven by the divergen
e ofsurfa
e Ekman 
urrents and asso
iated thermo
line depth 
hanges are in balan
e with the lo
al wind stressfor
ing (Chang and Philander, 1994).Idealised, natural modes of os
illation arising from dynami
al intera
tions between the equatorial o
eans andtheir overlying atmosphere 
an be 
onsidered in terms of the o
eani
 pro
esses and asso
iated dynami
alfeedba
ks governing SST �u
tuations (Neelin et al., 1998). Classi�ed in this manner, three main types ofidealised modes have previously been suggested, namely the �delayed os
illator� (Hirst, 1986; Suarez andS
hopf, 1988; Battisti and Hirst, 1989), the �SST-modes� (Neelin, 1991) and the �re
harge os
illator� (Jin,1997).
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CHAPTER 1. INTRODUCTION 4The delayed os
illator Central-eastern basin SST �u
tuations attributed to the idealised �delayed os
il-lator� mode are driven by equatorial upwelling a
ting on thermo
line displa
ements. The Bjerknes feedba
kleads to the growth of anomalies asso
iated with this mode. The lagged negative feedba
k whi
h leads tothe periodi
 nature of this mode is due to the re�e
tion of o�-equatorial Rossby waves generated during theinitial phase at the western edge of the basin. These waves then propagate to the east along the equator asKelvin waves, initiating the phase reversal (Battisti and Hirst, 1989). Thermo
line displa
ements are drivenby equatorial o
ean wave dynami
s, and so the delayed os
illator mode has a time s
ale whi
h depends onthe pro
esses of o
eani
 adjustment (Hirst, 1986; Suarez and S
hopf, 1988). The o
ean provides the slowadjustment time s
ale as well as the memory for transition from one phase to the next (Neelin et al., 1998).SST-modes A westward propagating, equatorially symmetri
 mode of 
oupled o
ean-atmosphere vari-ability referred to as an SST-mode, is for
ed by the lo
al Ekman feedba
k me
hanism (Neelin et al., 1998;Neelin, 1991). This equatorially symmetri
 SST-mode together with equatorially antisymmetri
 SST-modesin�uen
es the seasonal 
y
le in the eastern part of both the Pa
i�
 and Atlanti
 where the thermo
line isshallow (Chang and Philander, 1994; Carton and Zhou, 1997). For
ed by the lo
al Ekman feedba
k me
h-anism, these 
oupled unstable modes do not involve remotely for
ed 
hanges in thermo
line depth, thusrendering the time s
ale of equatorial wave dynami
s unimportant. The os
illatory time s
ale is determinedby lo
al adve
tive pro
esses as SST 
hanges are determined by the divergen
e of surfa
e Ekman 
urrentsand asso
iated thermo
line depth 
hanges (Chang and Philander, 1994). The growth rate of these modesis inversely proportional to the mean thermo
line depth and therefore the existen
e of these modes dependson a shallow thermo
line (Chang and Philander, 1994).The re
harge os
illator Like the delayed os
illator, the re
harge os
illator is an idealisation of the 
oupledo
ean�atmosphere mode with whi
h the ENSO is asso
iated (Jin, 1997). As with the delayed os
illator,the re
harge os
illator paradigm as
ribes the growth of instabilities to the Bjerknes feedba
k me
hanism.However, the re
harge os
illator idealisation di�ers from the delayed os
illator idealisation in its approxima-tion of the phase transition me
hanisms. As des
ribed above, the phase-transition me
hanism in the 
aseof the delayed os
illator idealisation is attributed to the delay asso
iated with planetary wave propagationand western boundary wave re�e
tion. In the 
ase of the re
harge os
illator idealisation, the o
ean wavepropagation pro
ess is not at the 
entre of the delayed negative feedba
k, but rather regarded as a partof the o
eani
 adjustment in whi
h heat and mass are re-distributed under 
hanging wind for
ing. There
harge�dis
harge of equatorial zonal mean heat 
ontent is viewed as the phase-transition me
hanism. Thebasin wide o
ean adjustment, whi
h is viewed as being in quasi-Sverdrup balan
e with anomalous trade windfor
ing, results in an anomalously shallow (deep) equatorial thermo
line after warm (
old) events. This shal-lowing (deepening) of the mean equatorial thermo
line while the zonal equatorial thermo
line slope remainssuppressed (enhan
ed) in response to anomalously weak (strong) equatorial trades, provides the negativefeedba
k/phase transition me
hanism that allows the thermo
line to shoal (deepen) in the east. As theregulator of eastern basin SST, this delayed reversal of eastern basin thermo
line depth a
ts to reverse theSST anomaly (Jin, 1997).
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CHAPTER 1. INTRODUCTION 51.2 Obje
tivesThis thesis fo
uses on lo
al 
oupled variability in the equatorial Atlanti
. It aims to advan
e our under-standing of the me
hanisms behind tropi
al Atlanti
 
limate variability and, in parti
ular, the role of o
eandynami
s within observed 
oupled variability in the equatorial Atlanti
. Relative to the Pa
i�
, the role ofthe o
ean within equatorial Atlanti
 
limate variability is poorly understood and parti
ularly with respe
t tothe role of o
ean memory (Chang et al., 2006a). In the Pa
i�
, energeti
s analysis of inter-annual variabilityhas elu
idated the me
hanisms through whi
h o
ean-atmosphere intera
tions give rise to ENSO (Goddardand Philander, 2000; Fedorov et al., 2003; Fedorov, 2007). In this thesis, an assessment of the energeti
s ofequatorial Atlanti
 variability, as well as of the physi
al pro
esses driving SST variability is performed. Thisanalysis o�ers insight into the role of the o
ean within equatorial Atlanti
 o
ean-atmosphere intera
tions atboth seasonal and inter-annual time s
ales.Figure 1.1 depi
ts the observed seasonal variability in SST, wind stress and pre
ipitation at three lo
ations(western, 
entral and eastern basin) within the Pa
i�
, Atlanti
 and Indian o
eans. Apparent in Figure 1.1is the signi�
ant seasonal 
ooling observed in the 
entral-eastern equatorial Pa
i�
 (Figures 1.1 a-
) andAtlanti
 (Figures 1.1 d-f) whi
h is absent from the Indian O
ean (Figures 1.1 g-i). This seasonal 
oolingis indi
ative of the key role dynami
 o
ean pro
esses play in driving seasonal SST 
hanges in the 
entral-eastern equatorial Atlanti
 (Foltz et al., 2003; Peter et al., 2006; Yu et al., 2006) and the 
entral-easternequatorial Pa
i�
 (Hayes et al., 1991; Chang, 1993, 1994; Swenson and Hansen, 1999; Wang and M
Phaden,1999) where seasonal SST variations 
annot be explained by surfa
e heat �ux variations alone. Overlaidon seasonal SST 
hanges, pre
ipitation and wind stress 
hanges display the 
ovariability observed withinseasonal o
eani
 and atmospheri
 
onditions in both the 
entral-eastern Pa
i�
 and Atlanti
 basins, eviden
ethat o
ean-atmosphere intera
tions are integral in determining the seasonal 
y
le within these regions.Figure 1.2 
ompares the standard deviation of monthly, total1 SST variations, seasonal SST �u
tuationsand inter-annual SST anomalies spanning 1958-2004 for the tropi
al Pa
i�
 and Atlanti
 basins. As shownin Figure 1.2b, the Atl3 (3°S-3°N 20°W-0°E) region in the 
entral-eastern Atlanti
, like the Niño3.4 (5°N-5°S170°W-120°W) and Niño3 (5°N-5°S 150°W-90°W) boxes in the Pa
i�
 (Figure 1.2a), represent the regionof greatest equatorial SST varian
e.Although seasonal SST variability in the eastern-
entral Atlanti
, like seasonal SST variability in the 
entral-eastern Pa
i�
, has been attributed to seasonally ex
ited SST-modes and their asso
iated Ekman feedba
k(Chang and Philander, 1994), the seasonal 
y
le in Atl3 SST is somewhat distin
t from that of the Niño3.4and Niño3 boxes. These distin
tions are illustrated in Figure 1.3, whi
h 
ompares seasonal variability inthe Niño 3.4, Niño 3 and Atl3 SST indi
es. The annual de
line of SST in both basins, asso
iated with thedevelopment of the equatorial 
old tongue in April is evident. However, seasonal 
ooling in the Atlanti
 issteeper and greater than in the Pa
i�
. Furthermore, 
ool 
onditions do not persist as long in the Atlanti
as they do in the Pa
i�
. This 
omparison between the seasonal SST signatures within ea
h basin raisesthe following question: What distin
t pro
esses o

urring in the Atlanti
 may a

ount for the observeddi�eren
es in seasonal 
entral-eastern basin SST signature between the Pa
i�
 and the Atlanti
? Basedon the relationship between SST, thermo
line depth and surfa
e zonal 
urrents, Ding et al. (2009) suggestthat the me
hanism behind seasonal SST 
hanges in the Atlanti
 is more 
onsistent with the presen
e of1�total� refers to the 
ombined seasonal and inter-annual signals
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oC(i)Figure 1.1: Seasonal SST, wind stress, and rainfall �u
tuations in the (a) western Pa
i�
 O
ean - 165°E,(b) 
entral Pa
i�
 O
ean - 120°W, (
) eastern Pa
i�
 O
ean - 90°W, (d) western Atlanti
 O
ean - 30°W,(e) 
entral Atlanti
 O
ean - 20°W, (f) eastern Atlanti
 O
ean - 0°W, (g) western Indian O
ean - 55°E,(h) 
entral Indian O
ean - 70°E, and (i) eastern Indian O
ean - 90°E. Climatologi
al SST, wind stress andrainfall values shown here were derived from the Comprehensive O
ean-Atmosphere Data Set (COADS)(DaSilva et al., 1994). The 
olour �lled bla
k 
ontours represent SST values in °C as indi
ated by the
orresponding 
olourbar. The white 
ontours represent pre
ipitation with a 
ontour interval of 0.2
mday-1.The bla
k ve
tors represent seasonal 
hanges in the zonal and meridional wind stress 
omponents.
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(f)Figure 1.2: Based on 1° resolution, Hadley OI SST data (Rayner et al., 2003) spanning 1958-2004, this�gure shows the standard deviation of monthly, (a) total SST variations in the Pa
i�
, (b) total SSTvariations in the Atlanti
, (
) seasonal SST �u
tuations in the Pa
i�
, (d) seasonal SST �u
tuations in theAtlanti
, (e) inter-annual SST anomalies in the Pa
i�
, and (f) inter-annual SST anomalies in the Atlanti
.A 
ontour interval of 0.25°C has been used. Regions of >1.5°C are shaded in �gures a-d and >0.5°C in�gures e and f. The Niño 3.4 (5°N-5°S 170°W-120°W) and Niño 3 (5°N-5°S 150°W-90°W) and the Atlanti
Atl3 (3°S-3°N 20°W-0°E) regions have been demar
ated.a �thermo
line mode� than an SST-mode. This suggestion is substantiated by the results obtained in thisthesis.Furthermore, when 
omparing SST variability in the equatorial Atlanti
 with that of the equatorial Pa
i�
 itis apparent that while the inter-annual ENSO signal dominates the variability in the Pa
i�
, the annual 
y
ledominates in the Atlanti
 (Vau
lair and du Penhoat, 2001; Xie and Carton, 2004). This di�eren
e betweenthe two basins is best illustrated by Figure 1.4, a 
omparison between variability in spatially averaged SSTover the Pa
i�
 Niño 3.4 (5°N-5°S 170°W-120°W) and Niño 3 (5°N-5°S 150°W-90°W) regions, and theAtlanti
 Atl3 region (3°S-3°N 20°W-0°E).The nature of SST variability in the 
entral-eastern equatorial Atlanti
 is strikingly di�erent from that of thePa
i�
. In the 
entral Pa
i�
 (Figure 1.4a), seasonal SST variations of the order of 1°C are overshadowedby larger inter-annual ex
ursions. This situation remains true even in the eastern Pa
i�
 (Figure 1.4b),where seasonal os
illations in SST are ampli�ed by the shallowness of the thermo
line. Seasonal SST
hanges in the 
entral-eastern Atlanti
 on the other hand are substantially larger in magnitude than anyinter-annual SST anomalies (Figure 1.4
). To what may we attribute the noti
eable di�eren
e in the time-s
ale of the largest SST �u
tuations between the two basins? The dominant me
hanism responsible for thelarge inter-annual 
hanges in 
entral-eastern basin SST in the equatorial Pa
i�
 is well established (Chang
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(a)Figure 1.3: A 
omparison between seasonal variability in Niño 3.4 (5°N-5°S 170°W-120°W) SST, Niño 3(5°N-5°S 150°W-90°W) SST, and Atl3 (3°S-3°N 20°W-0°E) SST. Created using monthly Hadley OI SSTdata (Rayner et al., 2003). SST values are given in °C.et al., 2006a). Remotely for
ed thermo
line depth perturbations, asso
iated with the Bjerknes feedba
kme
hanism, modulate the verti
al adve
tion of 
ool, sub-thermo
line waters into the surfa
e mixed layer.Does this mean that the Bjerknes feedba
k me
hanism is a
ting primarily on seasonal time s
ales in theAtlanti
 and hen
e the largest SST variability o

urs seasonally?Given the suprema
y of seasonal SST variability in the 
entral-eastern equatorial Atlanti
 (Figure 1.4), onewonders whether the seasonal 
y
le in the Atlanti
 is so dominant that it is able to strongly in�uen
e theevolution of its inter-annual variability? Figure 1.4 suggests that unlike in the Pa
i�
, where inter-annualSST variability is 
hara
terised by the presen
e of a natural 
oupled mode operating on inter-annual times
ales (ENSO), inter-annual SST variability in the eastern Atlanti
 is driven by a modulation of seasonallya
tive 
oupled variability. Can inter-annual SST variability in the eastern equatorial Atlanti
 be explained interms of a modulation of seasonally a
tive 
oupled variability?The key questions raised above are listed below:� What distin
t pro
esses o

urring in the Atlanti
 may a

ount for the observed di�eren
es in theseasonal 
entral-eastern basin SST signature between the Pa
i�
 and the Atlanti
?� Why do inter-annual SST �u
tuations dominate over seasonal �u
tuations in the 
entral-easternPa
i�
 while the opposite is true in the Atlanti
? Is it be
ause, unlike in the Pa
i�
, the Bjerknesme
hanism a
ts primarily on seasonal time s
ales in the Atlanti
?� Can inter-annual SST variability in the 
entral-eastern equatorial Atlanti
 be explained in terms of amodulation of seasonally a
tive 
oupled variability� What is the role of o
ean memory within 
entral-eastern equatorial Atlanti
 SST variability?As highlighted in the previous se
tion, the o
ean-atmosphere feedba
k me
hanism responsible for 
oupledvariability 
an be identi�ed a

ording to the primary physi
al pro
ess governing asso
iated SST 
hanges;SSTs link the o
eani
 and atmospheri
 
omponents of the 
oupled system. The approa
h taken in thisthesis is therefore one whi
h 
on
entrates on diagnosing the role of dynami
 o
ean-atmosphere intera
tion



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 1. INTRODUCTION 9

58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04

23

24

25

26

27

28

29

30

Year

Nino3.4
Nino3.4 Clim

(a)
58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04

23

24

25

26

27

28

29

30

Year

Nino3
Nino3 Clim

(b)
58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04

23

24

25

26

27

28

29

30

Year

Atl3
Atl3 Clim

(
)Figure 1.4: A 
omparison between variability in total versus 
limatologi
al (a) Niño 3.4 (5°N-5°S 170°W-120°W) SST, (b) Niño 3 (5°N-5°S 150°W-90°W) SST, and (
) Atl3 (3°S-3°N 20°W-0°E) SST values.Created using monthly Hadley OI SST data (Rayner et al., 2003). SST values are given in °C and havebeen detrended.
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CHAPTER 1. INTRODUCTION 10within equatorial Atlanti
 
oupled variability from a perspe
tive that fo
uses on the me
hanisms governingSST evolution.Establishing dynami
 
oupled variability involves establishing the presen
e of both the o
ean's in�uen
e onthe atmosphere and the atmosphere's in�uen
e on the o
ean. Within the analysis 
ondu
ted in this thesisthe response of the atmosphere to SST 
hanges is assessed simply in terms of surfa
e wind 
hanges inresponse to altered atmospheri
 
ir
ulation. Where as, the dynami
 response of the o
ean to 
hanges inwind stress for
ing and the subsequent impa
t on SST is studied in detail. This o
eani
 fo
us is motivatedby the fa
t that it is o
ean dynami
s, as the slow time s
ale and sour
e of os
illatory behaviour, thatusually provides predi
tability in the tropi
al 
oupled o
ean-atmosphere system (o
ean dynami
s provide theme
hanism to reverse SST tenden
ies).In the following 
hapter (Chapter 2), a review of our 
urrent understanding of mean, seasonal and inter-annual 
onditions within the tropi
al Atlanti
 is provided. Thereafter, Chapter 3 broadly addresses the�rst three questions posed above by 
apitalising on the vast knowledge gained in the tropi
al Pa
i�
 and
ontrasting the nature of variability in a number of pertinent variables in the Atlanti
 against the Pa
i�
.This 
omparison reveals the uniqueness of the equatorial Atlanti
. Chapter 3 is aimed at establishingthe relationship between remotely for
ed o
ean dynami
s and 
entral-eastern basin equatorial Atlanti
 SSTvariability at both the seasonal and inter-annual time s
ales. This assessment of equatorial Atlanti
 variabilitysheds light on the role of upper o
ean variability, suggesting that the dominant upper o
ean response towind variations whi
h operates at inter-annual time s
ales in the tropi
al Pa
i�
 and plays a 
ru
ial role inthe deterministi
 nature of ENSO, is in fa
t o

urring predominately at seasonal time s
ales in the Atlanti
.Inferen
es made based on the relationships observed in Chapter 3 are 
onsidered further in Chapters 5 and 6.To fa
ilitate the diagnosti
s undertaken in Chapters 5 and 6, a simulation of o
eani
 
onditions within thetropi
al Atlanti
 between 1980 and 2004 has been 
ondu
ted using the Regional O
ean Modelling System(ROMS). The 
on�guration and validation of this inter-annual simulation is detailed in Chapter 4.Chapter 5 pursues the 
on
ept that the o
eani
 pro
esses asso
iated with inter-annual SST variability inthe Pa
i�
, play an a
tive role in di
tating seasonal SST variability in the equatorial Atlanti
. This 
hapterfo
uses purely on seasonal variability in the tropi
al Atlanti
. The analysis 
ondu
ted in Chapter 5 isdivided into two parts. The �rst part investigates the relative 
ontribution of ea
h surfa
e layer pro
essto seasonal SST variability in the 
entral-eastern equatorial Atlanti
 and is dedi
ated to establishing therelative role of remotely for
ed o
ean dynami
s in determining seasonal SST variability in this region.The se
ond part of this 
hapter investigates the me
hanisms responsible for seasonal thermo
line depth
hanges and the role of o
ean memory. Thermo
line depth variability in the equatorial basin is 
on
iselyevaluated by equatorial Atlanti
 Available Potential Energy (APE) 
hanges. The me
hanisms responsiblefor seasonal thermo
line depth 
hanges are 
onsequently established by addressing the question - What arethe me
hanisms responsible for seasonal variability in equatorial Atlanti
 APE?In Chapter 6, equatorial Atlanti
 inter-annual variability is assessed within the 
ontext of the seasonallya
tive me
hanisms identi�ed in Chapter 5. The me
hanisms responsible for inter-annual thermo
line depth
hanges asso
iated with 
oupled variability and the role of o
ean memory is assessed from an energeti
sperspe
tive in this 
hapter.Finally, 
on
lusions based on the analysis 
ondu
ted within this thesis are summarised in Chapter 7. Dis-tin
tions between the seasonal SST signature in the 
entral-eastern Pa
i�
 and the 
entral-eastern Atlanti
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CHAPTER 1. INTRODUCTION 11are as
ribed to the presen
e, in the Atlanti
, of a seasonally ex
ited Bjerknes feedba
k as well as a delayednegative feedba
k me
hanism whi
h are absent from the Pa
i�
. The sharper, enhan
ed seasonal de
line of
entral-eastern basin SST observed in the Atlanti
 in 
omparison to the Pa
i�
 is attributed to the fa
t thatthe seasonally ex
ited growth of asymmetri
 
onditions about the equator is a

ompanied by a seasonallyex
ited Bjerknes feedba
k as the thermo
line shoals seasonally in the Atlanti
. Furthermore, the fa
t that
ool 
onditions do not persist as long as they do in the Pa
i�
 is as
ribed to seasonal warming that is inphase with a deepening of the thermo
line in the east from August. This seasonal de
ay in the seasonallyex
ited Bjerknes feedba
k and deepening of the thermo
line in the east is seen to be the result of a delayed,negative, feedba
k me
hanism similar to the negative, feedba
k me
hanism operating inter-annually in thePa
i�
; transient indu
ed 
hanges in surfa
e 
urrents, asso
iated with the delayed response of the tropi
alAtlanti
 to seasonal 
hanges in wind stress for
ing, a�e
t the ability of the wind to do work on the o
ean.Between April-September a 
ir
ular relationship between APE and the work done on the o
ean by the windsuggests that a seasonally ex
ited thermo
line mode2 of 
oupled variability driven by the seasonally ex
itedBjerknes feedba
k and its subsequent de
ay, plays an a
tive role in the tropi
al Atlanti
's seasonal 
y
le.The di�eren
e in the time-s
ale of the largest SST �u
tuations between the Pa
i�
 and Atlanti
 basins istherefore attributed to the fa
t in the Pa
i�
 the Bjerknes feedba
k and its asso
iated delayed, negativefeedba
k me
hanism operates on inter-annual time-s
ales whereas in the Atlanti
 it operates seasonally.Eviden
e is o�ered supporting the notion that inter-annual Atl3 variability asso
iated with the zonal modemay be best understood as the result of the modulation either in phase or amplitude of this seasonallya
tive pro
ess as opposed to a dynami
ally distin
t natural mode of variability operating on inter-annualtime s
ales as is the 
ase with ENSO. As elaborated on in the �nal 
hapter (Chapter 7), di�eren
es betweenENSO and the zonal mode mentioned in Chapter 2 
an then be a

ounted for in terms of this distin
tion.

2As suggested by Ding et al. (2009) the term 'thermo
line mode' is used to refer to the seasonally ex
ited mode identi�edwithin the Atlanti
 with similar properties as the delayed os
illator mode operating inter-annually in the Pa
i�
. A distin
t termis used despite the similarity as unlike the delayed os
illator mode this mode o

urs amidst seasonal for
ing and is thereforedi�erent from the delayed os
illator idealisation whi
h des
ribes a free mode of the 
oupled system.
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Chapter 2
Tropi
al Atlanti
 Climate Variability
2.1 Mean StateFigure 2.1 depi
ts the temporal mean of several atmospheri
 and o
eani
 variables within the tropi
alAtlanti
: SST, wind stress, wind stress 
url and its asso
iated Sverdrup stream fun
tion, pre
ipitation,dynami
 topography, and surfa
e 
urrents. Evident in Figure 2.1 is a distin
t asymmetry in mean atmospheri
and o
eani
 
onditions relative to the equator. Notable features in the tropi
al Atlanti
's asymmetri
 meanstate illustrated in Figure 2.1 in
lude the 
ross-equatorial SST gradient between the warmer SSTs to thenorth and 
ooler SSTs in the south (Figure 2.1a), the southerly 
ross-equatorial 
omponent in the surfa
ewind �eld (Figure 2.1b), a band of high pre
ipitation to the north of the equator 
orresponding to the meanposition of the Inter Tropi
al Convergen
e Zone (ITCZ) (Figure 2.1
), and an eastward o
eani
 
urrentto the north of the equator that has no 
ounterpart south of the equator (Figure 2.1f). Despite the fa
tthat the mean position of maximum heating by the sun is on the equator, the warmest SSTs, over whi
hthe ITCZ resides, lie to the north of the equator on average (Figures 2.1a and 2.1
). These asymmetri

onditions are indi
ative of the key role o
ean-atmosphere intera
tion plays in determining the mean stateof the tropi
al Atlanti
.From an atmospheri
 perspe
tive, the above mentioned asymmetries in its mean state 
an be understoodin terms of its response to the asymmetri
 SST pattern seen in Figure 2.1a. The establishment of thisasymmetri
 SST pattern on the other hand 
an be explained in terms of the o
ean's response to thesoutherly 
ross-equatorial surfa
e winds that result from the asymmetri
 atmospheri
 
onditions. Southerly
ross-equatorial winds support upwelling and an elevated thermo
line south of the equator and downwellingand a deep thermo
line north of the equator thereby establishing the 
ross-equatorial SST gradient (Mit
helland Walla
e, 1992; Philander et al., 1996). It is this 
ir
ular argument whereby the wind in�uen
es the o
eanand the o
ean in�uen
es the wind that is behind the unstable o
ean-atmosphere intera
tion whi
h gives riseto these asymmetri
 
limati
 
onditions (Mit
hell and Walla
e, 1992; Chang and Philander, 1994; Philanderet al., 1996). This unstable o
ean-atmosphere intera
tion 
onverts equatorially symmetri
 
onditions intoasymmetri
 
onditions by growing an initial perturbation in the symmetri
 state (Chang and Philander,1994; Philander et al., 1996). In theory this asymmetri
al state 
ould form in either hemisphere, in realityasymmetri
al geographi
 features su
h as asymmetry in the land mass distribution are presumed responsiblefor the ITCZ mainly lying in the northern hemisphere (Xie and Philander, 1994; Philander et al., 1996).12
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0.5 m s−1(f)Figure 2.1: The temporal mean of several atmospheri
 and o
eani
 variables within the tropi
al Atlanti
:(a) mean tropi
al Atlanti
 SST, (b) mean wind stress with regions of negative wind stress 
url shaded in greyand regions of positive 
url in white, (
) mean pre
ipitation, (d) the Sverdrup stream fun
tion based on themean wind stress �eld depi
ted in (b), (e) mean dynami
 topography from the CNES-CLS09 mean dynami
topography produ
t (Rio et al., 2009) (www.aviso.o
eanobs.
om), and (f) mean surfa
e 
urrents derivedfrom the surfa
e 
urrent 
limatology produ
t of Lumpkin and Garra�o (2005) (www.aoml.noaa.gov/phod/da
/drifter_
limatology.html). The mean SST �eld, wind stress �eld and rainfall �eld were derivedfrom the Comprehensive O
ean-Atmosphere Data Set (COADS) (DaSilva et al., 1994). In (d), the streamfun
tions have been plotted with a 
ontour interval of 2 Sverdrup. Counter-
lo
kwise 
ir
ulation is indi
atedby the solid 
ontours and 
lo
kwise 
ir
ulation by the dashed 
ontours.



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 14The upper tropi
al Atlanti
 o
ean 
an essentially be des
ribed as a two layer system, with 
ool deep watersseparated from a shallow layer of warm surfa
e waters by a sharp thermo
line. The basin wide mean depthof this thermo
line is determined by diabati
 pro
esses whi
h di
tate the amount of warm surfa
e waterresiding above the thermo
line in ea
h basin. Bo

aletti et al. (2004) argue that the primary diabati
pro
ess determining the depth of a basin's thermo
line is the 
onstraint of a balan
ed heat budget betweenthe primary regions of heat loss within warm subtropi
al western boundary 
urrent regions and heat gainedwithin the equatorial and 
oastal upwelling regions. The amount of heat gain at the equator dependsstrongly on the depth of the thermo
line, it is large when the thermo
line is shallow and is small when thethermo
line is deep. Conne
ted to the warm subtropi
al western boundary 
urrent regions by 
ir
ulationsystems referred to as the SubTropi
al Cells (STCs) (M
Creary and Lu, 1994), the equatorial thermo
linerea
hes a depth su
h that its heat gain is in equilibrium with their heat loss (Bo

aletti et al., 2004). Thisidealisation may be an adequate approximation for the Pa
i�
 basin, however the situation in the Atlanti
is 
ompli
ated by another signi�
ant sour
e of heat gain in the form of Agulhas leakage (Weijer et al.,2002; Byrne et al., 2006). Furthermore meridional 
ir
ulation is not symmetri
al about the equator as a netnorthward transport of warm surfa
e waters a
ross the equator forms the upper bran
h of the MeridionalOver-turning Cir
ulation (MOC) (Fratantoni et al., 2000).The mean spatial distribution of warm surfa
e water and hen
e the lo
al depth of the thermo
line is onthe other hand maintained by the mean o
eani
 response to me
hani
al wind for
ing. Mean SSH shown inFigure 2.1e provides an indi
ation of the amount of warm surfa
e water residing in a region and serves as aproxy for thermo
line depth - regions of high SSH are asso
iated with 
onvergen
e of surfa
e 
urrents anda deep thermo
line while regions of low SSH are asso
iated with the divergen
e of surfa
e 
urrents and ashallow thermo
line.The mean state of the tropi
al Atlanti
 is 
hara
terised by a zonally sloping thermo
line whi
h shoals inthe east, as mean easterly winds adve
t warm surfa
e waters westward (Figures 2.1b and 2.1e). This zonalgradient in the depth of the thermo
line results in a zonal SST gradient (Figure 2.1a), whi
h in turn for
esthe zonal SLP gradient that is responsible for the mean easterly winds. On
e again a 
ir
ular argumentexists, whereby the mean state of the o
ean is 
hara
terised by the wind and the mean state of the windis 
hara
terised by the o
ean, whi
h is indi
ative of the key role o
ean-atmosphere intera
tion plays indetermining the mean state of the tropi
al Atlanti
.The mean upper o
ean response of the tropi
al Atlanti
 to wind for
ing results in the 
urrent system depi
tedin Figure 2.2 (taken from S
houten et al. (2005)). Salient features of the tropi
al Atlanti
 
urrent systemillustrated in Figure 2.2 in
lude the South Equatorial Current (SEC), the North Brazil Current (NBC), theEquatorial Under Current (EUC), the North Equatorial Counter Current (NECC) and the North EquatorialCurrent (NEC). Bounded by the westward �owing north and south equatorial 
urrents, the tropi
al Atlanti

ir
ulation 
omprises of two wind driven gyres roughly in Sverdrup balan
e with the mean wind stress 
url(Figure 2.1d, Fratantoni et al., 2000). Negative wind stress 
url, situated roughly between 10°S and 5°N(Figure 2.1b), drives the 
lo
kwise 
ir
ulation of the Equatorial Gyre (Figures 2.1d, 2.1f and 2.2), whilea band of positive wind stress 
url to the north (Figure 2.1b) drives the anti-
lo
kwise 
ir
ulation of theTropi
al Gyre (Figures 2.1d, 2.1f and 2.2). This tropi
al Atlanti
 
ir
ulation is bordered to the north andthe south by the anti-
y
loni
 
ir
ulation of the north Atlanti
 and south Atlanti
 sub-tropi
al gyres.The mean wind driven depletion and a

umulation of warm surfa
e waters over the tropi
al Atlanti
 results
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Figure 2.2: A S
hemati
 of the mean features of the tropi
al Atlanti
 
urrent system taken from S
houtenet al. (2005). Surfa
e 
urrents indi
ated by the solid lines in
lude the North Equatorial Current (NEC), NorthEquatorial Counter Current (NECC), Guinea Current (GC), Angola Current (AC), South Equatorial Current(SEC), North Brazil Current (NBC), Brazil Current (BC). Subsurfa
e 
urrents indi
ated by the dashed linesin
lude the Equatorial Under Current (EUC), North and South Equatorial Under Currents ((N/S)EUC) andNorth Brazil Under Current (NBUC). Also shown is the position of the Angola�Benguela Front (ABF) andtwo NBC rings.in a series of zonal ridges and troughs in SSH superimposed on the rise in SSH from the east to the west(Figure 2.1e, Katz, 1981; Merle and Arnault, 1985). Driven by the band of positive wind stress 
url to thenorth of the mean position of the ITCZ (Figures 2.1b and 2.1
), the 
y
loni
 Tropi
al Gyre separates theEquatorial Gyre from the North Atlanti
 sub-tropi
al gyre. Ekman divergen
e asso
iated with the positivewind stress 
url is responsible for the formation of a trough in SSH whi
h extends zonally a
ross the basinin the region of 10°N (Figure 2.1e, Katz, 1981; Merle and Arnault, 1985). Situated in the middle of theTropi
al Gyre, this sea level trough marks the southern boundary of the NEC and the northern boundaryof the NECC (Merle and Arnault, 1985). The geostrophi
 
omponent of the NEC is driven by the pressuregradient established between this trough and higher SSH values to the north (20°N), while the NECC isindu
ed by the meridional pressure gradient between this trough and a zonal ridge in SSH whi
h lies to thesouth (3°N) (Figure 2.1e, Merle and Arnault, 1985).The retro�e
ting NBC extending into the NECC forms the border between the tropi
al and equatorial winddriven gyres in the region of 5-8°N (Fratantoni et al., 2000). Driven by the band of negative wind stress
url to the south of the mean position of the ITCZ (Figures 2.1b and 2.1
), the Equatorial Gyre in
ludesbran
hes of the westward �owing SEC whi
h, on rea
hing the 
oast of Brazil (north of 12°S-14°S), feedinto the NBC (Lumpkin and Garzoli, 2005). The NBC 
urrent �ows northwards along the 
oast of Brazil,
rossing the equator at whi
h point a portion feeds into the EUC, the remainder 
ontinues northwestwards,retro�e
ting in the region of 7°N to feed the NECC. The NECC �ows eastward a
ross the Atlanti
 meetingthe Guinea Current (GC) in the Gulf of Guinea. The Equatorial Gyre is then 
losed in the south by theAngola Current (AC) whi
h �ows southward until the Angola-Benguela Front (ABF) (Figure 2.2).Superimposed upon the 
lo
kwise �ow of the equatorial gyre and the anti-
lo
kwise �ow of the tropi
algyre is a net northward �ow whi
h forms part of the upper bran
h of the MOC (Fratantoni et al., 2000).
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Nm−2(b)Figure 2.3: This �gure depi
ts the seasonal 
y
le of (a) meridional wind stress and (b) zonal wind stressalong the equator (3°S-3°N) in the Atlanti
. COADS data (DaSilva et al., 1994) and a 
ontour interval of0.005Nm-2 has been used. The thi
k bla
k line represents the 0Nm-2 
ontour line.2.2 Seasonal VariabilityThe seasonal 
y
le is the largest atmosphere-o
ean signal in the tropi
al Atlanti
 (Weingartner and Weis-berg, 1991) and is determined by the response of the 
oupled land-o
ean-atmosphere system to periodi
solar for
ing. Despite the dominant semi-annual signal in insolation at the top of the atmosphere, equatorialAtlanti
 atmospheri
 and o
eani
 
onditions exhibit a distin
t annual 
y
le (Mit
hell and Walla
e, 1992;Okumura and Xie, 2004). As highlighted by Mit
hell and Walla
e (1992), atmospheri
 and o
eani
 
ondi-tions observed at the time of the two equinoxes strongly 
ontrast ea
h other. In Mar
h the ITCZ, where thetrade winds 
onverge, is 
losest to the equator as equatorial SSTs are at their warmest and 
ross-equatorialatmospheri
 �ow is at its weakest. On the other hand in September the equatorial 
old tongue is welldeveloped with equatorial SSTs having rea
hed their annual minimum in August. At this time the warmestSSTs together with the ITCZ reside well north of the equator supporting a strong 
ross-equatorial 
ompo-nent in the surfa
e wind �eld as the southeast trades penetrate into the northern hemisphere. The tropi
alAtlanti
's 
oupled o
ean-atmosphere system os
illates between 
onditions whi
h are relatively symmetri
about the equator in boreal spring (Mar
h-April) to those whi
h are the most asymmetri
 in boreal autumn(September-O
tober) as the ITCZ annually migrates between its southern-most position near the equatorin Mar
h and April to its northern-most position beyond 8°N during August and September (Mit
hell andWalla
e, 1992). The asso
iated seasonal 
y
le in meridional and zonal wind stress along the equator isshown in Figure 2.3.Arising amidst predominantly semi-annual solar for
ing, the dominant annual os
illation in the tropi
alAtlanti
's 
oupled o
ean-atmosphere system des
ribed above is seen to be the result of seasonally ex
ited
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Figure 2.4: Taken from S
houten et al. (2005), this �gure shows the standard deviation in 
m of trop-i
al Atlanti
 SSH measured between 1992 and 2001. Hat
hed regions indi
ate where the seasonal 
y
le
ontributes strongly (> 50%) to the total variability.o
ean-atmosphere instabilities. The annual reestablishment of the equatorial 
old tongue 
ommen
es inApril/May when equatorial SSTs start to 
ool. The initiation of this 
ooling is attributed to the onset ofthe West Afri
an Monsoon as 
ontinental 
onve
tion moves from the equator into the northern hemispherea

elerating southerly winds over the Gulf of Guinea (Figure 2.3a Mit
hell and Walla
e, 1992; Okumuraand Xie, 2004). These 
ross-equatorial southerly winds drive upwelling south of the equator 
ooling theeastern equatorial Atlanti
. Chang and Philander (1994) have demonstrated how asymmetri
 SST-modesa
t to amplify a perturbation from 
onditions whi
h are symmetri
 about the equator into asymmetri

onditions. A zero frequen
y, zero zonal wave number asymmetri
 SST-mode with a rapid growth rateis a

redited with the sudden seasonal growth in asymmetri
 
onditions about the equator in the easternPa
i�
 and Atlanti
, as an unstable 
ross-equatorial Ekman feedba
k me
hanism leads to the growth ofthe equatorial 
old tongue-ITCZ 
omplex (Chang and Philander, 1994). Asymmetri
 
onditions peak inAugust/September when the ITCZ is furthest north (Figure 2.3a). On
e established, the equatorial 
oldtongue-ITCZ 
omplex sustains itself even as the region of maximum insolation and 
ontinental 
onve
tionstarts to move southwards again. Only towards the end of the southern hemisphere summer does insolationmanage to warm south equatorial SST enough to weaken the 
old tongue-ITCZ 
omplex allowing the ITCZto migrate southwards ba
k towards the equator (Chang and Philander, 1994).Lo
al heat 
ontent 
hanges in the equatorial Atlanti
 are far greater than those whi
h 
an be explained byseasonal variations in surfa
e heat gain alone (Merle, 1980a; S
houten et al., 2005). Instead, lo
al heat
ontent 
hanges are predominantly for
ed by the dynami
 response of the upper o
ean to seasonal windsas warm surfa
e waters are redistributed by seasonal 
hanges in the equatorial 
urrents. The seasonal 
y
ledominates upper o
ean variability in the tropi
al Atlanti
 (Merle and Arnault, 1985; Vau
lair and du Penhoat,2001; S
houten et al., 2005). Driven primarily by the dynami
 response of the tropi
al Atlanti
 to seasonal
hanges in me
hani
al wind for
ing, large seasonal 
hanges in the distribution of warm surfa
e waters, andhen
e the lo
al depth of the thermo
line, are seen to o

ur (Merle, 1980a). SSH variations en
apsulatethis upper o
ean response to seasonal 
hanges in regional atmospheri
 for
ing, with SSH generally mirroringseasonal thermo
line depth 
hanges in the tropi
s. Using 10 years of altimeter data, S
houten et al. (2005)
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ms−1Figure 2.5: Seasonal zonal surfa
e 
urrent perturbations from the annual mean along the equator (1°S-1°N). This �gure is based on the surfa
e 
urrent 
limatology produ
t of Lumpkin and Garra�o (2005)(www.aoml.noaa.gov/phod/da
/drifter_
limatology.html). A 
ontour interval of 0.1ms-1 has beenused. The thi
k bla
k line represents the 0ms-1 
ontour line.examined seasonal variability in tropi
al Atlanti
 SSH. Between 1992-2001, seasonal variations in tropi
alAtlanti
 SSH a

ounted for nearly 60% of the total varian
e over most of the tropi
al Atlanti
 with peaksof over 80% in some regions (S
houten et al., 2005).Figure 2.4 taken from S
houten et al. (2005) depi
ts the standard deviation of tropi
al Atlanti
 SSHmeasured between 1992 and 2001, with the regions where the seasonal 
ontribution is strong (> 50%)marked with hat
hes. Two distin
t regions of high seasonal SSH variability are evident in Figure 2.4, onein the north west tropi
al Atlanti
 (NEC/NECC ITCZ region) and the other in the south east equatorialAtlanti
 (
old tongue region). Maximum seasonal variability o

urs in the north west tropi
al Atlanti
 underthe mean position of the ITCZ's SSH ridge extending zonally in the region of 3°N-5°N as well as alongthe equatorial trough (0°S-3°S) in the east (Gulf of Guinea) extending southward near the Afri
an 
oast(Figure 2.1e). These two regions are separated by an area of 
omparatively low variability in the 
entralequatorial basin (20°W-30°W). August-O
tober, when the ITCZ is furthest north, is the period of largest
ontrast; seasonally SSH values rea
h their minimum in the south east equatorial Atlanti
 while they rea
htheir maximum in the north west tropi
al Atlanti
 (Merle and Arnault, 1985). Both meridional and zonalSSH gradients are at a maximum during this time, and a minimum during boreal spring, when 
onditionsare the most homogeneous.Seasonal variability in wind stress for
ing over the tropi
al Atlanti
 is driven primarily by the annual meridionalmigration of the ITCZ, where the north east and south east trades 
onverge. The zonal slope in the equatorialAtlanti
 thermo
line is at a minimum in Mar
h/April when seasonally the ITCZ is at its southernmostposition and zonal winds along the equator are weak (Figure 2.3b). In April/May, the ITCZ starts to
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CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 19migrate northwards and the south east trades intensify near the equator (Figure 2.3b). The in
reasedwestward zonal wind stress appears �rst in the eastern equatorial Atlanti
 and moves westward (Figure2.3b). This in
rease in zonal wind stress in May 
auses the westward surfa
e �ow asso
iated with the SECto in
rease, displa
ing warm thermo
line water from the eastern to the western side of the basin as thethermo
line shoals in the east and deepens in the west (Philander and Pa
anowski, 1986a). This seasonala

eleration of westward zonal surfa
e 
urrents, whi
h also propagates westward, 
an be seen in Figure 2.5whi
h shows the seasonal 
y
le of observed zonal surfa
e 
urrents along the equator (1°S-1°N).Zonal wind stress along the equator 
ontinues to in
rease into June, at whi
h point its behaviour in the eastbe
omes disparate from the west. West of 30°W, where the seasonal varian
e in zonal winds is the greatest,variability is dominated by an annual harmoni
 whi
h is in-phase with the annual north-south migration ofthe ITCZ, peaking in September-O
tober (Figure 2.3b). East of 30°W, a semi-annual signal is dominantwith zonal wind stress 
omponent peaking in June/July and then again in November/De
ember (Philanderand Pa
anowski, 1986a) (Figure 2.3b). The meridional 
omponent on the other hand exhibits a dominantannual 
y
le in both the east and the west, in
reasing as the ITCZ moves north and de
reasing as it nearsthe equator (Figure 2.3a).Looking at Hovmoeller plots of seasonal SSH 
hanges at the equator (0°N, Figure 2.6a) and o� the equator(4°N and 4°S, Figures 2.6b and 2.6
) taken from Ding et al. (2009), variability in the west is 
learlydominated by an annual signal, while in the 
entral-eastern basin a semi-annual 
y
le is superimposed onthe annual 
y
le. On the equator (0°N, Figure 2.6a) seasonal SSH/thermo
line depth perturbations areseen to propagate eastward while o� the equator (4°N and 4°S, Figures 2.6b and 2.6
) seasonal anomaliespropagate westward (Ding et al., 2009). Furthermore a distin
t semi-annual signal and westward propagationof seasonal anomalies is seen in equatorial zonal surfa
e 
urrents (not shown, see Ding et al. (2009) Figure1h).A strong in-phase relationship exists between seasonal variability in lo
al zonal wind stress for
ing and thelo
al upper o
ean response in the western equatorial Atlanti
. SSH/Thermo
line depth �u
tuations exhibit aprominent annual 
y
le, as the thermo
line deepens while winds intensify from May to September and shoalsas the winds relax from O
tober to April (Figures 2.3b and 2.6a, Merle, 1980a; Philander and Pa
anowski,1986a). The lo
al zonal pressure gradient is seen to be approximately in balan
e with lo
al wind for
ingin the western equatorial Atlanti
, with about a 10 day lag between wind 
hanges and lo
al slope 
hanges(Katz, 1987). Philander and Pa
anowski (1986a) attribute this near equilibrium response to seasonal wind
hanges to the fa
t that the time s
ale of zonal wind stress variability in the west is 
omparable to thatof the adjustment time s
ale for the equatorial Atlanti
, estimated to be of the order of 150 days (Cane,1979).In fa
t a lo
al o
eani
 response that is in-phase with lo
al zonal wind �u
tuations is observed over most ofthe basin, with the ex
eption of east of the Greenwi
h, where the 
orrelation between lo
al winds and o
eani
behaviour is poor (Philander and Pa
anowski, 1986a; S
houten et al., 2005). East of 30°W a semi-annual
omponent in-phase with the semi-annual signal in zonal wind stress for
ing is evident in thermo
line depthvariability (Figures 2.3b and 2.6a). As zonal wind stress in the east weakens in July/August, the shoalingof the thermo
line in the east abates, and it begins to deepen during September and O
tober (Figure 2.7).The lo
al thermo
line depth response, in-phase with zonal wind stress variations in both the west and theeast during September-O
tober, is made possible by 
ross-latitudinal �uxes whi
h allow the thermo
line to
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Figure 2.6: Taken from Ding et al. (2009), this �gure depi
ts the seasonal 
y
le of SSH anomalies withrespe
t to the annual mean: (a) at the equator, (b) at 4°N, and (
) at 4°S. Aviso (www.aviso.o
eanobs.
om) SSH data has been used. A 
ontour interval of 1
m has been used in (a) and (
) while the -12,-7,-5,-3,-1,0,1,3,5,7,12 
ontours are shown in (b).
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CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 21deepen all along the equator during this time as the zonal winds intensity in the west and weaken in the east(Philander and Pa
anowski, 1986a). The zonal wind stress 
omponent in the east intensi�es on
e more inNovember/De
ember, 
ausing a se
ond although some what weaker equatorial upwelling event in the east.The thermo
line is seen to shoal slightly during this time (Figure 2.7).Philander and Pa
anowski (1986a), suggest that the semi-annual o
eani
 response in the 
entral-easternbasin is partially driven by a delayed response of the o
ean to the sudden intensi�
ation of the trades inMay-June. East of 30°W, the sudden onset of zonal wind stress for
ing in May, due to its semi-annualnature, o

urs at a mu
h shorter time s
ale than the adjustment time s
ale of the equatorial Atlanti
and is therefore seen to ex
ite transients with a phase similar to this semi-annual wind for
ing (Philanderand Pa
anowski, 1986a). The impa
t of these seasonally ex
ited transients on equatorial surfa
e 
urrentsresults in the de
eleration of westward surfa
e �ow in September-O
tober and the subsequent in
rease inNovember-De
ember, after whi
h point these transients de
ay (Philander and Pa
anowski, 1986a).Ding et al. (2009), in a study that employs both observations and a hierar
hy of o
ean models, have furtherinvestigated the importan
e of transients within the seasonal upper o
ean dynami
s of the equatorial Atlanti
suggested by previous authors (Philander and Pa
anowski, 1986a; S
houten et al., 2005). Ding et al. (2009)
on
lude that the seasonal 
y
le in equatorial Atlanti
 SSH/thermo
line depth 
an largely be explained bylinear dynami
s with a linear solution that essentially 
onsists of the four gravest baro
lini
 modes. Similarlylinear theory also 
aptures the seasonal 
y
le in equatorial zonal surfa
e 
urrents however the in
lusionof non-linear terms signi�
antly improves the solution 
orre
ting the strength, phase and zonal extent ofthe seasonal variability (du Penhoat and Treguier, 1985; Ding et al., 2009). On the equator, the eastwardpropagation of seasonal SSH/thermo
line depth anomalies is primarily attributed to Kelvin waves (S
houtenet al., 2005; Ding et al., 2009). The simulated Kelvin wave 
ontribution to the seasonal 
y
le in equatorialSSH 
aptures the eastward propagation of negative SSH anomalies between January and August, as wellas the some what faster eastward propagation of positive SSH anomalies between September and O
tober(Figure 2.6a, Ding et al., 2009). While westward propagation of surfa
e zonal 
urrent anomalies on theequator is attributed to �rst meridional mode Rossby waves as the simulated Rossby wave 
ontributionis seen to out-way the Kelvin wave 
ontribution (Ding et al., 2009). The westward propagation of zonalwind for
ing is also thought to reinfor
e this westward propagation (Ding et al., 2009). O� the equator, thewestward propagation of seasonal SSH/thermo
line depth perturbations (Figures 2.6b and 2.6
) is attributedto �rst meridional mode Rossby waves (Ding et al., 2009).Unlike the Pa
i�
 (Yu and M
Phaden, 1999), boundary (
oastal) re�e
tions are seen to play an importantrole in seasonal SSH variability in the tropi
al Atlanti
 (Philander and Pa
anowski, 1986a; S
houten et al.,2005; Ding et al., 2009). Seasonally, the 
ontribution of Kelvin and Rossby waves re�e
ted at the easternand western boundaries to simulated SSH variability is equal to dire
tly for
ed waves (Ding et al., 2009).Seasonal equatorial SSH and zonal surfa
e 
urrents variability in the tropi
al Atlanti
 possesses 
hara
teristi
sof a basin mode. Firstly, a pronoun
ed semi-annual 
y
le in equatorial SSH and zonal surfa
e 
urrents eventhough the semi-annual 
y
le in surfa
e winds is relatively weak in 
omparison with annual for
ing, andse
ondly, the in quadrature (90° out of phase) relationship between the zonal SSH gradient and zonalsurfa
e 
urrents from Mar
h to August. Ding et al. (2009) propose that the semi-annual 
omponent inzonal winds ex
ites the se
ond baro
lini
 basin mode, thus for
ing the prominent semi-annual 
omponentin SSH and surfa
e zonal 
urrents despite being relatively weak. The se
ond baro
lini
 basin mode for the
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(
)Figure 2.7: A monthly 
limatology derived from Pilot Resear
h Moored Array in the Tropi
al Atlanti
(PIRATA) (Servain et al., 1998) temperature pro�les at three sites on the equator (a) 0°N35°W, (b) 0°N10°Wand (
) 0°N0°E.Atlanti
 has a period of 220 days approximately semi-annual (Cane and Moore, 1981; Ding et al., 2009).Bunge and Clarke (2009) argue that the eastward propagating seasonal signal in equatorial (2°N-2°S, 42°W-10°W) Atlanti
 SSH/20°C isotherm depth 
an be explained by the superposition of two independent modesof variability instead of equatorial wave propagation; �rstly, a zonally asymmetri
 mode representing 
hangesin the slope of the equatorial thermo
line whi
h are approximately in balan
e with those in the equatorialzonal wind stress, and se
ondly, a zonally symmetri
 mode representing zonal mean variability in the amountof warm water above the thermo
line (2°N-2°S), that is driven by variability in the 
ross-latitudinal �ux ofwarm surfa
e waters for
ed by o� equatorial wind stress 
url. Akin to the equatorial heat 
ontent re
harge-dis
harge me
hanism of Jin (1997), these two modes are seen to be in quadrature (Bunge and Clarke,2009).The dynami
 response of the upper o
ean to 
hanges in seasonal wind for
ing involves not only largeseasonal 
hanges in the distribution of warm surfa
e waters within the tropi
al domain (8°N-8°S), but alsoin the 
ross-latitudinal �ux of warm surfa
e waters into/out of this domain as well as the formation of warmsurfa
e waters within the domain. Signi�
ant seasonal 
hanges in the global upper o
ean heat 
ontent ofthe Atlanti
 region between 8°N-8°S are seen to o

ur due to seasonal 
hanges in warm water formationand es
ape pro
ess (Lee and Csanady, 1999). Merle (1980a) was amongst the �rst to point out the largeseasonal 
hanges in the heat 
ontent of the upper Atlanti
 within the zonal band between 6°N-6°S, withthe mean depth of the equatorial thermo
line rea
hing a maximum in O
tober-November and minimumin June-July. The region imports heat from July to O
tober, but for the rest of the year it exports heatresulting in a net annual export of heat to the north (Merle, 1980a).As the entrainment rate of water from the thermo
line layer into the surfa
e mixed layer (warm waterformation) is too small to measure, statements made below are based on the model results of Lee andCsanady (1999). Entrainment o

urs in the 
entral to eastern basin where the thermo
line is relativelyshallow. Seasonally the entrainment rate on the equator 
eases between January-April and is signi�
antfrom May-De
ember. In May, the entrainment rate suddenly in
reases in the eastern basin and qui
klyextends a
ross the basin to 25°W, peaking in June due to enhan
ed wind and 
urrent shear. Thereafter, the
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CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 23entrainment rate de
reases and retreats to the east before 
easing in January/February (Lee and Csanady,1999).The es
ape of warm surfa
e waters to the north is seasonally regulated by what is referred to as the heat
apa
itor me
hanism (Philander and Pa
anowski, 1986b). The es
ape of heat a
ross 8°N is regulated byseasonal 
hanges in the NBC/NECC 
urrent system in response to 
hanges in wind stress for
ing asso
iatedwith the annual migration of the ITCZ. The es
ape of warm water takes pla
e via two main pathways.Firstly, north-west transport along the South Ameri
an 
oast via the NBC-Guiana 
urrent system fromDe
ember-May whi
h, redu
es 
onsiderably in June as the NECC intensi�es and the NBC veers o�shoreto feed the NECC. By August northward transport from the NBC to the Guiana 
urrent almost vanishes.From O
tober the NECC weakens 
ausing the northward es
ape of warm water via this route to in
reaseagain, rea
hing a maximum in February (Philander and Pa
anowski, 1986a; Johns et al., 1998; Lee andCsanady, 1999). The se
ond es
ape route is via the interior of the tropi
al Gyre whi
h transports warmwater to the NEC between De
ember-May. This northward transport is blo
ked during June-September asin
reased wind stress 
url 
auses the mixed layer to deepen south of the NECC (8°N) and shoal to the north(Philander and Pa
anowski, 1986b; Lee and Csanady, 1999).While large seasonal 
hanges are seen in heat loss a
ross 8°N, seasonal variations a
ross 15°N are modest.The zonal bands between 5°S-8°N and 8°N-15°N a
t like out of phase 
apa
itors (Philander and Pa
anowski,1986b). From July-September heat is stored in the 5°S-8°N band deepening the thermo
line. The exportof heat a
ross 8°N is minimal at this time and the thermo
line between 8°N-15°N shoals sustaining heatloss a
ross 15°N. Then during the months of De
ember-May when heat transport a
ross 8°N is signi�
ant,it transfers heat from the 5°S-8°N band replenishing the 8°N-15°N band as the thermo
line deepens thereduring this time (Philander and Pa
anowski, 1986b).2.3 Inter-annual VariabilityUnlike in the Pa
i�
 where inter-annual 
oupled variability is predominantly driven by dynami
 air-seaintera
tions, both dynami
 and thermodynami
 lo
al air-sea intera
tions give rise to inter-annual 
oupledvariability in the Atlanti
 (Chang et al., 2006a). In the Pa
i�
, the majority of inter-annual 
oupled 
limatevariability is asso
iated with a single mode fo
used on the equator, whereas in the tropi
al Atlanti
, twodistin
t modes of inter-annual o
ean-atmosphere variability have been identi�ed in the literature, namelythe �meridional mode� and the �zonal mode� (Chang et al., 2006a).Figure 2.8 taken from Kushnir et al. (2006) shows the anomalous SST, wind and rainfall patterns asso
iatedwith the meridional and zonal modes. Like ENSO, the zonal mode is equatorially fo
used and attributedto dynami
 air-sea inter-a
tions, while the meridional mode is asso
iated with o�-equatorial tropi
al SSTvariability and is attributed to thermodynami
 air-sea intera
tions (Chang et al., 2006a).Although upper o
ean dynami
s are believed to play a role in the de
ay of meridional mode events (Barreiroet al., 2005), the growth of meridional mode events is attributed to a thermodynami
 feedba
k me
hanism.As illustrated by Figure 2.8a, the meridional mode is de�ned by an anomalous 
ross-equatorial SST gradi-ent (Servain et al., 1999). This anomalous SST pattern gives rise to 
ross-equatorial winds whi
h in-turnreinfor
e the anomalous SST gradient through the thermodynami
 WES feedba
k. A meridional displa
e-ment of the ITCZ from its 
limatologi
al position towards the warmer hemisphere and rainfall anomalies
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Figure 2.8: Taken from Kushnir et al. (2006), this �gure depi
ts the dominant pattern of surfa
e o
ean-atmosphere variability in the tropi
al Atlanti
 region during (a) boreal spring (Mar
h-April) and (b) borealsummer (June-August). The bla
k 
ontours show the �rst Empiri
al Orthogonal Fun
tion (EOF) of theregional rainfall anomalies for ea
h period from Global Pre
ipitation Climatology Proje
t data (1979-2001)(explaining 33% and 23% of the varian
e respe
tively). A 
ontour interval of 0.5 mm day-1 has been used,positive 
ontours are solid, negative 
ontours are dashed, and the 0 
ontour is omitted. The 
oloured shadingdepi
ts the asso
iated Mar
h-April and June-August SST anomalies (SST anomalies regressed against therainfall EOF's prin
ipal 
omponent time series), with units given on the s
ale below in °C, plus white 
ontoursevery 0.2°C for 
larity. Arrows depi
t the asso
iated Mar
h-April and June-August surfa
e wind anomalies(wind anomalies regressed against the rainfall EOF's prin
ipal 
omponent time series), with units in ms-1(see arrow s
ale below ea
h �gure).
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CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 25over northeast Brazil are seen to be strongly 
orrelated with the SST anomaly pattern asso
iated with themeridional mode (Walla
e et al., 1998). Meridional mode events are seen to peak in boreal spring (Figure2.8a).Inter-annual variability in 
entral-eastern equatorial Atlanti
 SSTs is primarily attributed to the zonal mode(Figure 2.8b). The zonal mode is often referred to as the �Atlanti
 Niño� mode be
ause its spatial signatureresembles the Pa
i�
's ENSO (Merle, 1980b; Hisard, 1980; Zebiak, 1993; Carton and Huang, 1994; Ruiz-Barradas et al., 2000). As illustrated by Figure 2.8b, the zonal mode, like ENSO, displays a SST-windrelationship whereby a de
rease (in
rease) in the equatorial trades is asso
iated with positive (negative)SST anomalies in the eastern equatorial Atlanti
 (Merle, 1980b; Servain et al., 1982; Zebiak, 1993; Ruiz-Barradas et al., 2000; Kushnir et al., 2006). The leading EOF for anomalous pre
ipitation during borealsummer is shown in Figure 2.8b with maximum anomalous pre
ipitation seen along the northern 
oastlinebordering the Gulf of Guinea (Kushnir et al., 2006).As this study is aimed at establishing the role of upper o
ean dynami
s within 
oupled tropi
al Atlanti

limate variability, the fo
us here falls on the zonal mode rather than the meridional mode, as o
ean dynami
sare 
redited with the development of zonal mode events.Using available observations, Zebiak (1993) 
ompared the relationship between wind stress and SST anoma-lies in the equatorial Atlanti
 with that observed in the equatorial Pa
i�
. To fa
ilitate this 
omparison,Zebiak (1993) de�ned the Atl3 index (3°S-3°N 20°W-0°E) based on the spatial stru
ture of observed SSTvarian
e. Correlations between equatorial wind stress and the Atl3 index revealed a 
ommon SST-wind re-lationship to that observed in the Pa
i�
. Zebiak (1993) found this to be strong eviden
e that an equatorial
oupled mode driven by dynami
al pro
esses similar to ENSO exists in the Atlanti
. A more re
ent analysis(Ruiz-Barradas et al., 2000), of not only the relationship between observed equatorial SST and wind stressbut also o
eani
 heat 
ontent and atmospheri
 
onve
tion, 
orroborates the suggestion that dynami
alpro
esses similar to ENSO are a
ting in the Atlanti
. Anomalously warm SSTs in the eastern equatorialAtlanti
 are seen to be asso
iated with o
eani
 heat 
ontent anomalies (Vau
lair and du Penhoat, 2001;Vau
lair et al., 2004) as well as anomalously strong 
onve
tion near the equator (Carton and Huang, 1994).Analogous to the Pa
i�
, the Bjerknes feedba
k me
hanism (Bjerknes, 1969) is believed to be behind thegrowth of the zonal mode events (Carton and Huang, 1994; Keenlyside and Latif, 2007; Chang et al., 2000).While the spatial signature of SST and wind variations asso
iated with the equatorial zonal mode 
learlyresembles that of ENSO, the observational analysis of Zebiak (1993) also revealed several important dif-feren
es between the nature of the zonal mode and ENSO. The most apparent is that the anomalouswind-SST relationship observed in the Atlanti
 is weaker and less 
onsistent (Zebiak, 1993; Ruiz-Barradaset al., 2000). The analysis of Zebiak (1993) revealed a 
orrelation of 0.7 between inter-annual zonal windanomalies and SST anomalies in the Pa
i�
 and only 0.4 in the Atlanti
. While ENSO a

ounts for themajority of inter-annual SST variability in the Pa
i�
, the zonal mode explains a smaller per
entage of theobserved variability. Regression values obtained by Keenlyside and Latif (2007) based on observational datasuggest that the wind anomaly asso
iated with a 1°C SST anomaly is less in the Atlanti
 than in the Pa
i�
and while this relationship explains 20% of the varian
e in the Pa
i�
 it only explains 10% in the Atlanti
.The relationship between eastern basin SST anomalies and western basin wind anomalies appears to beweaker in the Atlanti
. Furthermore, the relationship between inter-annual SST anomalies and thermo
linedepth anomalies in the equatorial Pa
i�
 is far more robust than in the equatorial Atlanti
 (Zebiak, 1993;
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CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 26Vau
lair and du Penhoat, 2001; Keenlyside and Latif, 2007). Not all inter-annual SST anomalies in theeastern-
entral equatorial Atlanti
 are asso
iated with thermo
line depth anomalies (Carton and Huang,1994). While some warm SST events in the eastern tropi
al Atlanti
 have been attributed to anomalousverti
al temperature gradients due to a 
hange in the east-west slope of the thermo
line, others have notexhibited this El Niño like 
hara
teristi
.As a result of the relative weakness and in
onsisten
y of variability a�liated with the zonal mode, 
on�rmingthe presen
e of the Bjerknes feedba
k has been more di�
ult than in the Pa
i�
 (Chang et al., 2006a).The evolution of anomalous SST events following the Bjerknes feedba
k me
hanism is less apparent in theAtlanti
. Nevertheless, a re
ent study by Keenlyside and Latif (2007), based on observational eviden
e,o�ers strong eviden
e that all three elements of the Bjerknes feedba
k are a
tive inter-annually in theequatorial Atlanti
: 1) an atmospheri
 response to eastern equatorial SST anomalies that results in windanomalies to the west, 2) the 
reation of heat 
ontent anomalies in the east by wind anomalies in the west,3) the translation of thermo
line depth anomalies in the 
entral-eastern equatorial basin into SST anomalies.Keenlyside and Latif (2007) 
on�rm that the Bjerknes feedba
k explains less of the inter-annual variabilitythan in the Pa
i�
.This di�eren
e between the zonal mode and ENSO has been attributed to a larger 
ontribution from externalfor
ing (Chang et al., 2000) and disparate lo
al air-sea intera
tions in the tropi
al Atlanti
 (Zebiak, 1993;Chang et al., 2006a). Whereas inter-annual SST anomalies in the Pa
i�
 are predominantly for
ed by thedynami
 Bjerknes feedba
k me
hanism asso
iated with ENSO, inter-annual SST anomalies in the equatorialAtlanti
 may be the result of lo
al thermodynami
 (WES Feedba
k) or lo
al dynami
al (Ekman Feedba
k)feedba
ks as well as the remotely for
ed Bjerknes feedba
k (Chang et al., 2006a).This 
omplexity has made diagnosing the role of o
ean dynami
s and in parti
ular the role of o
ean memorywithin zonal mode events somewhat more di�
ult than in the 
ase of the Pa
i�
. Although it is of equalimportan
e as the Bjerknes me
hanism, the delayed negative o
ean feedba
k has re
eived mu
h less attentionand its role within zonal mode events is poorly understood (Chang et al., 2006a; Keenlyside and Latif, 2007).Another notable di�eren
e between the nature of the zonal mode and ENSO is that the Atlanti
 hasmore high frequen
y variability (shorter events) with larger 
ontributions at seasonal time s
ales (Zebiak,1993; Latif and Grötzner, 2000). With no signi�
ant spe
tral peak at inter-annual time s
ales, spe
tral
hara
teristi
s are hardly dis
ernible from red noise. The zonal mode is therefore des
ribed as stable(damped) and noise driven (Latif and Barnett, 1995; Nobre et al., 2003; Illig and Dewitte, 2006; Kushniret al., 2006; Keenlyside and Latif, 2007).Furthermore, the zonal mode and ENSO exhibit a very di�erent relationship with the seasonal 
y
le, SSTanomalies asso
iated with ENSO events peak in boreal winter, while those asso
iated with the zonal modepeak in boreal summer (Zebiak, 1993; Latif and Grötzner, 2000; Keenlyside and Latif, 2007).As highlighted by Chang et al. (2006a), literature surrounding the remote in�uen
e, via atmospheri
 tele-
onne
tions, of ENSO on the zonal mode is in
onsistent. While some observationally based analyses �ndsequatorial Atlanti
 SST variability asso
iated with the zonal mode to be poorly related to ENSO (Zebiak,1993; En�eld and Mayer, 1997), other studies suggest that some zonal mode events are linked to ENSOevents (Dele
luse et al., 1994; Carton and Huang, 1994; Latif and Barnett, 1995). Chang et al. (2006a)suggest that one of the reasons the zonal mode might be less in�uen
ed by the remote in�uen
e of ENSO



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 27- as well as the North Atlanti
 Os
illation (NAO) - than the meridional mode is be
ause the zonal modepeaks in boreal summer while variability asso
iated with ENSO and the NAO peaks in boreal winter.The most robust in�uen
e of ENSO on tropi
al Atlanti
 SST is seen in the northern tropi
al Atlanti
 and isattributed to the �tropospheri
 temperature me
hanism� whi
h is most e�e
tive between later boreal winterwhen ENSO events peak and early spring (Chiang and Sobel, 2002; Chiang and Lintner, 2005; Chang et al.,2006b). During an El Niño event anomalous warming in the eastern equatorial Pa
i�
 is asso
iated within
reased atmospheri
 heating and a tropospheri
 warming signal that propagates eastward to the tropi
alAtlanti
 in the form of an equatorial Kelvin wave. This tropospheri
 warming a
ts to promote stableatmospheri
 
onditions and redu
ed evaporation at the o
ean surfa
e resulting in warm SST anomalies(Chang et al., 2006b).The response of the equatorial and southern tropi
al Atlanti
 to remote ENSO for
ing is less statisti
allysigni�
ant than that of the northern tropi
al Atlanti
 (Chang et al., 2006b). The South Atlanti
 subtropi
alanti
y
lone is generally weaker than usual during and following the mature phase of El Niño events (Colberget al., 2004). Chang et al. (2006b) suggest that the 
ause of the fragile relationship between ENSO andequatorial Atlanti
 SST variability is due to observed destru
tive interferen
e by lo
al 
oupled variability.Whether an El Niño event results in anomalously 
ool or anomalously warm SST 
onditions in the 
entral-eastern equatorial Atlanti
 depends on the relative 
ontribution of warming by the �tropospheri
 temperatureme
hanism� versus lo
al dynami
 o
ean�atmosphere feedba
k indu
ed 
ooling (Chang et al., 2006b). Thelo
al dynami
 o
ean�atmosphere feedba
k indu
ed 
ooling appears to be due to the appearan
e of anomalouswinds in the western equatorial Atlanti
 in response to some El Niño events (Latif and Grötzner, 2000; Changet al., 2006b). The reason for the appearan
e of anomalously strong trades in the western Atlanti
 in responseto some El Niño events and not others is un
lear. Chang et al. (2006b) suggest that the development ofanomalously strong trades in response to El Niño events may depend on the nature of SST 
onditions priorto the El Niño event, sto
hasti
ity of the atmosphere, and/or variability in the stru
ture and duration ofthe atmospheri
 heating asso
iated with individual El Niño events.Okumura and Xie (2006) have highlighted the presen
e of a se
ond mode of equatorially fo
used 
oupledvariability asso
iated with inter-annual variability in the se
ond, some what smaller, seasonal 
ooling whi
ho

urs in the 
entral equatorial Atlanti
 when easterly winds intensify between November and De
ember.The easterly intensi�
ation of equatorial easterlies in November in
reases upwelling and shoals the thermo-
line slightly in the Gulf of Guinea (Figure 2.7). This seasonal equatorial 
ooling event lasts only slightlymore than a month and is 
on�ned to a mu
h smaller region than that of the equatorial 
ooling asso
iatedwith the seasonal development of the equatorial 
old tongue in boreal summer. High-resolution 
limatologi-
al data is needed to resolve this SST 
ooling whi
h is 
on�ned to the 
entral equatorial Atlanti
 (2°S�2°N,14°�22°W).This se
ond mode of 
oupled equatorial Atlanti
 variability is referred as the November-De
ember zonal modeand the asso
iated warm events are referred to as Atlanti
 Niño II events (Okumura and Xie, 2006). Okumuraand Xie (2006) identify Atlanti
 Niño II events a

ording to the Atlanti
 Niño II index whi
h is de�ned asNovember-De
ember SST anomalies averaged over the 
entral equatorial Atlanti
 (3°S�3°N, 5°�15°W).Anomalous o
eani
 warming is asso
iated with an in
rease in equatorial pre
ipitation and relaxed easterlytrades. Okumura and Xie (2006) suggest that the Bjerknes feedba
k is asso
iated with the generationof November-De
ember zonal mode events based on lag 
orrelations between SST, SSH and zonal wind.
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CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 28Although anomalous November-De
ember 
entral equatorial Atlanti
 SST events are moderate, espe
iallyin 
omparison to the boreal summer 
entral equatorial Atlanti
 SST events, the results of Okumura and Xie(2006) suggest that the atmosphere is sensitive to these small 
hanges. November-De
ember zonal modeevents are short in 
omparison to ENSO and boreal summer zonal mode events. Furthermore, November-De
ember zonal mode events are not ne
essarily an extension of boreal summer zonal mode events. Althoughin some years November-De
ember SST anomalies in the 
entral equatorial Atlanti
 are of the same signas those whi
h o

urred the previous summer in other years they are the reverse. Between 1981 and 2004,variability in November-De
ember zonal mode is statisti
ally independent from both that of the pre
edingsummer's zonal mode and the Pa
i�
 ENSO (Okumura and Xie, 2006).Okumura and Xie (2006) highlight that the November-De
ember peak in inter-annual SST asso
iated withthe November-De
ember zonal mode is not evident in some re
onstru
ted SST produ
ts. Furthermore theypoint out that prior to 1980, the November-De
ember peak is hardly distinguishable from the de
ayingsignal of the summer Atlanti
 Niño, whi
h they spe
ulate 
ould be the result of insu�
ient observations, orlong-term 
limate 
hange, or a 
ombination of both these fa
tors. Okumura and Xie (2006) also suggestthat the impa
t of the Atlanti
 Niño II extends beyond the equatorial Atlanti
.Along the west 
oast of southern Afri
a, episodes of anomalously warm and 
old sea surfa
e temperature,referred to as Benguela Niños and Benguela Niñas respe
tively, represent an important mode of variabilityin the Benguela upwelling system (Shannon et al., 1986; Floren
hie et al., 2004). These events, whi
h o

urin boreal spring in the region of the ABF, a�e
t rainfall variability within the region (Rouault et al., 2003)as well as impa
t lo
al �sh populations (Boyer et al., 2001). The o

urren
e of a Benguela Niños/Niñasis often linked to the o

urren
e of a zonal mode event (Reason et al., 2006; Lübbe
ke et al., 2010). Likezonal mode Atl3 SST events, Benguela Niño/Niña SST events - o

urring in the Angola-Benguela Area(ABA 10°S-20°S and 8°E -15°E as de�ned by Floren
hie et al. (2003)) - appear to be generated not lo
allybut by zonal wind stress anomalies in the western equatorial Atlanti
 (Floren
hie et al., 2003, 2004; Rouaultet al., 2007). Benguela Niños/Niña events are seen to be the surfa
e expression of subsurfa
e temperatureanomalies that are generated by wind stress �u
tuations in the western equatorial Atlanti
 and propagate asequatorially and 
oastally trapped Kelvin waves eventually out
ropping on rea
hing the ABFZ (Floren
hieet al., 2003, 2004; Rouault et al., 2007; Lübbe
ke et al., 2010). An interesting aspe
t of ABA SST eventsis that while they are largely linked to zonal mode Atl3 SST events due to 
oherent for
ing, anomalousABA SST events o

urring in boreal spring tend to pre
ede boreal summer Atl3 SST events (Rouault et al.,2009; Lübbe
ke et al., 2010). Re
ently reasons for this seemingly in
onsistent behaviour have been exploredby Lübbe
ke et al. (2010). They �nd the 
ause of the time-lag between ABA and Atl3 SST anomalies tobe related to di�eren
es in the depth of the thermo
line between ea
h region as well as di�eren
es in theseasonal phase-lo
king of the inter-annual SST variations. Anomalous Atl3 events peak in boreal summeras the in�uen
e of remotely for
ed thermo
line depth variations on Atl3 SST is strongest in June/July whenseasonally the thermo
line in the Atl3 region is at its shallowest. In the ABA region, SST anomalies peakwhen seasonally the ABFZ is at its southern most position and inter-annual variability in the strength ofKevin wave variability is at its highest. Lübbe
ke et al. (2010) refer to 
ombined zonal mode-BenguelaNiño warm events as eastern tropi
al Atlanti
 Niños whi
h start with a weakening of the south-east tradeslinked to �u
tuations in the strength of the South Atlanti
 subtropi
al anti
y
lone. They suggest thatrelaxed trades ex
ite eastward equatorial Kelvin waves whi
h �rst in�uen
e SSTs in the ABA region wherethe thermo
line out
rops in Mar
h/April and only later in June/July does the seasonal shallowing of the
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CHAPTER 2. TROPICAL ATLANTIC CLIMATE VARIABILITY 29thermo
line allow subsurfa
e anomalies to be re�e
ted in the Atl3 SST �eld.Seasonally, the de
ay of meridional mode events in April 
oin
ides with the onset period of zonal modeevents (Chang et al., 2006a). Based on observational indi
es from 1980-1997, Servain et al. (1999) showthat there is a signi�
ant 
orrelation between these two 
limati
 modes of variability. They propose thatboth modes are asso
iated with anomalous latitudinal shifts in the position of the ITCZ, with the strongestrelationship observed between the meridional mode and anomalies in the position of the ITCZ. Using ao
eani
 general 
ir
ulation model, results obtained by Servain et al. (2000) 
orroborate the observationallybased results obtained by Servain et al. (1999). They suggest that the zonal and meridional modes havethe same physi
s as annual variability and are related by the fa
t that they are both a result of anomalous�u
tuations in the trade wind system asso
iated with latitudinal displa
ements of the ITCZ. Servain et al.(2000) propose that dynami
 o
ean pro
esses as opposed to thermodynami
 are the prin
ipal 
ause of
limate variability within the tropi
al Atlanti
. However, Chang et al. (2006a) draw attention to twopotential 
aveats in the results obtained by Servain et al. (1999, 2000). Firstly, that the strong relationshipbetween the meridional mode and the zonal mode obtained may have only o

urred within the 1980s and1990s. Results obtained by Murtugudde et al. (2001), based on a simulation of o
eani
 
onditions between1949-2000 for
ed with the NCEP re-analysis winds, suggest that the 
orrelation between the zonal andmeridional modes was mu
h lower prior to the 1980s. Se
ondly, the relationship between inter-annual SSTanomalies and thermo
line depth anomalies in the equatorial Atlanti
 is far less robust than in the Pa
i�
;therefore, the strong relationship observed between anomalies in the 
ross-equatorial SST gradient (theindex used for the meridional mode) and anomalies in the zonal slope of 20°C isotherm at the equator (theindex used for the zonal mode) does not ne
essarily mean that there is a strong relationship between themeridional mode and equatorial SST anomalies. Chang et al. (2006a) highlight the fa
t that mu
h remainsto be investigated in terms of the relationship between the two modes, parti
ularly their relationship duringboreal spring and summer months when they 
oexist.2.4 SummaryIn this 
hapter the 
urrent understanding of mean, seasonal and inter-annual 
onditions within the tropi
alAtlanti
 has been reviewed. As highlighted in Chapter 1 several questions surrounding seasonal and inter-annual variability within the tropi
al Atlanti
 remain. In the following 
hapters (Chapters 3, 5 and 6) thesequestions are ta
kled.
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Chapter 3
Equatorial Variability in the Atlanti
versus the Pa
i�

3.1 Introdu
tionIn the Pa
i�
 a wealth of studies have led to a 
omprehensive understanding of the role of dynami
 o
eanpro
esses in driving SST variability at both the seasonal and inter-annual time s
ales. As detailed in se
tion3.3.2, a 
lear distin
tion exists in the 
entral-eastern equatorial Pa
i�
 between the me
hanisms whi
h driveinter-annual SST variability and those 
ontrolling seasonal SST 
hanges. Seasonal SST variability in theeastern-
entral Pa
i�
 is attributed to seasonally ex
ited SST-modes, and their asso
iated Ekman feedba
k,while inter-annual variability is primarily attributed to the delayed os
illator me
hanism and the asso
iatedBjerknes feedba
k. The same 
an not be said for the equatorial Atlanti
. Relative to the Pa
i�
, the roleof the o
ean within equatorial Atlanti
 SST variability is poorly understood (Chang et al., 2006a).In Chapter 1, several questions were raised involving the role of the o
ean within equatorial Atlanti
 SSTvariability:� What distin
t pro
esses o

urring in the Atlanti
 may a

ount for the observed di�eren
es in theseasonal 
entral-eastern basin SST signature between the Pa
i�
 and the Atlanti
?� Why do inter-annual SST �u
tuations dominate over seasonal �u
tuations in the 
entral-easternPa
i�
 while the opposite is true in the Atlanti
? Is it be
ause, unlike in the Pa
i�
, the Bjerknesme
hanism a
ts primarily on seasonal time s
ales in the Atlanti
?� Can inter-annual SST variability in the 
entral-eastern equatorial Atlanti
 be explained in terms ofa modulation of seasonally a
tive 
oupled variability and, if so, what fa
tors are responsible for themodulation of seasonally a
tive pro
esses?� What is the role of o
ean memory within 
entral-eastern equatorial Atlanti
 SST variability?In this 
hapter the �rst three questions are broadly addressed by establishing the relationship betweenremotely for
ed o
ean dynami
s and 
entral-eastern basin equatorial Atlanti
 SST variability at both theseasonal and inter-annual time s
ales. This obje
tive is a
hieved by 
apitalising on the insight gained in the30
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i�
 and 
ontrasting the nature of variability in key indi
ators (SST, thermo
line depth and zonal windstress) in the Pa
i�
 against the Atlanti
.The 
hara
ter of remotely for
ed thermo
line depth variability in the equatorial basin is evaluated here usingAPE, as APE su

in
tly quanti�es the response of the upper equatorial o
ean to large s
ale wind for
ing.The APE within a 
hosen o
eani
 volume is the amount of Potential Energy (PE) available to the regionthrough the adiabati
 horizontal redistribution of mass (Lorenz, 1955), APE therefore 
on
isely evaluates thegeneration and evolution of thermo
line perturbations due to the horizontal redistribution of warm surfa
ewaters in response to 
hanges in wind for
ing.Inter-annual SST �u
tuations in the 
entral-eastern equatorial Pa
i�
 are highly anti-
orrelated with theamount of gravitational APE in the equatorial Pa
i�
 (Goddard and Philander, 2000). This inverse rela-tionship arises from the fa
t that APE e�e
tively represents 
hanges in east-west slope of the equatorialthermo
line. During La Niña 
onditions the east-west slope of the thermo
line is at a maximum togetherwith the amount of APE in the equatorial Pa
i�
, while during El Niño 
onditions, APE and the slope of thethermo
line are at a minimum. Thus, the equatorial Pa
i�
 o
ean gains APE during the transition from ElNiño to La Niña and loses APE during the transition from La Niña to El Niño. Inter-annual SST anomaliesin the Pa
i�
 
an therefore be regarded as surfa
e expressions of upper o
ean energy 
hanges (Goddard andPhilander, 2000).Results obtained in this 
hapter reveal that as in the Pa
i�
 a strong SST-APE relationship is seen in theAtlanti
. In both basins, SST �u
tuations in the eastern-
entral equatorial basin are highly anti-
orrelatedwith equatorial APE. The biggest distin
tion between these two basins exists in the period of dominant APE�u
tuations. While the largest 
hanges in APE o

ur inter-annually in the Pa
i�
, they o

ur annually inthe Atlanti
.The strong 
orrelation between large seasonal �u
tuations in APE and 
entral-eastern Atlanti
 SST revealedimplies that remotely for
ed thermo
line variability, a pro
ess whi
h only plays a signi�
ant role inter-annuallyin the Pa
i�
, plays a key role in seasonal SST variability in the Atlanti
. This seasonal upper o
ean responseappears to involve more than a passive response to seasonal wind for
ing and eviden
e is o�ered in this
hapter to support the hypothesis that the Bjerknes feedba
k me
hanism is ex
ited seasonally and plays ana
tive role in the development of the Atlanti
 
old tongue between April and August.Furthermore, results presented in this 
hapter, as well as the Chapter 6, argue that inter-annual SSTvariability asso
iated with the zonal mode is best understood as the modulation either in phase or amplitudeof this seasonally a
tive pro
ess as opposed to a dynami
ally distin
t natural mode of variability operatingon inter-annual time s
ales as is the 
ase with ENSO. This analysis suggests that anomalous SST events inthe Atl3 region for
ed by the Bjerknes feedba
k me
hanism o

ur predominantly during boreal summer asa modulation of an already seasonally a
tive Bjerknes feedba
k. Di�eren
es between ENSO and the Zonalmode mentioned in Chapter 2 
an then be a

ounted for in terms of this distin
tion as elaborated on in the�nal 
hapter (Chapter 7).In the following se
tion (Se
tion 3.2), the data employed in the analysis undertaken in this 
hapter as well asthe method 
hosen to evaluate APE are detailed. Thereafter Se
tion 3.3 deals with the results of the analysiswherein the relation between equatorial Atlanti
 APE, 
entral-eastern basin SST and equatorial wind stressat both seasonal and inter-annual time s
ales is evaluated and 
ompared with the Pa
i�
. Finally Se
tion3.4, summarises the 
on
lusion drawn based on the analysis outlined in Se
tion 3.3.
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CHAPTER 3. EQUATORIAL VARIABILITY IN THE ATLANTIC VERSUS THE PACIFIC 323.2 Data and Methodology3.2.1 Global O
ean ModelsDensity values based on monthly temperature and salinity �elds from the 1/2° Simple O
ean Data Assimila-tion (SODA) re-analysis produ
t (Carton et al., 2000; Carton and Giese, 2008), and the 1/4° ORCA025-G70inter-annual global o
ean simulation (Molines et al., 2006), both spanning 47 years (1958-2004), have beenused to assess seasonal and inter-annual variability in both the equatorial Atlanti
 and equatorial Pa
i�
APE. The reason for basing the analysis on not one but two global o
ean datasets is twofold; �rstly, toestablish the robustness of results a
ross di�erent o
ean models, and se
ondly, to 
ompare results obtainedbased on a simulated versus an assimilated model as energy is not stri
tly 
onserved in assimilated models.A non-linear equation of state (Ja
kett and M
Dougall, 1995) has been used when deriving density valuesfrom SODA and ORCA temperature and salinity data.Figure 3.1 depi
ts the relationship between inter-annual anomalies in the Niño 3, Niño 3.4, and Atl3 SSTbased on observed Hadley OI SST data, SODA SST data and ORCA SST data. Both the SODA andORCA datasets 
apture a large amount of the observed inter-annual variability, with 
orrelation 
oe�
ientsof r=0.92 (r*=0.25), r=0.92 (r*=0.25) and r=0.86 (r*=0.19) between observed Hadley OI and SODA Niño3, Niño 3.4, and Atl3 SST respe
tively (Figure 3.1) and 
orrelation 
oe�
ients of r=0.97 (r*=0.25), r=0.97(r*=0.25) and r=0.87 (r*=0.19) between observed Hadley OI and ORCA Niño 3, Niño 3.4, and Atl3 SSTrespe
tively (Figure 3.1).Figure 3.2 depi
ts the relationship between 
limatologi
al Niño 3, Niño 3.4, and Atl3 SST based on observedHadley OI SST data, SODA SST data and ORCA SST data. Observed seasonal �u
tuations in Niño 3, Niño3.4, and Atl3 SST are well represented in the SODA and ORCA datasets, ex
ept that a warm bias of 1°Cis seen between observed Hadley OI Atl3 SST and simulated ORCA Atl3 SST. Although the unassimilatedORCA output reprodu
es both seasonal and inter-annual �u
tuation in observed 
entral-eastern Pa
i�
 andAtlanti
 SST as well as the assimilated SODA output, it shows a warm bias parti
ularly in the 
entral-easternAtlanti
.It should be noted that in the 
ase of a for
ed global o
ean simulation, SST is not the best variable with whi
hto assess model skill. SST in the model is impli
itly restored to observed SST through the bulk formulation ofsurfa
e �uxes and therefore is not a 
ompletely independent variable. The SST 
omparisons made here servehowever to provide 
on�rmation that these datasets have reprodu
ed observed SST variability adequatelyenough to support the analysis 
ondu
ted within this se
tion.
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(
)Figure 3.1: A 
omparison between inter-annual anomalies in (a) Niño 3.4, (b) Niño 3, and (
) Atl3 SST,based on observed Hadley OI SST data (Rayner et al., 2003) and simulated SODA and ORCA SST data.SST anomalies are shown in °C. The 
orrelation between observed and simulated anomalies in ea
h SSTindex is given, together with the required 
orrelation value for signi�
an
e at the 95% level taking intoa

ount the e�e
tive degrees of freedom (r*).
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(
)Figure 3.2: A 
omparison between 
limatologi
al (a) Niño 3.4, (b) Niño 3, and (
) Atl3 SST, based onobserved Hadley OI SST data (Rayner et al., 2003) and simulated SODA and ORCA SST data. SST valuesare shown in °C.
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CHAPTER 3. EQUATORIAL VARIABILITY IN THE ATLANTIC VERSUS THE PACIFIC 353.2.2 APE EstimationFormalised by Lorenz (1955), the available potential energy of a �uid volume is de�ned as the di�eren
e inpotential energy between its physi
al state and a rest state of minimum potential energy.
APE =

˚

gρzdV −

˚

gρrz∗dV (3.1)where˝ gρzdV is the physi
al PE of the �uid volume and˝ gρrz∗dV the minimum PE attainable withinthe �uid volume: a rest state in whi
h all density surfa
es are level. For the �uid par
el at position (~x, t),
z∗(~x, t) is its verti
al position and ρr(~x, t) its density in the referen
e state of minimum PE. Where ~x is thethree dimensional position ve
tor ~x = x, y, z.In the o
eani
 
ontext the �uid is assumed in
ompressible and so the e�e
t of pressure on density duringthe levelling pro
ess is negle
ted (ρr = ρ) (Oort et al., 1989; Huang, 1998). Therefore:

APE =

˚

gρzdV

︸ ︷︷ ︸

PE

−

˚

gρz∗dV

︸ ︷︷ ︸

BPE

=

˚

gρ(z − z∗)dV (3.2)where g is the a

eleration due to gravity,˝ gρzdV is the physi
al PE of the �uid volume and˝ gρz∗dVthe minimum PE attainable through the reversible adiabati
 redistribution of mass, referred to as theBa
kground Potential Energy (BPE). The verti
al position of ea
h water par
el in the rest state, z∗(~x, t),is determined following Huang (1998). V (~x, t) is the volume beneath the 
entre of the �uid par
el, ρ(~x, t),on
e moved to its rest state position a

ording to V (~x, t) =
˝

H(ρ(~x′, t) − ρ(~x, t))dV ′, where H is aHeaviside step fun
tion, satisfying H(y) = 0 for y < 0, H(y) = 0.5 for y = 0 and H(y) = 1 for y > 0(Winters et al., 1995; Huang, 1998). The 
orresponding verti
al 
o-ordinate z∗(~x, t) = z(V (~x, t)) is thenfound based on the fa
t that the volume above the bottom of the 
hosen domain is a fun
tion of z (Huang,1998).Previous studies of equatorial energeti
s in the Pa
i�
 (Goddard and Philander, 2000; Fedorov et al., 2003;Fedorov, 2007) have used an approximation for APE (Equation 3.2) that assumes the ba
kground reststate is stably strati�ed and that density perturbations relative to the referen
e density pro�le are small inamplitude. APE 
an then be des
ribed by its leading order Taylor-expanded term (Reid et al., 1981; Oortet al., 1989):
APEapprox = −

˚

g

2dρ∗

dz

ρ̃2dV

=

˚

1

2

ρ̃2

N2
dV (3.3)where N2 = −dρ∗/dz

g the depth-dependent stability fa
tor, ρ∗(z) is the verti
al hydrostati
ally balan
eddensity pro�le asso
iated with the minimum PE rest state/BPE (ρ∗(z) =ρ(z∗)), and ρ̃(~x, t) perturbations
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CHAPTER 3. EQUATORIAL VARIABILITY IN THE ATLANTIC VERSUS THE PACIFIC 36from this referen
e state hen
e ρ(~x, t) = ρ∗(z)+ρ̃(~x, t). A se
ond assumption made in the previous literature(Goddard and Philander, 2000; Fedorov et al., 2003; Fedorov, 2007) when employing this de�nition for APE(Equation 3.3) is that the ba
kground rest state (the BPE of the �uid volume) is �xed in time: ρ∗(z) asopposed to ρ∗(z, t). The reason for making this assumption appears to be to fa
ilitate the derivation ofan evolution equation for APE as de�ned by Equation 3.3 (Goddard and Philander, 2000, Appendix). Thisassumption is only valid if 
hanges in the mass and strati�
ation of the 
hosen volume are negligible over thetime s
ales upon whi
h one is assessing APE 
hanges. However, as outlined in the following paragraphs, theassumption that BPE 
hanges are small does not appear to hold when evaluating APE 
hanges within theequatorial Atlanti
 on seasonal to inter-annual time s
ales. As a result we 
hose not to use the approximationof APE given by Equation 3.3 as done in the previous literature (Goddard and Philander, 2000; Fedorovet al., 2003; Fedorov, 2007), but rather to evaluate APE a

ording to Equation 3.2 for whi
h one 
an takeinto a

ount BPE 
hanges as well as obtain a meaningful evolution equation as outline in Se
tion 5.3.2.The domain over whi
h equatorial Atlanti
 APE is evaluated within this analysis has been 
hosen as 3°S-3°N60°W-15°E 0-400m. The narrower meridional extent 
hosen in 
omparison to that of 5°S-5°N used in thePa
i�
 by Goddard and Philander (2000), as well as within this analysis, is due to the narrower meridionalextent of the Atl3 index in 
omparison to the Niño3 and Niño3.4 indi
es. The narrower meridional extentof the Atl3 index was 
hosen by Zebiak (1993) as SST variability asso
iated with the zonal mode is moretightly fo
used on the equator (Figure 1.2). As dis
ussed in Se
tion 3.3.1, APE evaluated over the 3°S-3°N60°W-15°E 0-400m domain 
orrelates better with Alt3 SST at zero lag than APE evaluated over the 5°S-5°N60°W-15°E 0-400m, 8°S-8°N 60°W-15°E 0-400m and 15°S-15°N 60°W-15°E 0-400m domains.Climatologi
al, equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE values 
al
ulated based on SODAand ORCA data are depi
ted in Figure 3.3. Labelled as method 1 are the APE values whi
h have been
al
ulated a

ording to the APE approximation given by Equation 3.3 assuming a referen
e state that is
onstant in time. A

ording to these estimates APE is at its annual minimum in February based on SODAdata and in February/Mar
h based on ORCA data. One would therefore expe
t that the east-west slopeof the equatorial thermo
line rea
hes its 
limatologi
al minimum in February. However when 
omparingeast-west 
ross-se
tions of temperature along the equator during di�erent months of the year, it is 
learthat the zonal slope of the thermo
line is not at its 
limatologi
al minimum in February but in April. Thisis evident in Figure 3.4 whi
h depi
ts zonal 
hanges in the 
limatologi
al depth along the equator (3°S-3°N)of the 20°C isotherm (a typi
al proxy for the mid-thermo
line in the tropi
s). The average zonal slope ofthe 20°C isotherm during the respe
tive months is also given in Figure 3.4. The average slope of the 20°Cisotherm rea
hes its minimum in both the SODA and ORCA 
limatologies in April. Moreover, APE estimates
al
ulated a

ording to method 1 peak in September (Figure 3.3) yet the zonal slope of thermo
line is seento be at a maximum in August (Figure 3.4).On the other hand, 
limatologi
al APE values for the equatorial Atlanti
 
al
ulated a

ording to Equation3.2 with a referen
e state that is time dependent (method 2), are also depi
ted in Figure 3.3. Consistentwith Figure 3.4, 
limatologi
al APE values 
al
ulated a

ording to method 2 rea
h a minimum in April whenseasonally the east-west slope of the equatorial thermo
line is at a minimum (Figure 3.4), and a maximumin August when the zonal slope of the equatorial thermo
line is at a maximum. The 
ontrast in the verti
altemperature stru
ture along the equator between April and August is shown in Figure 3.5.When evaluating the nature of seasonal equatorial Atlanti
 APE 
hanges, seasonal 
hanges in the BPE of
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(b)Figure 3.3: A 
omparison between equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) 
limatologi
al APEvalues obtain using method 1, given by Equation 3.3, and method 2, given by Equation 3.2. (a) APE valueshave been 
al
ulated using SODA data. (b) APE values have been 
al
ulated using ORCA data.
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CHAPTER 3. EQUATORIAL VARIABILITY IN THE ATLANTIC VERSUS THE PACIFIC 39equatorial Atlanti
 appear to a�e
t the a

ura
y of method 1 whi
h assumes a 
onstant BPE. Figure 3.6depi
ts the variability in the mean verti
al density pro�le of the equatorial Atlanti
 (3°S-3°N 60°W-15°E),equatorial Pa
i�
 (5°N-5°S 130°E-85°W), tropi
al Atlanti
 (8°S-8°N 60°W-15°E), tropi
al Pa
i�
 (8°N-8°S130°E-85°W), extended tropi
al Atlanti
 (15°S-15°N 60°W-15°E) and extended tropi
al Pa
i�
 (15°N-15°S130°E-85°W) based on SODA data. The 
omparable �gure 
reated based on ORCA data, Figure A.1, 
anbe found in Appendix A1. The variability in the ba
kground rest state seen in these �gures is negle
tedwhen 
al
ulating APE a

ording to method 1. Within the equatorial zone and the 8°S-8°N tropi
al zone,seasonal variability in the ba
kground rest state of the Atlanti
 
onsiderably outweighs that observed in thePa
i�
. In the Pa
i�
, the largest 
hanges in the ba
kground rest state of the equatorial zone and the8°S-8°N tropi
al zone o

ur on inter-annual times
ales ((Figures 3.6a, 3.6b, 3.6
 and 3.6d). In both basins,variability in the ba
kground rest state on both seasonal and inter-annual times
ales is seen to be small forthe 15°S-15°N tropi
al zone (Figures 3.6e and 3.6f).Why is seasonal variability in the ba
kground rest state of the Atlanti
 larger than in the Pa
i�
 (Figure3.6)? As mentioned in Se
tion 2, seasonal 
hanges in the global upper o
ean heat 
ontent of the equatorial(3°N-3°S) and tropi
al Atlanti
 (8°N-8°S) are seen to o

ur due to seasonal 
hanges in warm water formationand es
ape (Merle, 1980a; Philander and Pa
anowski, 1986b; Lee and Csanady, 1999; Bunge and Clarke,2009). Large seasonal 
hanges o

ur in the heat 
ontent of the upper tropi
al Atlanti
 with the mean depthof the thermo
line rea
hing a maximum in O
tober-November and minimum in June-July (Merle, 1980a).The tropi
al Atlanti
 imports heat from July to O
tober, but for the rest of the year it exports heat resultingin a net annual export of heat (Merle, 1980a). These observed seasonal 
hanges in the heat 
ontent ofthe equatorial and tropi
al Atlanti
 are depi
ted in Figure 3.7 whi
h shows the observed seasonal 
y
le inthe average temperature of the equatorial and tropi
al Atlanti
 regions based on WOA05 (Lo
arnini et al.,2006) temperature data.Figure 3.8 illustrates the seasonal 
y
le in the average density of the upper equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) and the upper tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) 
al
ulated based on simulatedtemperature and salinity �elds from the SODA and ORCA o
ean models as well as observed temperatureand salinity �elds from the WOA05. Seasonal 
hanges in the mass of both the equatorial and tropi
alregions are 
onsistent with the observed seasonal variability in the heat 
ontent of these regions des
ribedin Se
tion 2 and depi
ted in Figure 3.7. Seasonal 
hanges in density values (Figure 3.8) mirror temperature
hanges (Figure 3.7) peaking in July when the average temperature of the tropi
al and equatorial domainsis at a minimum and rea
hing a minimum in O
tober/November when the average temperature of thetropi
al and equatorial domains is at a maximum. From this 
omparison two inferen
es are made: �rstly,that seasonal variability in the density �eld is determined primarily by seasonal variability in the temperature�eld, and se
ondly that the SODA and ORCA simulations have 
aptured the seasonal warm water formationand es
ape pro
ess. However the ORCA simulation, whi
h unlike the SODA simulation was unassisted bythe assimilation of WOA data, appears to have underestimated the magnitude of seasonal density 
hangeswithin the tropi
al and equatorial regions.In Se
tion 5.3.3 it is shown that seasonal 
hanges in the BPE of the equatorial and tropi
al domains are
ontrolled by seasonal 
hanges in adve
tion of the density �eld and surfa
e buoyan
y for
ing with seasonal
hanges in mixing playing a relatively small role. Furthermore these seasonal 
hanges in adve
tion of1For brevity, when the same �gure has been 
reated based on SODA and ORCA data, and they both reveal 
onsistentresults, the �gure based on ORCA data has been relegated to Appendix A.
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(f)Figure 3.6: Variability in the verti
al density pro�le estimated by horizontally averaging the monthly meandensity �eld within the 
hosen domain: (a) the equatorial Pa
i�
 (5°N-5°S 130°E-85°W), (b) the equatorialAtlanti
 (3°S-3°N 60°W-15°E), (
) the tropi
al Pa
i�
 (8°N-8°S 130°E-85°W), (d) the tropi
al Atlanti
 (8°S-8°N 60°W-15°E), (e) the extended tropi
al Pa
i�
 (15°N-15°S 130°E-85°W), and (f) the extended tropi
alAtlanti
 (15°S-15°N 60°W-15°E). Seasonal variability in the verti
al density pro�le is overlayed on the totalspread of verti
al density pro�les between 1958-2004 shown in 
yan. Depth (m) is represented on the y-axisand density (kgm-3) on the x-axis. Monthly density �elds are derived from the monthly SODA temperatureand salinity �elds.
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(a)Figure 3.7: Seasonal 
hanges in the average temperature of the upper equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) and the upper tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) based on the WOA05 (Lo
arniniet al., 2006) 
limatologi
al temperature �eld.the density �eld and surfa
e buoyan
y for
ing appear to be related with seasonal 
hanges in warm waterformation (regarded in Se
tion 5.3.3 in terms of surfa
e buoyan
y for
ing rather than entrainment) andes
ape (largely 
ontrolled by o�-equatorial wind stress 
url) as des
ribed in Se
tion 2.Heat 
ontent 
hanges in equatorial Atlanti
 are therefore seen to be the 
ause of these signi�
ant seasonal
hanges in the ba
kground rest state whi
h have to be 
onsidered in order to a

urately represent seasonalAPE 
hanges. Figure 3.9 shows the relationship between seasonal 
hanges in the APE of the equatorialAtlanti
 
omputed as delineated by Equation 3.3, seasonal 
hanges in the APE and the BPE of the equatorialAtlanti
 
omputed as delineated by Equation 3.2, as well as, seasonal 
hanges in the mass of the equatorialAtlanti
 volume. The time series have been normalised to fa
ilitate a better 
omparison. Assuming global
onservation of mass over this o
eani
 volume biases the APE values obtained using method 1 (Figures 3.3and 3.9). As expe
ted, seasonal 
hanges in the BPE of the equatorial Atlanti
 are in-phase with 
hangesin the mass of the equatorial volume (Figures 3.8 and 3.9) and the observed seasonal 
hanges in the uppero
ean heat 
ontent of the equatorial Atlanti
 (Merle, 1980a; Bunge and Clarke, 2009). Climatologi
al BPEvalues appear to a

urately represent 
hanges in the heat 
ontent of the upper equatorial Atlanti
.Temporal 
hanges in BPE have to be taken into a

ount in order to 
leanly separate 
hanges in the PE of anequatorial region due to the sloping of isopy
nals (APE) from 
hanges in the PE due seasonal or inter-annual
hanges in the amount of warm water within the domain under 
onsideration. When evaluating inter-annualvariability in tropi
al Pa
i�
 (15°N-15°S 130°E-85°W 0-400m) APE, the assumption of global 
onservationof mass over this o
eani
 volume may be safer with diabati
 
hanges remaining relatively small (Figure 3.6e)in 
omparison to adiabati
 
hanges. However, this study fo
uses on APE values for the equatorial Atlanti
region (3°S-3°N 60°W-15°E 0-400m) where the transfer of warm surfa
e waters from the equatorial region too� equatorial regions is signi�
ant as well as the tropi
al Atlanti
 region (8°S-8°N 60°W-15°E 0-400m) wherethe seasonal warm water formation and es
ape pro
ess results in signi�
ant seasonal 
hanges in the region's
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(
)Figure 3.8: Seasonal 
hanges in the average density of the upper equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) and the upper tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m). (a) Climatologi
al densityvalues have been 
al
ulated based on simulated temperature and salinity �elds from the SODA model. (b)Climatologi
al density values have been 
al
ulated based on simulated temperature and salinity �elds fromthe ORCA model. (
) Climatologi
al density values have been 
al
ulated based on WOA05 
limatologi
altemperature and salinity �elds.
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Figure 3.9: Seasonal 
hanges in equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE obtained usingEquation 3.3, APE and BPE obtained using Equation 3.2, as well as seasonal 
hanges in the Mass of thisdomain. Mass, BPE and APE values have been normalised. Values shown here have been 
al
ulated usingSODA data, the same �gure only based on ORCA data, Figure A.2, 
an be found in Appendix A.ba
kground rest state. The method outlined by Equation 3.2 has therefore been 
hosen to evaluate APEfor this study. To fa
ilitate the 
omparison between equatorial Atlanti
 and equatorial Pa
i�
 energeti
s,total, 
limatologi
al and anomalous APE values have been 
al
ulated based on density �elds derived fromthe monthly temperature and salinity �elds of the SODA and ORCA simulation.3.3 Equatorial Atlanti
 vs Equatorial Pa
i�
 Analysis3.3.1 Equatorial Atlanti
 vs Equatorial Pa
i�
 APE - SST RelationshipFigures 3.10 and 3.11, depi
t the relationship between total values in equatorial APE and 
entral-easternbasin SST indi
es for the Pa
i�
 and Atlanti
 respe
tively. A 
orrelation 
oe�
ient of r=-0.83 (r*=-0.25)is seen between the Niño3.4 index and equatorial APE based on SODA data (Figure 3.10) and one ofr=-0.88 (r*=-0.23) based on ORCA data (Figure A.3) while a 
orrelation 
oe�
ient of r=-0.72 (r*=-0.3)is seen between the Niño3 index and equatorial APE based on SODA data (Figure 3.10) and one of r=-0.74(r*=-0.35) based on ORCA data (Figure A.3). The robust relationship between 
entral-eastern basin SSTand equatorial APE observed in the Pa
i�
 (Goddard and Philander, 2000) is also seen to be present in theAtlanti
 basin. A 
orrelation 
oe�
ient of r=-0.85 (r*=-0.51) is seen between the Atl3 index and equatorialAPE based on SODA data (Figure 3.11) and one of r=-0.89 (r*=-0.53) based on ORCA data (FigureA.4). This result is not surprising 
onsidering that both equatorial basins are 
hara
terised by a mean state
omprising of easterly wind stress and a zonally sloping thermo
line whi
h shoals in the east.Equatorial SST is determined by the 
ompeting e�e
ts of surfa
e heating, adve
tion and mixing pro
esses. Inthe western tropi
al Pa
i�
 and Atlanti
 basins, a deep thermo
line means that temperature gradients nearthe surfa
e are weak. Subsequently �u
tuations in the magnitude of horizontal and verti
al temperatureadve
tion asso
iated with surfa
e 
urrents are weak in 
omparison to �u
tuation in diabati
 for
ing byverti
al mixing and the surfa
e heat �ux (Wang and En�eld, 2001; Yu et al., 2006). However in the 
entral-eastern Pa
i�
 (Hayes et al., 1991; Chang and Philander, 1994; Wang and M
Phaden, 1999) and Atlanti
(Weingartner and Weisberg, 1991; Carton and Zhou, 1997; Peter et al., 2006), where the thermo
line is
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Figure 3.10: A 
omparison between total Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE variability. SST and APE values were 
al
ulated using SODA data. The 
orrelationbetween ea
h SST index and APE values (r) is give on ea
h �gure, together with the required 
orrelationvalue for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST andAPE values have been normalised and detrended. APE values were 
al
ulated following Equation 3.2. The
orresponding �gure based on ORCA data, Figure A.3, 
an be found in Appendix A.
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Figure 3.11: A 
omparison between total Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)APE variability. SST and APE values were 
al
ulated using SODA data. The 
orrelation between theAtl3 SST index and APE values (r) is give on ea
h �gure, together with the required 
orrelation value forsigni�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST and APE valueshave been normalised and detrended. APE values were 
al
ulated following Equation 3.2. The 
orresponding�gure based on ORCA data, Figure A.4, 
an be found in Appendix A.
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Figure 3.12: A 
omparison between total and 
limatologi
al equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE values. APE values were 
al
ulated following Equation 3.2 using SODA data and have beendetrended. The 
orresponding �gure based on ORCA data, Figure A.5, 
an be found in Appendix A.
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Figure 3.13: A 
omparison between total and 
limatologi
al equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE values. APE values were 
al
ulated following Equation 3.2 using SODA data and have beendetrended. The 
orresponding �gure based on ORCA data, Figure A.6, 
an be found in Appendix A.
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al velo
ities near the surfa
e a
t on a strong verti
al temperature gradient. The verti
aladve
tion of 
older sub-thermo
line water into the upper layer, where it 
an be mixed into the surfa
emixed layer, is therefore amongst the dominant pro
esses regulating SST.Changes in the magnitude of this verti
al adve
tion may result from either lo
ally for
ed 
hanges in verti
alEkman velo
ities or remotely for
ed thermo
line depth 
hanges. The presen
e of a 
ommon SST-APErelationship in both basins whereby SST �u
tuations in the eastern-
entral equatorial basin are highly anti-
orrelated with equatorial APE, suggests that the primary dynami
 o
ean pro
ess responsible for the largeinter-annual Niño 3.4 and Niño 3 SST �u
tuations plays an equally important role in determining Atl3 SSTvariability. The primary dynami
 o
ean pro
ess responsible for the large inter-annual Niño 3.4 and Niño 3SST �u
tuations being anomalous verti
al adve
tion in the 
entral-eastern basin resulting from thermo
linedepth 
hanges asso
iated with the large s
ale redistribution of warm surfa
e water (M
Phaden et al., 1998).SST 
hanges for
ed by this dynami
 pro
ess are anti-
orrelated with APE. The shoaling (deepening) of thethermo
line in the east, as the slope of the thermo
line in
reases (de
reases), results in negative (positive)SST anomalies and positive (negative) APE anomalies. Central-eastern basin SST 
hanges in the equatorialPa
i�
 and Atlanti
 that 
orrelate with APE 
hanges, are merely surfa
e expressions of the subsurfa
e
hanges in the temperature stru
ture asso
iated with these APE 
hanges (Goddard and Philander, 2000).In the equatorial o
eans, APE 
hanges are driven primarily by the horizontal redistribution of warm surfa
ewaters in response to 
hanges in wind driven 
ir
ulation (Goddard and Philander, 2000). The biggestdistin
tion between these two basins exists in the period of dominant APE �u
tuations. Figures 3.12 and3.13 show the magnitude of total APE 
hanges versus 
limatologi
al APE 
hanges in the equatorial Pa
i�
and Atlanti
 respe
tively. Unlike in the Pa
i�
, the largest 
hanges in APE o

ur annually in the Atlanti
.While the east-west tilt of the thermo
line hardly varies seasonally in the Pa
i�
 (M
Phaden et al., 1998),large seasonal variations in the zonal slope of the thermo
line are observed seasonally in the Atlanti
 (Merle,1980a; Vau
lair and du Penhoat, 2001). The analysis 
ondu
ted within this 
hapter and Chapter 5 suggeststhat this distin
tion between the two basins in terms of the time s
ale of dominant APE �u
tuations isdue to the fa
t that while the Bjerknes feedba
k a
ts on inter-annual times
ales in the Pa
i�
, it a
ts onseasonal times
ales in the Atlanti
. This di�eren
e is thought to be due to the fa
t that the width of theAtlanti
 is less than a third of the Pa
i�
, redu
ing the time s
ale of o
eani
 adjustment and allowing theo
eani
 response in the equatorial Atlanti
 to be 
loser to equilibrium with the seasonal for
ing (Merle andArnault, 1985; Philander and Pa
anowski, 1981).The extension of the meridional domain over whi
h APE is evaluated to in
lude APE 
hanges due tothe meridional redistribution of mass within the tropi
al domain does not have a signi�
ant e�e
t on thesignature of APE variability (Figure 3.14). The seasonal signal is still dominant in the Atlanti
. Flu
tuationsin the APE of the equatorial domain extending from 3°S-3°N 60°W-15°E 
orrelate best with 
orrespondingSST 
hanges in the Alt3 region at zero lag, while APE values for the 5°S-5°N 60°W-15°E domain, the 8°S-8°N 60°W-15°E domain and the 15°S-15°N 60°W-15°E domain 
orrelate best with SST 
hanges in the Alt3region at one months lag. The strength of this one month lagged 
orrelation for the the 5°S-5°N 60°W-15°E,8°S-8°N 60°W-15°E and 15°S-15°N 60°W-15°E domains de
reases as the meridional extent in
reases. Thisresult is as
ribed to the fa
t that the larger domains take longer to adjust to seasonal 
hanges in the windfor
ing due to the slower phase speed of o� equatorial Rossby waves in 
omparison to equatorial Kelvinwaves.
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(b)Figure 3.14: (a) Equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE versus tropi
al Pa
i�
 (15°N-15°S130°E-85°W 0-400m) APE. (b) Equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE versus tropi
al At-lanti
 (8°S-8°N 60°W-15°E 0-400m) APE. APE values were 
al
ulated using SODA data following Equation3.2. The 
orresponding �gure based on ORCA data, Figure A.7, 
an be found in Appendix A.
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Figure 3.15: A 
omparison between inter-annual Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S130°E-85°W 0-400m) APE anomalies. SST and APE anomalies were 
al
ulated using SODA data. The
orrelation between anomalies in ea
h SST index and APE (r) is given, together with the required 
orrelationvalue for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST andAPE values have been normalised as well as detrended. APE values were 
al
ulated following Equation 3.2.The 
orresponding �gure based on ORCA data, Figure A.8, 
an be found in Appendix A.3.3.2 Equatorial Pa
i�
 APE - SST relationship on Seasonal and Inter-annual times
alesAs mentioned in the introdu
tion to this 
hapter, inter-annual SST �u
tuations in the 
entral-easternequatorial Pa
i�
 are highly anti-
orrelated with the amount of gravitational APE in the equatorial Pa
i�
(Goddard and Philander, 2000). The strength of this relationship, whi
h is a result of the Bjerknes feedba
kme
hanism operating at inter-annual time s
ales in the Pa
i�
, is depi
ted in Figure 3.15. A 
orrelation
oe�
ient of r=-0.87 (r*=-0.25) is seen between Niño3.4 anomalies and equatorial APE anomalies basedon SODA data (Figure 3.15) and one of r=-0.91 (r*=-0.25) based on ORCA data (Figure A.8) whilea 
orrelation 
oe�
ient of r=-0.87 (r*=-0.25) is seen between the Niño3 anomalies and equatorial APEanomalies based on SODA data (Figure 3.15) and one of r=-0.89 (r*=-0.25) based on ORCA data (FigureA.8).Figure 3.16 depi
ts the relationship between seasonal Niño 3.4 and Niño 3 SST 
hanges and seasonalequatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE 
hanges. The 
orrelation between seasonal SST
hanges in the 
entral-eastern Pa
i�
 and APE, is less than that observed between inter-annual SST andAPE anomalies. A 
orrelation 
oe�
ient of r=-0.76 (r*=-0.71) is seen between the Niño3.4 index andequatorial APE based on SODA data (Figure 3.16) and one of r=-0.85 (r*=-0.71) based on ORCA data(Figure A.9) while a 
orrelation 
oe�
ient of r=-0.64 (r*=-0.71) is seen between the Niño3 index andequatorial APE based on SODA data (Figure 3.16) and one of r=-0.77 (r*=-0.71) based on ORCA data(Figure A.9).Seasonally for
ed 
hanges in the density �eld of the equatorial Pa
i�
 result in 
omparatively small APE
hanges in 
omparison to those whi
h o

ur inter-annually (Figure 3.12, Fedorov, 2007). This result is
onsistent with observationally based �ndings that, although seasonal variations in the thermo
line depthhave a large amplitude north of the equator, the thermo
line depth along the equator does not vary mu
hseasonally in the Pa
i�
 (M
Phaden et al., 1998). The largest seasonal temperature variations in the easternequatorial Pa
i�
 are 
on�ned to the surfa
e mixed layer (M
Phaden et al., 1998). Seasonal 
hanges inAPE appear to be too weak to di
tate seasonal SST variability. Instead, as a wealth of studies in the Pa
i�
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Figure 3.16: A 
omparison between 
limatologi
al Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE. SST and APE values were 
al
ulated using SODA data. The 
orrelationbetween ea
h SST index and APE values (r) is give on ea
h �gure, together with the required 
orrelationvalue for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST andAPE values have been normalised. APE values were 
al
ulated following Equation 3.2. The 
orresponding�gure based on ORCA data, Figure A.9, 
an be found in Appendix A.have shown, seasonal SST 
hanges in the Pa
i�
's 
old tongue region are highly 
orrelated with lo
alwinds (Hayes et al., 1991; Chang, 1993, 1994; Swenson and Hansen, 1999; Wang and M
Phaden, 1999).While surfa
e heating, verti
al mixing, horizontal adve
tion and verti
al adve
tion all play a signi�
ant role,seasonal �u
tuations in surfa
e heating and subsurfa
e 
ooling are seen to be the dominant pro
esses drivingseasonal SST 
hanges in the 
entral-eastern equatorial Pa
i�
 (Chang, 1994; M
Phaden et al., 1998; Wangand M
Phaden, 1999). The term subsurfa
e 
ooling en
ompasses the 
ombined e�e
ts of verti
al adve
tionand verti
al mixing and seasonal 
hanges in the intensity of both these pro
esses are in-phase with the lo
alwinds (Wang and M
Phaden, 1999).SSTs in the Pa
i�
's 
old tongue region rea
h their minimum during September/O
tober as strong lo
alwinds generate turbulen
e in
reasing verti
al mixing and de
reasing lo
al strati�
ation. During this period,strong lo
al winds also enhan
e lo
al Ekman upwelling velo
ities whi
h bring 
old water 
loser to the surfa
ewhere it 
an be mixed into the surfa
e mixed layer (Wang and M
Phaden, 1999). The opposite is trueduring boreal spring when SSTs rea
h their maximum. Lo
al strati�
ation is enhan
ed as lo
al winds areat their weakest and upwelling velo
ities, verti
al mixing and the surfa
e mixed layer depth are all at aminimum (Wang and M
Phaden, 1999).Seasonal variations in the intensity of the lo
al winds and asso
iated Ekman pumping are thought to be
ontrolled by equatorial antisymmetri
 and equatorial symmetri
 SST-modes whi
h govern the seasonal
y
le in the eastern Pa
i�
, where the thermo
line is shallow (Chang and Philander, 1994). These unstable
oupled modes are for
ed by the lo
al Ekman feedba
k me
hanism and do not involve remotely for
ed
hanges in thermo
line depth. Seasonal SST 
hanges are primarily determined by surfa
e Ekman 
urrents,their divergen
e, and 
hanges in the thermo
line depth whi
h are in balan
e with lo
al wind stress for
ing(Chang and Philander, 1994).As eviden
ed by Figure 1.1
, seasonal 
ooling in the eastern Pa
i�
 is 
learly asymmetri
 about the equator asa zero frequen
y, zero zonal wave number asymmetri
 SST-mode with a rapid growth rate is a

redited withthe sudden seasonal growth in asymmetri
 
ondition about the equator (Chang and Philander, 1994). Anunstable 
ross-equatorial Ekman feedba
k me
hanism leads to the growth of the equatorial 
old tongue-ITCZ
omplex from April to September. The asso
iated meridional wind stress �u
tuations along the equator are
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Nm−2(b)Figure 3.17: This �gure depi
ts the seasonal 
y
le of (a) meridional wind stress and (b) zonal wind stressalong the equator (3°S-3°N) in the Pa
i�
. COADS data (DaSilva et al., 1994) and a 
ontour interval of0.005Nm-2 has been used. The thi
k bla
k line represents the 0Nm-2 
ontour line.shown in Figure 3.17a, whi
h depi
ts the seasonal 
y
le of meridional wind stress along the equator. In the
entral-eastern Pa
i�
, southerly meridional wind stress persists throughout the year as the ITCZ remainsnorth of the equator. However, in the western basin it 
hanges sign as the ITCZ swit
hes hemispheres(Figure 3.17a). Meridional wind stress values in the 
entral-eastern basin are at a minimum between Mar
hand April when equatorial SSTs are at their maximum and the ITCZ is nearest the equator (Figures 1.1
and 3.17a). As the 
old tongue develops and the ITCZ migrates northward, southerly meridional wind stresson the equator in
reases in magnitude, peaking when asymmetri
al 
onditions rea
h their maximum inSeptember (Figures 1.1
 and 3.17a). On
e established, the equatorial 
old tongue-ITCZ 
omplex is robustand persists until De
ember even as the region of maximum insolation and 
ontinental 
onve
tion startsto move southwards (Figures 1.1
 and 1.3). Only towards the end of the southern hemisphere summer(February-April), does insolation manage to warm south equatorial SST enough to weaken the 
old tongue-ITCZ 
omplex allowing the ITCZ to migrate southwards ba
k towards the equator (Figure 1.1
, Chang andPhilander, 1994).Figure 3.17b shows the seasonal 
y
le of zonal wind stress along the equator. The strongest equatorialeasterlies reside in the 
entral basin. In April when the ITCZ is nearest the equator and SSTs are at theirmaximum, equatorial easterlies are at their seasonal minimum (Figures 1.1
 and 3.17b). As the ITCZmigrates northwards and asymmetri
 
ondition grow, the equatorial easterlies intensify. An equatoriallysymmetri
 SST-mode is believed to be responsible for the westward propagation of these seasonally en-han
ed equatorial trades (Figure 3.17b), and the asso
iated seasonal 
ooling (Figures 1.1b and 1.1
), alongthe equator. This westward propagating equatorially SST-mode results in the lagged, more equatoriallysymmetri
, seasonal 
ooling in the Niño 3.4 region seen in Figures 1.3 and 1.1b (Chang and Philander,
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Figure 3.18: A 
omparison between 
limatologi
al Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E0-400m) APE. SST and APE values were 
al
ulated using SODA data. The 
orrelation between the Atl3SST index and equatorial Atlanti
 APE values (r) is given, together with the required 
orrelation value forsigni�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST and APE valueshave been normalised. APE values were 
al
ulated following Equation 3.2. The 
orresponding �gure basedon ORCA data, Figure A.10, 
an be found in Appendix A.1994). Thus, the seasonally ex
ited Ekman feedba
k me
hanism and asso
iated asymmetri
 and symmetri
SST-modes a

ount for the signature of seasonal Niño 3 and Niño 3.4 SST �u
tuations.The dominant me
hanisms for
ing seasonal SST variability are therefore somewhat di�erent from thatasso
iated with inter-annual variability in the equatorial Pa
i�
. As a result, the spatial pattern asso
iatedwith seasonal SST variability in the Pa
i�
 (Figure 1.2
) di�ers from that asso
iated with inter-annualvariability (Figure 1.2e) in a manner that is 
onsistent with the di�erent physi
al pro
esses driving therespe
tive variability - seasonal variability displaying a pronoun
ed asymmetry while inter-annual variabilityis equatorially fo
used. As illustrated by Figure 1.2d and Figure 1.2f this distin
tion does not exist in theAtlanti
.3.3.3 Equatorial Atlanti
 APE - SST relationship on Seasonal and Inter-annual times
alesUnlike the Pa
i�
, seasonal 
hanges in equatorial Atlanti
 APE are mu
h larger than inter-annual �u
tuations(Figure 3.13). This result is 
onsistent with the large variations in the zonal slope of the thermo
line observedseasonally in the Atlanti
 (Figure 3.4, Merle, 1980a; Vau
lair and du Penhoat, 2001). Furthermore, a strongrelationship exists between seasonal APE and Atl3 SST 
hanges, as depi
ted in Figure 3.18 whi
h illustratesthe relationship between seasonal Atl3 SST 
hanges and seasonal equatorial Atlanti
 APE 
hanges. A
orrelation 
oe�
ient of r=-0.95 (r*=-0.71) is seen between the Atl3 index and equatorial APE based onSODA data (Figure 3.18) and one of r=-0.96 (r*=-0.71) based on ORCA data (Figure A.10).Seasonal SST �u
tuations in the 
entral-eastern equatorial Atlanti
 are regulated primarily by subsurfa
e
ooling and warming by atmospheri
 heat �uxes and o
eani
 eddies (Weingartner and Weisberg, 1991;Carton and Zhou, 1997; Foltz et al., 2003; Peter et al., 2006). The 
orrelation between large seasonal�u
tuations in APE and SST shown above implies that remotely for
ed thermo
line variability plays a keyrole in in�uen
ing seasonal SST variability via subsurfa
e 
ooling. This in�uen
e is found to be the 
ase in
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tion 5.2 of Chapter 5, where the relative 
ontribution of ea
h surfa
e mixed layer pro
ess to seasonalSST variability in the 
entral-eastern equatorial Atlanti
 is assessed.As shown in Figure 3.18, seasonal 
ooling of SSTs in the Atl3 region is signi�
ant and o

urs rapidly betweenApril-August as APE sharply in
reases and the 
old tongue develops. Warming on the other hand is gradualand o

urs over the remainder of the year. Based on this and the fa
t that the largest APE �u
tuationso

ur seasonally as opposed to inter-annually, it 
ertainly appears as though the noti
eable di�eren
e in thetime-s
ale of the largest SST �u
tuations between the Atlanti
 and Pa
i�
 basins (Figure 1.4) is due tothe fa
t that the me
hanism responsible for the large inter-annual SST 
hanges in the equatorial Pa
i�
,namely the Bjerknes me
hanism, is in fa
t seasonally ex
ited in the Atlanti
.The nature of seasonal zonal and meridional wind stress �u
tuations in the Atlanti
 
an be 
ompared againstthose in the Pa
i�
 by 
ontrasting Figures 2.3 and 3.17. The meridional wind stress 
hanges asso
iatedwith the growth of the equatorial 
old tongue-ITCZ 
omplex from April are similar in both basins, ex
eptthat the in
rease in southerly �ow is far larger in the western Atlanti
 than in the western Pa
i�
 (Figures2.3 and 3.17). In both basins, an intensi�
ation of the equatorial easterlies, whi
h propagates westward, isseen as the ITCZ migrates northwards and asymmetri
 
onditions grow. However, while this intensi�
ationis largest in the 
entral-western basin in the Atlanti
, it is largest in the 
entral-eastern basin in the Pa
i�
.Currently, the primary idealised 
oupled mode and asso
iated feedba
k me
hanism deemed responsible forthe seasonal evolution of 
oupled 
onditions and the development of the 
old tongue in the Atlanti
 isthought to be equivalent to that responsible for the seasonal development of the 
old tongue in the Pa
i�
.SST modes and their asso
iated Ekman feedba
k me
hanism are believed to be behind the growth of the
old tongue in the Atlanti
 (Mit
hell and Walla
e, 1992; Chang and Philander, 1994). However, as pointedout by Figure 1.3, the signature of seasonal SST 
hanges for the Atl3 index is somewhat distin
t from thatof Niño3 and Niño3.4 indi
es whose seasonal behaviour has likewise been as
ribed to seasonally ex
itedSST-modes. The seasonal de
line of eastern basin SSTs 
ommen
es in April in ea
h basin as asymmetri
alSST-modes are ex
ited and asymmetri
al 
onditions grow. The eviden
e o�ered here suggests however thatthe greater and steeper seasonal de
rease observed in the Atlanti
 is due to the fa
t that the seasonallyex
ited growth of asymmetri
 
onditions is a

ompanied by a seasonally ex
ited Bjerknes feedba
k as thethermo
line shoals seasonally between April and August, a pro
ess absent in the Pa
i�
. This statement issupported further by 
omparing Figures 1.1
 and 1.1f. In the eastern Pa
i�
, seasonal 
ooling is seen tobe 
learly asymmetri
 about the equator while in the eastern Atlanti
, equatorial 
ooling is more symmetri
presumably due to the 
ontribution of equatorially symmetri
 remotely for
ed thermo
line depth 
hangesasso
iated with a seasonally ex
ited Bjerknes feedba
k.The fa
t that remotely for
ed thermo
line depth 
hanges play an a
tive role in the seasonal 
ooling of Atl3SST is nevertheless not enough to prove that the Bjerknes feedba
k is seasonally a
tive, as this forms onlyone of the three main 
onstituents of the Bjerknes feedba
k me
hanism. Supporting the 
on
ept that theBjerknes feedba
k me
hanism is ex
ited seasonally between April and August, and plays an a
tive role in thedevelopment of the 
old tongue in the Atlanti
, requires eviden
e that the other two essential 
omponentsof the feedba
k me
hanism parti
ipate in the development of the 
old tongue.Firstly, eviden
e that seasonal 
ooling of 
entral-eastern basin SST enhan
es easterly zonal winds in thewestern Atlanti
 is o�ered in the following se
tion (Se
tion 3.3.4) where the relationship between zonal windstress and SST is explored. Se
ondly, that these wind 
hanges in the west shoal the thermo
line in the east,
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reasing the APE of the equatorial Atlanti
 as the 
old tongue develops. A�rmation of this pro
ess iso�ered in the following se
tion (Se
tion 3.3.4), as the relationship between zonal wind stress and APE isexplored, as well as in Se
tion 5.3 wherein the primary pro
esses determining the seasonal evolution of APEin the equatorial Atlanti
 are investigated.Another distin
tion observed between seasonal SST variability in the Niño 3 and Niño3.4 regions versus theAtlanti
's Atl3 region is that 
ool 
onditions stabilise and persist for longer in the Pa
i�
 than the Atlanti
(Figure 1.3). As mentioned in Se
tion 3.3.2, on
e established the equatorial 
old tongue-ITCZ 
omplex in thePa
i�
 sustains itself until De
ember even as the region of maximum insolation and 
ontinental 
onve
tionmoves southwards and only towards the end of the southern hemisphere summer does insolation manage towarm south equatorial SST enough to weaken the 
old tongue-ITCZ 
omplex allowing the ITCZ to migratesouthwards ba
k towards the equator (Chang and Philander, 1994). In the Atlanti
, 
old 
onditions arenot as stable as the rapid seasonal 
ooling abates in August and warming 
ommen
es in September (Figure1.3). This seasonal warming whi
h 
uts short the 
ool period in the Atlanti
 is seen to be in-phase witha deepening of the thermo
line in the east as APE in
reases from August (Figure 3.18), a remotely for
edthermo
line depth in�uen
e apparently absent from the Pa
i�
. This delayed negative feedba
k, similar tothat operating on inter-annual time s
ales in the Pa
i�
 is dis
ussed further in se
tion 5.3 where the physi
alpro
esses driving seasonal SST 
hanges in the Atlanti
 are explored.Figure 3.19 shows the 
orrelations between inter-annual anomalies in equatorial Atlanti
 APE and Atl3 SST.The 
orresponding �gure based on ORCA data, Figure A.11, 
an be found in Appendix A. A 
orrelation
oe�
ient of r=-0.56 (r*=-0.19) is seen between the Atl3 index and equatorial APE based on SODAdata (Figure 3.19) and one of r=-0.62 (r*=-0.19) based on ORCA data (Figure A.11). The relationshipis 
onsiderably weaker than the 
orresponding relationship in the Pa
i�
 (Figure 3.15). This result is inagreement with the weaker relationship observed between inter-annual SST anomalies and thermo
linedepth anomalies in the equatorial Atlanti
 (Zebiak, 1993; Vau
lair and du Penhoat, 2001; Keenlyside andLatif, 2007). Unlike the Pa
i�
, where inter-annual SST anomalies are predominantly for
ed by the dynami
Bjerknes feedba
k me
hanism, a stronger 
ontribution from external for
ing and disparate lo
al air-seaintera
tions (i.e. the WES feedba
k or the Ekman feedba
k) o

urs in the Atlanti
 (Chang et al., 2006a).The Bjerknes feedba
k me
hanism does not appear to be asso
iated with all anomalous Atl3 SST events(Zebiak, 1993; Chang et al., 2006a).There is however a distin
t seasonal dependen
e in the 
orrelation between inter-annual anomalies in equa-torial Atlanti
 APE and Atl3 SST as depi
ted in Figures 3.20 and A.12. Figure 3.20 explores the seasonalityin the relationship between inter-annual anomalies in equatorial Atlanti
 APE and Atl3 SST based on SODAdata while Figure A.12 is based on ORCA data. Although there is some dis
repan
y between the twodatasets, in both Figures 3.20 and A.12 anomalous Atl3 SST 
orrelates best with anomalous APE betweenApril and August. This �nding is in agreement with seasonality in the regression between SST and ther-mo
line depth anomalies (assessed using sea level anomalies as a proxy) obtained by Keenlyside and Latif(2007). Furthermore, this result is 
onsistent with the fa
t that zonal mode events are seen to peak in borealsummer (Zebiak, 1993; Keenlyside and Latif, 2007). As elaborated in Se
tion 5.2, seasonally boreal summermonths 
oin
ides with the development of the 
old tongue when subsurfa
e 
ooling is the dominant pro
essregulating Atl3 SST and the translation of subsurfa
e anomalies into surfa
e anomalies is more e�e
tive dueto seasonally enhan
ed equatorial upwelling (Latif and Grötzner, 2000; Peter et al., 2006; Keenlyside andLatif, 2007). This seasonal dependen
e in the 
orrelation suggests that anomalous SST events in the Atl3
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Figure 3.19: A 
omparison between inter-annual Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E0-400m) APE anomalies. SST and APE anomalies were 
al
ulated using SODA data. The 
orrelationbetween SST and APE anomalies (r) is given, together with the required 
orrelation value for signi�
an
eat the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST and APE values have beennormalised as well as detrended. APE values were 
al
ulated following Equation 3.2. The 
orresponding�gure based on ORCA data, Figure A.11, 
an be found in Appendix A.
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Figure 3.20: The seasonal dependen
e in 
orrelations between Atl3 SST and equatorial Atlanti
 (3°S-3°N60°W-15°E 0-400m) APE anomalies. SST and APE anomalies were 
al
ulated using SODA data. Positive
orrelations are 
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
antabove the 95 per
entile are shaded in grey. APE values were 
al
ulated following Equation 3.2. The
orresponding �gure based on ORCA data, Figure A.12, 
an be found in Appendix A.
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ed by the Bjerknes feedba
k me
hanism o

ur predominantly during boreal summer, while SSTanomalies whi
h o

ur outside of this season are more likely to be the result of remote atmospheri
 for
ingor a di�erent lo
al air-sea intera
tion pro
ess.3.3.4 Equatorial Atlanti
 vs Equatorial Pa
i�
, APE - SST - Wind relationshipsIn this se
tion, the relationship between variability in the Niño 3.4, Niño 3 and Atl3 SST indi
es, equatorialAPE and zonal wind stress is explored at both the seasonal and inter-annual time s
ales within the respe
tivebasins. Considering that in the previous se
tions of this 
hapter the energeti
s results obtained from theSODA re-analysis data are seen to be 
onsistent with those obtained based on the simulated ORCA data,the assessment of the relationship between SST indi
es, equatorial APE and zonal wind stress 
arried outin this se
tion has been based purely on the SODA data. The SODA model was for
ed with the EuropeanCentre for Medium Range Weather Fore
ast (ECMWF) ERA-40 atmospheri
 re-analysis winds from 1958to 2001 and with QuikSCAT winds from 2002 to 2004. Figure 3.21 shows the 
orrelation between monthlyzonal wind stress values used to for
ed the SODA o
ean model and monthly Niño 3.4, Niño 3 and Atl3time-series spanning 1958-2004. For ea
h SST time series the 
limatologi
al and inter-annual relationshipswith zonal wind stress a
ross the basin are 
ompared.Evident when 
omparing Figures 3.21a and 3.21b is that the relationship between Niño 3.4 SST and zonalwind stress di�ers inter-annually from seasonally. While seasonal SST 
hanges 
orrelated best with lo
al
hanges in zonal wind stress, inter-annual SST �u
tuations 
orrelate best with 
hanges in zonal wind stressto the west of the Niño 3.4 region. The same applies to the relationship between Niño 3 SST and zonalwind stress (Figures 3.21
 and 3.21d). This behaviour is 
ompletely 
onsistent with the distin
t primaryme
hanisms behind seasonal and inter-annual SST variability in the 
entral-eastern Pa
i�
. As highlightedin Se
tion 3.3.2, seasonal SST �u
tuations are governed prin
ipally by seasonal variations in the intensity oflo
al winds, asso
iated Ekman pumping and the Ekman feedba
k me
hanism, while inter-annual �u
tuationson the other hand are generally a

ompanied by anomalous wind to the west and remotely for
ed thermo
linedepth perturbations as they are grown by the Bjerknes feedba
k.Turning to the Atlanti
, the seasonal relationship between Atl3 SST and zonal wind stress is shown in Figure3.21e. Unlike in the Pa
i�
, seasonal 
entral-eastern basin SST 
hanges 
orrelate best not with lo
al zonalwind stress 
hanges, but with 
hanges in zonal wind stress to the west. This attribute is 
onsistent with thefa
t that remotely for
ed thermo
line variability is seen, in Se
tion 5.2, to play a more signi�
ant role thanlo
ally for
ed Ekman pumping in seasonally modulating the verti
al adve
tion of 
ooler subsurfa
e watersinto the surfa
e mixed layer.The similar meridional stru
ture seen seasonally in both basins (Figures 3.21a, 3.21
 and 3.21e) is asso
iatedwith the meridional movement of the ITCZ. In both the Pa
i�
 and the Atlanti
 basins, the developmentof the 
old tongue is asso
iated with a northward movement of the ITCZ and an asso
iated 
hange in thewind stress.The spatial pattern in the 
orrelation between 
limatologi
al zonal wind stress and Atl3 SST seen in Figure3.21e also suggests that, like the inter-annual s
enario in the Pa
i�
, easterlies in the western equatorialAtlanti
 are sensitive to seasonal Atl3 SST 
hanges. The sensitivity of the seasonal development of zonalwinds in the western-
entral equatorial Atlanti
 to zonal SST gradients whi
h develop as a result of the
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(f)Figure 3.21: Spatial maps, based on SODA re-analysis data, of the 
orrelation between monthly zonal windstress values and monthly Niño 3.4, Niño 3 and Atl3 time-series spanning 1958-2004. (a) Climatologi
alzonal wind stress and 
limatologi
al Niño 3.4 SST. (b) Anomalous zonal wind stress and anomalous Niño3.4 SST. (
) Climatologi
al zonal wind stress and 
limatologi
al Niño 3 SST. (d) Anomalous zonal windstress and anomalous Niño 3 SST. (e) Climatologi
al zonal wind stress and 
limatologi
al Atl3 SST. (f)Anomalous zonal wind stress and anomalous Atl3 SST. Correlation values plotted are those signi�
an
e atthe 95% level.
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old tongue has been demonstrated by Okumura and Xie (2004). Using anatmospheri
 general 
ir
ulation model Okumura and Xie (2004) have demonstrated the sensitivity of theatmosphere to the rapid 
ooling of SSTs in the 
entral-eastern equatorial Atlanti
. During June-July-August,equatorial easterlies in the western-
entral Atlanti
 are greater in the 
ontrol simulation for
ed by the fullseasonal 
y
le in global SST than in the simulation where equatorial Atlanti
 SST is held 
onstant in timefrom the 15 of April onwards.Figure 3.22a shows the 
orrelation between 
limatologi
al monthly zonal wind stress values and monthlyequatorial Atlanti
 APE values. In Figure 3.22a we see that the highest 
orrelations between seasonal
hanges in equatorial Atlanti
 APE and zonal wind stress reside in the western-
entral equatorial Atlanti
suggesting that seasonal wind 
hanges in the west play a signi�
ant role in determining seasonal thermo
linedepth 
hanges in the east, and hen
e the seasonal APE evolution. In Se
tion 5.3, the physi
al pro
essesdriving the seasonal evolution of equatorial Atlanti
 APE are diagnosed and the role of zonal wind stresshighlighted. Enhan
ed easterlies in the western-
entral equatorial Atlanti
 together with the sudden in
reasein westward zonal surfa
e 
urrents are seen to be responsible for the rapid in
rease in equatorial Atlanti
APE between April and August as the 
old tongue develops.To 
omplement Figure 1.4 whi
h 
ompares the nature of SST variability in the Atlanti
 against the Pa
i�
and Figures 3.12 and 3.13 whi
h 
ompare the nature of APE variability in the Atlanti
 against the Pa
i�
,Figure 3.23 
ompares the nature of western-
entral basin zonal wind stress variability in the Atlanti
 (3°S-3°N 40°W-20°W) against the Pa
i�
 (5°N-5°S 160°E-160°W). Consistent with the notion that the Bjerknesfeedba
k me
hanism is a
ting primarily at seasonal time-s
ales, the magnitude of seasonal �u
tuation inwestern equatorial Atlanti
 zonal wind stress outweighs that of inter-annual variations. This 
ontrast isin line with the hypothesis that seasonal 
ooling in the Atlanti
's 
ool tongue region enhan
es zonal windstress in the western equatorial Atlanti
, fa
ilitating the rapid in
rease in APE, 
ooling of SST and furtherstrengthening of easterlies as a seasonally ex
ited Bjerknes feedba
k results in large seasonal ex
ursions inSST, APE and zonal wind stress.Figure 3.21f illustrates the relationship between inter-annual anomalies in Atl3 SST and zonal wind stressand Figure 3.22b illustrates the relationship between inter-annual anomalies in equatorial Atlanti
 APE andzonal wind stress. In a

ordan
e with previous literature on the zonal mode based on both simulated andobserved data, inter-annual SST �u
tuations 
orrelate best with anomalous zonal wind stress to the west
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(b)Figure 3.22: Spatial maps, based on SODA re-analysis data, of the 
orrelation between monthly zonal windstress values and monthly equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE spanning 1958-2004. (a)Climatologi
al zonal wind stress and 
limatologi
al APE, and (b) anomalous zonal wind stress and anomalousAPE. Correlation values plotted are those signi�
an
e at the 95% level. APE values were 
al
ulated followingEquation 3.2.
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(b)Figure 3.23: A 
omparison between variability in total versus 
limatologi
al, (a) western-
entral basin zonalwind stress in the Pa
i�
 (5°N-5°S 160°E-160°W), and (b) western basin zonal wind stress in the Atlanti
(3°S-3°N 40°W-20°W). Created using SODA wind stress for
ing data. Wind stress values are given in Nm-2and have been detrended.of the Atl3 region (Zebiak, 1993; Ruiz-Barradas et al., 2000; Keenlyside and Latif, 2007). Furthermorethe relationship between inter-annual anomalies in equatorial Atlanti
 APE and zonal wind stress depi
tedin Figure 3.22b supports the opinion that this wind-SST relationship is a result of the Bjerknes feedba
kme
hanisms. Inter-annual Atl3 SST anomalies 
orrelated with zonal wind stress anomalies to the west arethe surfa
e expressions of anomalous equatorial APE 
orrelated with western-
entral Atlanti
 zonal windstress anomalies. The wind-SST relationship depi
ted in Figure 3.21f is seen to be weaker than in the Pa
i�
(3.21b and 3.21d). As mentioned previously this is believed to be the result of a larger 
ontribution fromexternal for
ing and disparate lo
al air-sea intera
tions to inter-annual variability in the Atlanti
 than in thePa
i�
 (Chang et al., 2006a).Figure 3.24 explores further the relationship between anomalous western Atlanti
 zonal wind stress (3°S-3°N40°W-20°W) and Atl3 SST and Figure 3.25 the relationship between anomalous western Atlanti
 zonal windstress (3°S-3°N 40°W-20°W) and equatorial Atlanti
 APE. A seasonal dependen
e is evident in the 
orrelationbetween anomalous Atl3 SST and western Atlanti
 zonal wind stress as well as in the 
orrelation betweenanomalous equatorial APE and western Atlanti
 zonal wind stress with 
orrelation values peaking betweenApril and August. Consistent with results obtained by Keenlyside and Latif (2007) based on observationallybased �ndings, the strongest relationship between anomalous western Atlanti
 zonal wind stress and Atl3SST is observed in May and the strongest relationship between anomalous western Atlanti
 zonal wind stress
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line depth anomalies (equatorial APE) is observed in June-July.In Figures 3.20 (Se
tion 3.3.3), 3.24, and 3.25 whi
h illustrate the seasonal dependen
e in 
orrelationsbetween Atl3 SST and equatorial Atlanti
 APE anomalies, zonal wind stress and Atl3 SST anomalies, andzonal wind stress and equatorial APE anomalies respe
tively, 
orrelations are seen to peak between Apriland August, and lag-lead 
orrelations of the same sign are roughly symmetri
 about zero lag during thesemonths. Furthermore, Figure 3.26 shows the time lag-lead 
orrelations between, (a) Atl3 SST and equatorialAtlanti
 APE, (b) Atl3 SST and western Atlanti
 zonal wind stress, and (
) western Atlanti
 zonal windstress and equatorial Atlanti
 APE based on SODA data from 1958-2004. The lag-lead 
orrelations shownin Figure 3.26 are all fairly symmetri
 about zero lag. These symmetri
 lag-lead 
orrelations suggest thatthe 
ovariability observed is the result of a positive feedba
k with anomalies in ea
h variable reinfor
ingone another (Frankignoul and Hasselmann, 1977). On the other hand, if the lag-lead 
orrelations wereasymmetri
 or antisymmetri
 about zero lag, this would have suggested that they where the result of purelyone-way for
ing or a negative feedba
k (Frankignoul and Hasselmann, 1977). These results are 
onsistentwith the �ndings of Keenlyside and Latif (2007) who suggest that the Bjerknes feedba
k is a
tive inter-annually in the equatorial Atlanti
 and that seasonal variations in the in�uen
e of SSTs on surfa
e winds,as well as seasonal variability in subsurfa
e�surfa
e 
oupling, point to the fa
t that the Bjerknes feedba
k ispredominately a
tive between April and August. Here however, in light of results presented in this 
haptersuggesting that the Bjerknes is seasonally a
tive between April and August, we suggest that anomalousSST events in the Atl3 region for
ed by the Bjerknes feedba
k me
hanism o

ur predominantly duringboreal summer as a modulation of an already seasonally a
tive Bjerknes feedba
k. On the other hand, SSTanomalies whi
h o

ur outside of this season are more likely to be the result of remote for
ing or di�erentlo
al air-sea intera
tion pro
esses.Also worth noting is the se
ondary peak seen between November and January in the seasonal dependen
ein 
orrelations between anomalous Atl3 SST and equatorial Atlanti
 APE (Figure 3.20), anomalous zonalwind stress and Atl3 SST (Figure 3.24), and anomalous zonal wind stress and equatorial APE (Figure 3.25).This se
ondary peak 
orresponds with the se
ondary peak in inter-annual 
entral equatorial Atlanti
 SSTvariability identi�ed by Okumura and Xie (2006) as being asso
iated with the November-De
ember zonalmode of 
oupled variability.
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(b)Figure 3.24: (a) A 
omparison between inter-annual Atl3 SST and western equatorial Atlanti
 (5°N-5°S40°W-20°W) zonal wind stress anomalies. The 
orrelation between anomalies (r) is given together withthe required 
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degreesof freedom (r*). (b) The seasonal dependen
e in 
orrelations between Atl3 SST and zonal wind stressanomalies. Positive 
orrelations are 
ontoured in solid lines and negative 
orrelations in dashed lines.Correlations signi�
ant above the 95 per
entile are shaded in grey. SST and zonal wind stress anomalieswere 
al
ulated using SODA data and have been normalised and detrended.
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(b)Figure 3.25: (a) A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APEand western equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stress anomalies. The 
orrelation betweenanomalies (r) is given together with the required 
orrelation value for signi�
an
e at the 95% level takinginto a

ount the e�e
tive degrees of freedom (r*). (b) Seasonal dependen
e of 
orrelation between APEand zonal wind stress anomalies. Positive 
orrelations are 
ontoured in solid lines and negative 
orrelationsin dashed lines. Correlations signi�
ant above the 95 per
entile are shaded in grey. APE and zonal windstress anomalies were 
al
ulated using SODA data and have been normalised and detrended. APE valueswere 
al
ulated following Equation 3.2.
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lusionsThis assessment wherein equatorial Atlanti
 variability is viewed from an energeti
s perspe
tive and 
on-trasted against the Pa
i�
 at both seasonal and inter-annual time s
ales, sheds light on the role of uppero
ean variability within equatorial Atlanti
 SST variability. The presen
e of a strong SST-APE relationshipin the Atlanti
, like that observed in the Pa
i�
, suggests that anomalous verti
al adve
tion in the 
entral-eastern basin resulting from thermo
line depth 
hanges asso
iated with the large s
ale redistribution ofwarm surfa
e water, plays an equally important role in determining SST variability in the Atlanti
 as it doesin the Pa
i�
. However, unlike in the Pa
i�
, the largest 
hanges in APE o

ur seasonally in the Atlanti
.The strong seasonal SST-APE relationship observed in the Atlanti
 suggests that remotely for
ed thermo
linedepth 
hanges play a 
ru
ial role in driving seasonal SST 
hanges, a pro
ess whi
h only plays a signi�
antrole inter-annually in the Pa
i�
. In the Pa
i�
, the primary 
oupled feedba
k me
hanism asso
iated withseasonal 
entral-eastern basin SST variability is distin
t from the that asso
iated with inter-annual variabilityand this is re�e
ted in distin
t seasonal versus inter-annual relationship between SST, APE and zonal windstress �u
tuation. However, the relationship between seasonal SST, APE and zonal wind stress 
hangesin the Atlanti
 supports the notion that the greater and steeper seasonal de
rease in eastern-
entral basinSSTs observed in the equatorial Atlanti
 between April and August is due to the fa
t that the seasonallyex
ited growth of asymmetri
 
onditions about the equator is a

ompanied by a seasonally ex
ited Bjerknesfeedba
k as the thermo
line shoals seasonally.Furthermore, it appears that inter-annual Atl3 variability asso
iated with the zonal mode may be bestunderstood as the result of the modulation either in phase or amplitude of this seasonally a
tive pro
ess.Unlike in the Pa
i�
 where the inter-annual ENSO signal dominates SST variability in the 
entral-easternbasin, the annual 
y
le dominates in the Atlanti
. This di�eren
e in the time-s
ale of the largest SST�u
tuations between the two basins is attributed to the fa
t in the Pa
i�
 the Bjerknes feedba
k operateson inter-annual time-s
ales whereas it operates seasonally in the Atlanti
. Seasonality in the o

urren
eof anomalous Atl3 events 
orrelated with thermo
line depth and zonal wind anomalies is in line with thehypothesis that inter-annual Atl3 variability asso
iated in the zonal mode may be best understood as theresult of the modulation, either in phase or amplitude, of a seasonally a
tive Bjerknes feedba
k.
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Chapter 4
Regional O
ean Modelling System -Tropi
al Atlanti
 Simulation
In order to fa
ilitate a more in depth investigation into the energeti
s of the Atlanti
, as well as the physi
alpro
esses driving SST variability, a simulation of inter-annual variability in the tropi
al Atlanti
 from the 1980to 2004 has been 
ondu
ted using the Regional O
ean Modelling System. This simulation was 
ondu
tedprimarily to a
quire the temperature, salinity and momentum evolution equation tenden
y terms requiredto 
al
ulate surfa
e layer heat budgets and, evaluate the pro
esses determining the APE evolution within a
hosen domain (as outlined in Se
tions 5.2.2 and 5.3.2).4.1 The Regional O
ean Modelling SystemROMS is a high resolution, split-expli
it, free-surfa
e, sigma (terrain-following) 
oordinate o
ean modelbased on the primitive equations with the boussinesq and hydrostati
 approximations made (Sh
hepetkin andM
Williams, 2005). ROMS utilises the split-expli
it, hydrodynami
, 
omputational kernel of Sh
hepetkinand M
Williams (2005), designed to improve 
omputational e�
ien
y in high resolution o
ean models. Thistime-stepping kernel employs predi
tor-
orre
tor integration algorithms together with a split-expli
it time-stepping te
hnique in whi
h the time-step used for solving the fast barotropi
 mode is signi�
antly less thanthat 
hosen for the slower baro
lini
 modes. The barotropi
 momentum equation and 
ontinuity equationare integrated several times within ea
h baro
lini
 time-step to provide the baro
lini
 momentum and tra
erequations with surfa
e elevation and barotropi
 momentum �elds. A weighted temporal averaging te
hniquefor barotropi
 �elds provides tra
er equations with 
onsistent, 
onserved barotropi
 �elds at the baro
lini
time step. Temporal dis
retisation is based on a third order leap-frog predi
tor and Adams-Moulton 
orre
tors
heme. Enhan
ed solution stability a
hieved by this split-expli
it hydrodynami
 kernel allows for the useof in
reased time steps without 
ompromising the a

ura
y of the solution (Sh
hepetkin and M
Williams,2005). The Arakawa-C grid is employed for horizontal dis
retisation (Arakawa and Lamb, 1977) and sigma
oordinates for verti
al dis
retisation. To redu
e the pressure gradient error asso
iated with the dis
retisationof the horizontal pressure gradient in sigma 
oordinates, the pressure-gradient algorithm of Sh
hepetkin andM
Williams (2003) is employed. 64
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CHAPTER 4. REGIONAL OCEAN MODELLING SYSTEM - TROPICAL ATLANTIC SIMULATION 654.2 Tropi
al Atlanti
 Con�gurationThe regional simulation analysed in the following 
hapters, hereafter referred to as ROMS-TAtl, has aMer
ator grid extending zonally from 60°W-15°E and meridionally from 10°S-14°N with a horizontal res-olution of ∼1/6th of a degree (longitudinal in
rement of 1/6th of a degree). The verti
al grid 
onsistsof 50 sigma levels with a bottom stret
hing parameter of zero (θb = 0) and surfa
e stret
hing parameterof 5.5 (θs = 5.5) and a minimum depth of 10m (hc = 10m) (Song and Haidvogel, 1994). The model'stopography was derived from the 1' General Bathymetri
 Chart of the O
eans (GEBCO) (www.geb
o.net)using bilinear interpolation to 
onvert to the model grid. On
e on the model grid further smoothing of theGEBCO topography was undertaken to prevent the generation of pressure gradient errors. The topographywas smoothed by reiteratively applying a sele
tive Shapiro smoother to ensure a slope parameter (r ∼ △h
h )of less than 0.25 (Penven et al., 2008). A nonlinear equation of state was employed by the model to 
al
ulatedensity (Ja
kett and M
Dougall, 1995), while the referen
e density was de�ned as ρo = 1025kgm−3.The lateral momentum adve
tion-di�usion s
heme employed was the third-order upstream biased s
heme(Sh
hepetkin and M
Williams, 1998) with lateral vis
osity set to zero. For the tra
er lateral adve
tion-di�usion s
heme, the RSUP3 s
heme of Mar
hesiello et al. (2009) was 
hosen rather than the third-orderupstream biased s
heme as the simulated equatorial Atlanti
 thermo
line was seen to be less di�use whenusing the RSUP3 s
heme. The RSUP3 s
heme of Mar
hesiello et al. (2009) is designed to preserve wa-ter mass 
hara
teristi
s and prevent spurious diapy
nal mixing asso
iated with using a third-order upwindadve
tion s
heme in a sigma 
oordinate model while still preserving its low dispersion and di�usion 
apa-bilities. In the RSUP3 s
heme, di�usion is split from adve
tion and is represented by a rotated biharmoni
di�usion s
heme with �ow-dependent hyperdi�usivity satisfying the Pe
let 
onstraint (Mar
hesiello et al.,2009). Subgrid-s
ale verti
al mixing pro
esses are parametrised by the non-lo
al, K-Pro�le Planetary (KPP)boundary layer s
heme of Large et al. (1994).The adaptive algorithm of Mar
hesiello et al. (2001), where inward and outward information �uxes at theopen boundaries are treated separately, was used to deal with the open boundaries. Inward �uxes are nudgedtowards external data with pres
ribed surfa
e elevation, barotropi
 horizontal velo
ity, baro
lini
 horizontalvelo
ity, temperature and salinity provided by the SODA re-analysis produ
t (Carton et al., 2000; Carton andGiese, 2008). Outward �uxes are treated with a two-dimensional radiation algorithm (Mar
hesiello et al.,2001). The width of the sponge layer at the open boundaries was set to 150km and free slip boundary
onditions were used at the 
losed boundaries (land). Surfa
e verti
al boundary 
onditions were provided bysurfa
e �uxes derived, based on the bulk formula of Kondo (1975), from atmospheri
 parameters suppliedby the National Center of Environmental Predi
tion (NCEP)-Department of Energy, atmospheri
 modelinter-
omparison proje
t re-analysis produ
t (Kanamitsu et al., 2002).The simulation was spun up for 10 years using lateral and surfa
e boundary 
onditions for 1980, the �rstyear of the simulation period. Thereafter the model was for
ed with inter-annually varying surfa
e andlateral boundary 
onditions from 1980-2004. A time step of 960 se
onds was used for the baro
lini
 mode,with 45 barotropi
 time-steps integrated for every baro
lini
 time-step (barotropi
 time-step ∼21 se
onds).Prognosti
 variables from the ROMS-TAtl simulation in
lude surfa
e elevation, barotropi
 and baro
lini
horizontal velo
ity 
omponents, temperature and salinity, whi
h have all been saved as two day averagesand analysed at this temporal resolution. Furthermore, the temperature, salinity and momentum evolutionequation tenden
y terms, required in Chapters 5 and 6 to 
al
ulate surfa
e layer heat budgets and evaluate
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CHAPTER 4. REGIONAL OCEAN MODELLING SYSTEM - TROPICAL ATLANTIC SIMULATION 66the pro
esses determining the APE evolution within a 
hosen domain, have been saved as two day averagesand analysed at this temporal resolution.4.3 ValidationTo establish 
on�den
e in the ROMS-TAtl solution, simulated output is 
ompared with available observa-tions. Figure 4.1 
ompares the standard deviation of monthly, total SST variations, seasonal SST �u
tu-ations and inter-annual SST anomalies based on simulated ROMS-TAtl SST versus observed Hadley OISST (Rayner et al., 2003) data spanning 1980-2004. Comparing Figures 4.1a and 4.1b, 4.1
 and 4.1d, and4.1e and 4.1f, it is evident that the ROMS-TAtl simulation 
aptures the observed spatial signature in SSTvariability at both seasonal and inter-annual time s
ales.Further 
omparisons are made between simulated and observed temperature values in Figures 4.2, 4.3 and4.4. Figure 4.2a, 
ompares observed 
limatologi
al values for the Atl3 SST index (3°S-3°N 20°W-0°E)derived from monthly Hadley OI SST (1980-2004) with those derived from ROMS-TAtl SST (1980-2004).While simulated seasonal variations in Atl3 SST display the same phase and amplitude as observed values,they exhibit a 
old bias whi
h at its maximum rea
hes the order of 0.5°C. In Figure 4.2b, observed andsimulated inter-annual Atl3 SST anomalies are shown. The ROMS-TAtl simulation has managed to 
apturea signi�
ant per
entage (r=0.77 r*=0.22) of the inter-annual variability observed in Atl3 SST.Figures 4.3 and 4.4 assess the a

ura
y with whi
h the ROMS-TAtl simulation represents observed seasonal
hanges in the verti
al temperature stru
ture of the equatorial Atlanti
. Figure 4.3 
ompares verti
al 
ross-se
tions of temperature along the equator (1°N-1°S) derived from 
limatologi
al WOA05 data (Lo
arniniet al., 2006) with those derived from the ROMS-TAtl simulation. Figure 4.3a shows the month of April whenthe east-west slope of the thermo
line is at its annual minimum and Figure 4.3b the month of August whenthe east-west slope is at its annual maximum. Figure 4.4 
ompares monthly 
limatologi
al temperaturepro�les derived from PIRATA mooring data (Servain et al., 1998) at three sites along the equator 0°N35°W,0°N10°W and 0°N0°E, with simulated values. While the ROMS-TAtl simulation reprodu
es the seasonalvariations observed in the verti
al temperature stru
ture well, the thermo
line is seen to be slightly moredi�use than in reality.Figure 4.5 provides an indi
ation of how well the ROMS-TAtl simulation has managed to reprodu
e seasonalSSH �u
tuations north of the equator (3°N-5°N), on the equator (1°S-1°N), and south of the equator (3°S-5°S) by 
omparing simulated 
limatologi
al SSH anomalies with those derived from the 1/3° Aviso produ
t(www.aviso.o
eanobs.
om). The observed and simulated 
limatologi
al SSH anomalies shown in Figure4.5 where derived from data spanning January 1993-De
ember 2004 as this is the period when the twodatasets overlapped. Simulated seasonal SSH variability 
orresponds well with observed variability at thesethree latitudes, with the ROMS-TAtl simulation 
apturing the dominant annual SSH signal in the westernbasin and the semi-annual signal in the east.Figure 4.6 
ompares simulated seasonal equatorial Atlanti
 zonal surfa
e 
urrents averaged between 4°N-4°S with those derived from the surfa
e 
urrent 
limatology produ
t of Lumpkin and Garra�o (2005)(www.aoml.noaa.gov/phod/da
/drifter_
limatology.html). In Figure 4.6 the observationally basedsurfa
e 
urrent 
limatology produ
t shown is based on surfa
e drifter observations spanning 28 O
tober
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(f)Figure 4.1: The standard deviation of monthly, (a) total TAtl-ROMS SST variations, (b) total HadleyOI SST variations, (
) seasonal TAtl-ROMS SST variations, (d) seasonal Hadley OI SST variations, (e)inter-annual TAtl-ROMS SST anomalies, and (f) inter-annual Hadley OI SST anomalies from 1980-2004. A
ontour interval of 0.25°C has been used, regions of >1.5°C are shaded in �gures a-d and >0.5°C in �gurese and f. The Atl3 (3°S-3°N 20°W-0°E) region has been demar
ated.
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reated using Hadley OI SST dataversus ROMS-TAtl SST data, (a) 
limatologi
al Atl3 SST and (b) inter-annual Atl3 SST anomalies. The
orrelation between inter-annual anomalies in ea
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an
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ount the e�e
tive degrees offreedom (r*). SST values are given in °C and have been detrended in �gure b.
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ross-se
tions in (a) April and (b) August of temperature (°C) along the equator(1°N-1°S) based on WOA05 data (Lo
arnini et al., 2006) (solid bla
k and 
olour 
ontours) and overlaidwith data from the ROMS-TAtl simulation (dashed bla
k 
ontours).
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limatology of temperature pro�les for three sites on the equator (a) 0°N,35°W, (b)0°N,10°W and (
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k 
ontours) PIRATA mooring data (Servain et al., 1998) (Red 
ontours)ROMS-TAtl simulation.
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omparison between (a) ROMS-TAtl, and (b) observed 
limatologi
al SSH anomalies north ofthe equator (3°N-5°N); (
) ROMS-TAtl, and (d) observed 
limatologi
al SSH anomalies along the equator(1°S-1°N); (e) ROMS-TAtl and (f) observed 
limatologi
al SSH anomalies south of the equator (3°S-5°S).Observed 
limatologi
al SSH anomalies where derived from 1/3° Aviso data (www.aviso.o
eanobs.
om)spanning January 1993-De
ember 2004 and therefore the ROMS-TAtl SSH 
limatology shown here wasderived from simulated SSH over the 
orresponding period.
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ms−1(b)Figure 4.6: A 
omparison between (a) ROMS-TAtl, (b) observed, 
limatologi
al, equatorial Atlanti
, zonalsurfa
e 
urrents averaged between 4°N-4°S. Observed zonal surfa
e 
urrents plotted in b where derivedfrom the surfa
e 
urrent 
limatology produ
t of Lumpkin and Garra�o (2005) (www.aoml.noaa.gov/phod/da
/drifter_
limatology.html). This surfa
e 
urrent 
limatology produ
t is based on surfa
e drifterobservations spanning 28 O
tober 1990 - 28 February 2004 and therefore the ROMS-TAtl zonal surfa
e
urrent 
limatology shown here was derived from simulated 
urrents over the 
orresponding period.1990 - 28 February 2004 and therefore the ROMS-TAtl zonal surfa
e 
urrent 
limatology shown was de-rived from simulated 
urrents over the 
orresponding period. The simulated seasonal equatorial surfa
e
urrent variability 
ompares well with observed variability although, west of the Greenwi
h meridian, thesimulated surfa
e 
urrent variability appears to slightly underestimate westward surfa
e 
urrent de
elerationin September-O
tober and overestimate westward surfa
e 
urrent a

eleration in November-De
ember.Figure 4.7 a
ts to establish how well the ROMS-TAtl simulation has managed to reprodu
e the meanstru
ture of the EUC at three points along the equator. Figure 4.7 
an be 
ontrasted against a 
omparable�gure show in Brandt et al. (2010) (Figure 2) based on observations. The ROMS-TAtl simulation 
apturesthe EUC with mean velo
ities of >40ms-1 seen at the 
ore of the EUC. Centred at approximately 100m inthe west, the 
ore of the EUC rises towards the east.The results obtained in Chapters 5 and 6 further validate the ROMS-TAtl simulation whi
h is found to be
onsistent with the results obtained in Chapter 3 that are based on SODA and ORCA data.4.4 APE EvaluationIn Chapters 5 and 6, equatorial and tropi
al Atlanti
 APE is evaluated based on ROMS-TAtl output followingEquation 3.2. Unlike in Chapter 3 where a non-linear equation of state was used when deriving density valuesfrom SODA and ORCA temperature and salinity data, a linear equation of state (Equation 5.9 in Se
tion
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)Figure 4.7: Meridional se
tions of the mean simulated zonal velo
ity �eld (given in ms-1) at (a) 35°W, (b)23°W and (
) 10°W.5.3.2) has been used when deriving density values from ROMS-TAtl temperature and salinity data. Asoutlined in Se
tion 5.3.2, the use of a linear rather than a non-linear equation of state fa
ilitates theevaluation of an APE evolution equation by ensuring that density is 
onserved.Figure 4.8 
ompares APE values evaluated following Equation 3.2 based on a density �eld that has beenderived from simulated ROMS-TAtl temperature and salinity output following a non-linear equation of state(Ja
kett and M
Dougall, 1995) versus a linear equation of state (Equation 5.9 in Se
tion 5.3.2). In Figure4.8 the use of a linear equation of state is seen as being a valid approximation, having a minimal e�e
t onthe evaluation of APE �u
tuations. The APE values seen in Figure 4.8 have had their mean subtra
tedfrom them.4.5 SummaryIn this 
hapter the ROMS-TAtl 
on�guration, upon whi
h the analysis 
arried out in Chapters 5 and6 is based, has been introdu
ed and validated. The validation undertaken within this 
hapter provides
on�den
e in the ROMS-TAtl solution as seasonal and inter-annual variability in the tropi
al Atlanti
 hasbeen reasonably reprodu
ed.
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Figure 4.8: A 
omparison between equatorial Atlanti
 (3°S-3°N 60°W-15°E) APE values 
al
ulated basedon density values derived from ROMS-TAtl temperature and salinity output using a non-linear equation ofstate, and APE values 
al
ulated based on density values derived using a linear equation of state. APEvalues where evaluated following Equation 3.2 and have had the mean subtra
ted.
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Chapter 5
Tropi
al Atlanti
 Seasonal Cy
le
5.1 Introdu
tionThis 
hapter deals purely with gaining a better understanding of the physi
al pro
esses asso
iated with theseasonal 
y
le in the tropi
al Atlanti
. It is aimed in parti
ular at addressing the following questions raisedin Chapter 1:� What distin
t pro
esses o

urring in the Atlanti
 may a

ount for the observed di�eren
es in seasonal
entral-eastern basin SST signature between the Pa
i�
 and the Atlanti
?� Why do inter-annual SST �u
tuations dominate over seasonal �u
tuations in the 
entral-easternPa
i�
 while the opposite is true in the Atlanti
? Is it be
ause, unlike in the Pa
i�
, the Bjerknesme
hanism a
ts primarily on seasonal time s
ales in the Atlanti
?� What is the role of o
ean memory within 
entral-equatorial Atlanti
 SST variability?The analysis 
ondu
ted in this 
hapter has been divided into two parts. The results obtained in Chapter 3revealed a strong 
orrelation between seasonal SST and APE 
hanges within the equatorial Atlanti
. This�nding suggests that remotely for
ed thermo
line depth 
hanges play a 
ru
ial role in driving seasonal SST
hanges. The validity of this statement is resear
hed in the �rst part of this 
hapter (Se
tion 5.2) whi
hinvestigates the relative 
ontribution of ea
h surfa
e layer pro
ess to seasonal SST variability in the 
entral-eastern equatorial Atlanti
. Surfa
e layer heat budgets within the Atl3 region have been 
ondu
ted basedon output from the ROMS-TAtl simulation as outlined in Se
tion 5.2.2.The results of the surfa
e layer heat budgets 
ondu
ted are dis
ussed in Se
tion 5.2.3 and highlight thekey role played by subsurfa
e 
ooling in seasonally regulating Atl3 SST. Furthermore, the role of seasonalvariations in the strength of lo
ally for
ed equatorial upwelling versus remotely for
ed thermo
line depth
hanges in determining the degree of subsurfa
e 
ooling is explored. Remotely for
ed thermo
line depth
hanges due to the horizontal distribution of warm surfa
e waters are seen to be paramount in the annualdevelopment of the equatorial Atlanti
 
old tongue.Having shown in Se
tion 5.2 that remotely for
ed thermo
line depth variations play a signi�
ant role indriving seasonal SST variability, the following question is then raised - What are the primary pro
esses74
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 75determining the seasonal evolution of APE in the equatorial Atlanti
? The se
ond part of this 
hapter,falling under Se
tion 5.3, takes a deeper look into the me
hanisms responsible for seasonal thermo
linedepth 
hanges. This is a
hieved by investigating the pro
esses di
tating seasonal equatorial (3°S-3°N 60°W-15°E 0-400m) and tropi
al (8°S-8°N 60°W-15°E 0-400m) basin APE 
hanges.Se
tion 5.3.2 des
ribes the methodology employed in not only in this 
hapter but also in Chapter 6 whenevaluating the pro
esses determining APE evolution within an open boundary equatorial domain. An APEevolution equation is derived su
h that terms are de
omposed in a manner relevant to diagnosing equatorialo
ean dynami
s in an open boundary domain. The approa
h used to estimate the 
ontribution of ea
h termbased on output variables from the TAtl-ROMS simulation is detailed in this se
tion.The results of the seasonal APE evolution analysis are dis
ussed next. Similar to results obtained at inter-annual time s
ales in the Pa
i�
 (Goddard and Philander, 2000), seasonal APE 
hanges in the Atlanti
 areseen to be primarily for
ed by seasonal 
hanges in buoyan
y power. These seasonal 
hanges in buoyan
ypower are in turn seen to be driven by seasonal 
hanges in the work done by the wind on the o
ean overthe tropi
al Atlanti
.Consistent with the suggestion raised in Chapter 3 that the Bjerknes feedba
k is seasonally ex
ited in theAtlanti
, the sudden and rapid in
rease in APE between April - August is seen to be driven by in
reased windwork asso
iated with the seasonal in
rease in zonal wind stress. Furthermore the de
rease in APE observed inSeptember-O
tober is found to result from the in�uen
e of seasonal surfa
e 
urrent �u
tuations on the abilityof seasonally enhan
ed surfa
e winds to do work on the o
ean. Inter-annually in the Pa
i�
, thermo
lineperturbations asso
iated with o�-equatorial Rossby waves arriving in the west during the transition fromone phase of ENSO to the next, a�e
t surfa
e 
urrents and hen
e the ability of the wind to do work on theo
ean, 
onsistent with the delayed os
illator theory. It is proposed here that this o
ean memory me
hanismis seasonally a
tive and a
ts as the delayed negative feedba
k pro
ess responsible for the de
ay of theseasonally ex
ited Bjerknes feedba
k in the Atlanti
.5.2 Surfa
e Layer Heat Budgets5.2.1 Introdu
tionPrevious studies have shown that seasonal SST �u
tuations in the 
entral-eastern equatorial Atlanti
 areregulated primarily by warming, due to the surfa
e heat �ux and o
eani
 eddies, and subsurfa
e 
ooling(Weingartner and Weisberg, 1991; Carton and Zhou, 1997; Foltz et al., 2003; Peter et al., 2006). In thisse
tion, surfa
e layer heat budgets within the Atl3 region (the 
al
ulation of whi
h is based on results fromthe ROMS-TAtl simulation as outlined in Se
tion 5.2.2) have been 
ondu
ted. The goal is to fa
ilitate a
omparison with not only previous results but also the energeti
s of the equatorial Atlanti
 in an attemptto establish the role of remotely for
ed o
ean dynami
s within seasonal 
entral-eastern equatorial Atlanti
SST variability.Remotely for
ed SST 
hanges in the 
entral-eastern equatorial basin, originating from thermo
line depth
hanges asso
iated with the large s
ale redistribution of warm surfa
e water / APE 
hanges, are merelysurfa
e expressions of subsurfa
e 
hanges in the temperature stru
ture. These subsurfa
e 
hanges are drivenby the zonal, meridional and verti
al adve
tion of temperature as warm surfa
e waters are redistributed.
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 76Adiabati
 adve
tion terms will therefore be a
tive in driving SST 
hanges that are remotely for
ed. In the
entral-eastern equatorial Atlanti
 where the thermo
line is shallow, verti
al velo
ities near the surfa
e a
t ona strong verti
al temperature gradient and as a result subsurfa
e variability largely manifests as �u
tuationsin verti
al adve
tion. SST 
hanges in this region that are remotely for
ed would therefore predominantly beestablished though 
hanges in verti
al adve
tion. As a result, this se
tion investigates the role of verti
aladve
tion in driving seasonal SST variability in the Atl3 region.Two di�erent surfa
e layer de�nitions are used to diagnose the relative 
ontribution of ea
h surfa
e layerpro
ess to seasonal SST variability in the 
entral-eastern equatorial Atlanti
. Firstly the surfa
e mixed layer,the depth of whi
h, h(t,x,y), is de�ned a

ording to the mixed layer depth 
riterion of Lorba
her et al.(2006). This mixed layer depth 
riterion is based on the shallowest extreme 
urvature of near surfa
e layertemperature pro�les and deals better with a dataset that has varying verti
al resolutions (as is the 
asewith the ROMS-TAtl verti
al sigma 
o-ordinates) and a large variety of observed strati�
ation pro�les thande�ning the mixed layer depth as the depth at whi
h temperature has in
reased by a 
ertain amount fromits surfa
e value. Se
ondly, a deeper subsurfa
e layer of �xed depth, h=70m, whi
h 
orresponds to themean depth of the thermo
line over the Atl3 region. The reasoning behind 
ondu
ting a heat budget forthe subsurfa
e layer as well as the surfa
e mixed layer is to resolve the verti
al adve
tion term. Verti
aladve
tion is a small term in the surfa
e mixed layer budget as turbulent pro
esses dominate near the surfa
eand simulated verti
al velo
ities at the base of the surfa
e mixed layer are weak. For the shallow surfa
emixed layer heat budget, subsurfa
e 
ooling takes the form of verti
al mixing. The temperature of water atthe base of the surfa
e mixed layer that is mixed into the surfa
e mixed layer is however largely determinedby verti
al adve
tion a
ting below the depth of the surfa
e mixed layer, whi
h the se
ond surfa
e layer heatbudget of the deeper subsurfa
e layer resolves. Furthermore, subsurfa
e temperature variations driven by�u
tuations in verti
al adve
tion at the base of the subsurfa
e layer will only re�e
t in the SST �eld if theyare translated into the surfa
e mixed layer by verti
al mixing at the base of the surfa
e mixed layer. Itis therefore important to resolve both �u
tuations in the strength of subsurfa
e verti
al adve
tion as wellas �u
tuations in the strength of verti
al mixing at the base of the surfa
e mixed layer, to establish thein�uen
e of remotely for
ed thermo
line depth variability on SST.Changes in the magnitude of verti
al adve
tion may result from either lo
ally for
ed 
hanges in verti
alEkman velo
ities or remotely for
ed thermo
line depth 
hanges. On having resolved the 
ontribution ofverti
al adve
tion to seasonal SST 
hanges within the Atl3 region, the impa
t of lo
ally for
ed 
hanges inverti
al Ekman velo
ities relative to remotely for
ed thermo
line depth 
hanges (quanti�ed using equatorialAPE values) on the intensity of verti
al adve
tion is investigated. To fa
ilitate this investigation, verti
alvelo
ities indu
ed by lo
al wind driven Ekman divergen
e have been estimated following the methodologyoutlined in Se
tion 5.2.2 and equatorial APE values have been evaluated using the ROMS-TAtl output.Following Se
tion 5.2.2, in whi
h the methods employed in this se
tion are outlined, the results are dis
ussedin Se
tion 5.2.3 and 
on
lusions summarised in Se
tion 5.2.4.



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 775.2.2 Methodology - Surfa
e Layer Heat Budget Cal
ulation and Estimating EkmanVerti
al Velo
ities5.2.2.1 Surfa
e Layer Heat Budget Cal
ulationThe relative 
ontribution of ea
h pro
ess in for
ing the temporal evolution of the mean temperature (T̄ )within a surfa
e layer of depth h(t,x,y), ∂T̄
∂t , 
an be quanti�ed by deriving an evolution equation (Equation5.1) as in Vialard and Dele
luse (1998a) and outlined in Appendix B:

∂T̄

∂t
= −

1

h

ˆ 0

−h
u

∂T

∂x
dz

︸ ︷︷ ︸

Ax

−
1

h

ˆ 0

−h
v
∂T

∂y
dz

︸ ︷︷ ︸

Ay

−
1

h

ˆ 0

−h
w

∂T

∂z
dz

︸ ︷︷ ︸
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+
1

h

ˆ 0

−h
Kth∇

2Tdz

︸ ︷︷ ︸

Dh

−
1

h

{
∂h

∂t
(T̄ − Tz=−h) − (Ktv

∂T

∂z
)z=−h

}

︸ ︷︷ ︸

B

+
q∗ + qs(1 − fz=−h)

hρoCp
︸ ︷︷ ︸

F

(5.1)Where Tz=−h is the temperature at the base of the 
hosen surfa
e layer, Kth represents the horizontaltemperature di�usion 
oe�
ient, Ktv the verti
al temperature di�usion 
oe�
ient, qs the surfa
e solarradiative �ux, f(z) the fra
tion of solar radiation rea
hing depth z and q∗ is the non penetrative part ofthe surfa
e heat �ux 
onsisting of the net long-wave radiative �ux, the latent heat �ux and the sensibleheat �ux 
omponents. Ea
h term represents a physi
al pro
esses whi
h may 
ontribute to the variability ofthe mean temperature (T̄ ) within the 
hosen surfa
e layer: zonal adve
tion Ax, meridional adve
tion Ay,verti
al adve
tion Az, horizontal di�usion Dh, entrainment and verti
al mixing at the base of the layer B,and surfa
e heat �ux for
ing F .In this study, surfa
e layer heat budgets for the Atl3 region have been 
al
ulated following Equation 5.1 byverti
ally integrating two day averages of ea
h term within the temperature evolution equation (EquationB.4) over the 
hosen surfa
e layer depth. Equation 5.1 has been 
al
ulated for ea
h grid point in thehorizontal plane and an area weighted average derived for the Atl3 region.5.2.2.2 Estimating Ekman Verti
al Velo
itiesTo establish an estimate of the verti
al velo
ities indu
ed by lo
al wind driven Ekman divergen
e, a methodwhi
h has been employed in previous studies (Zebiak and Cane, 1987; Sterl and Hazeleger, 2003; Okumuraand Xie, 2004; Barreiro et al., 2005) is used to estimate Ekman layer transports near the equator. Two dayaverages of the ROMS-TAtl wind stress for
ing, have been used to 
al
ulate verti
al velo
ities at the baseof the Ekman layer (here after referred to as the Ekman verti
al velo
ity WE ) at ea
h ROMS-TAtl gridpoint following Equations 5.2, 5.3 and 5.4.
WE =

∂UE

∂x
+

∂VE

∂y
(5.2)

UE =
fτy + rτx

ρ(f2 + r2)
(5.3)
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VE =

−fτx + rτy

ρ(f2 + r2)
(5.4)where, WE is the Ekman verti
al velo
ity, UE is the zonal Ekman transport, VE is the meridional Ekmantransport, ρ is the density of sea water, τx the zonal wind stress, τy the meridional wind stress and f isthe Coriolis parameter. The 
oe�
ient r is the de
ay 
onstant given to the linear fri
tion term representingthe loss of energy due to shear stresses within the surfa
e 
urrents. The linear fri
tion term is introdu
edsin
e f → 0 at the equator. The derivation of Equations 5.2, 5.3 and 5.4 is given in Appendix C. FollowingZebiak and Cane (1987) a value of 0.5d−1 is given to r as in Sterl and Hazeleger (2003); Okumura andXie (2004); Barreiro et al. (2005). Ekman verti
al velo
ities 
al
ulated for ea
h grid point in the horizontalplane are then area weighted averaged over the Atl3 region, to provide a measure of the intensity of lo
allyfor
ed Ekman pumping for the Alt3 region.5.2.3 ResultsSeasonal variations in the temperature of the surfa
e mixed layer and SST for the Atl3 region are 
omparedin Figure 5.1a. Seasonal variations in the mean temperature of the surfa
e mixed layer 
orrespond 
losely toseasonal SST 
hanges (Figure 5.1a). As shown in Figure 5.1b, the dominant terms for
ing these seasonal
hanges in the mean temperature of the surfa
e mixed layer are the surfa
e heat �ux and verti
al mixing.Note that a 14 day running mean has been applied to ea
h time series in Figure 5.1 to smooth out thehigh frequen
y variability. The horizontal adve
tion terms play a se
ondary but still signi�
ant role, while
ontributions from the verti
al adve
tion, horizontal mixing and entrainment are minimal. Simulated verti
alvelo
ities at the base of the surfa
e mixed layer are weak as turbulent pro
esses dominate, hen
e verti
aladve
tion is a small term and subsurfa
e 
ooling takes the form of verti
al mixing at this depth. As dis
ussedin the appendix of Menkes et al. (2006), the negligible e�e
t of entrainment is due to the distin
tion betweenthe mixed layer and the mixing layer depths (Brainerd and Gregg, 1995). In the model, the depth down towhi
h verti
al mixing is strong is the mixing layer depth whi
h 
an vary substantially within a few time stepsof the simulation. With the ex
eption of barrier layer regions (Vialard and Dele
luse, 1998b), the simulatedmixed layer is normally shallower than the mixing layer (Menkes et al., 2006) whi
h means that verti
almixing at the base of the mixed layer is strong. If one were to perform a surfa
e layer heat budget down tothe depth of the models mixing layer, the verti
al mixing term would be negligible and entrainment strong.As the fo
us here is on the relatively slow variability asso
iated with the seasonal 
y
le and not the higherfrequen
y variability asso
iated with diurnal 
hanges in the mixing depth, the use of surfa
e mixed layerdepth and not the mixing layer depth is more appropriate. A

ording to Menkes et al. (2006), whether one
hooses to analyse the mixed layer or the mixing layer the sum of entrainment and verti
al mixing remainsidenti
al. Figure 5.2 shows how the average depth of the surfa
e mixed layer, over the Atl3 region, 
hangesseasonally. The surfa
e mixed layer is at its shallowest in Mar
h/April and deepest in November.The temperature of the subsurfa
e water that is mixed into the surfa
e mixed layer is however largelydetermined by verti
al adve
tion, as the se
ond surfa
e layer heat budget serves to illustrate (Figure 5.1
).Seasonal �u
tuations in the mean temperature of this layer mirror seasonal SST 
hanges (Figure 5.1a)parti
ularly between April and O
tober, when large 
hanges in verti
al adve
tion o

ur, and to a lesser extentfrom November to Mar
h when surfa
e heating qui
kly warms the surfa
e mixed layer. The dominant termfor
ing these seasonal 
hanges in the mean temperature of the subsurfa
e layer is verti
al adve
tion (Figure
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(
)Figure 5.1: (a) Seasonal variations in SST, the average temperature of the Surfa
e Mixed Layer (SML)(varying depth), and the average temperature of the SubSurfa
e Layer (SSL) (�xed depth =70m) for theAtl3 region. Temperature values are given in °C. (b-
) Climatology of terms (°Cs−1) 
ontributing to seasonalvariations in the mean temperature of (b) the surfa
e mixed layer, and (
) the subsurfa
e layer. A 14 dayrunning mean has been applied to the time series to smooth out the high frequen
y variability.
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(a)Figure 5.2: Seasonal variations in the average depth of the surfa
e mixed layer for the Atl3 region givenin meters. A 14 day running mean has been applied to the time series to smooth out the high frequen
yvariability.5.1
), followed by the horizontal adve
tion terms and surfa
e heating. Contributions from the mixing termsare minimal.From January to Mar
h/April, the surfa
e mixed layer warms a
ross the entire width of the equatorialAtlanti
, as the ITCZ moves towards its southernmost position, resulting in weak winds and surfa
e 
urrents.The surfa
e heat �ux is the dominant term responsible for the in
reased mixed layer heat storage duringthis period, as subsurfa
e 
ooling and tropi
al instability waves are weak (Peter et al., 2006). The resultsobtained for the ROMS-TAtl Atl3 surfa
e mixed layer heat budget are 
onsistent with this seasonality (Figure5.1b). It is during these months that the translation of subsurfa
e temperature �u
tuations/thermo
linedepth variations into surfa
e mixed layer temperature and hen
e SST �u
tuations is suppressed by weakwind stress indu
ed verti
al mixing. SST rea
hes an annual maximum in Mar
h/April, when APE along theequator is at its minimum, together with zonal wind stress, westerly surfa
e 
urrents and the zonal slope ofthe equatorial thermo
line (Philander and Pa
anowski, 1986a).In May, the ITCZ starts to migrate northwards and the south east trades intensify near the equator. Thisseasonal intensi�
ation of the trades 
oin
ides with the sharp annual de
line of 
entral-eastern basin SST andthe appearan
e of the equatorial 
old tongue as the intensity of subsurfa
e 
ooling in
reases (Weingartnerand Weisberg, 1991; Carton and Zhou, 1997; Foltz et al., 2003; Peter et al., 2006). For both the surfa
emixed layer and subsurfa
e layer seasonal heat budgets (Figures 5.1b and 5.1
), a sharp in
rease in theintensity of subsurfa
e 
ooling is seen to be responsible for the rapid temperature 
hange with subsurfa
e
ooling taking the form of enhan
ed verti
al mixing for the surfa
e mixed layer and verti
al adve
tion forthe subsurfa
e layer.Similar to Chapter 3 that used monthly SODA and ORCA data, Figure 5.3 shows the relationship betweenseasonal equatorial Atlanti
 APE and Atl3 SST �u
tuations 
al
ulated using ROMS-TAtl data. The in-phaserelationship between seasonal APE and Atl3 SST �u
tuations suggests that the large annual in
rease in theintensity of 
ooling due to verti
al adve
tion is not purely a lo
ally for
ed phenomena, but largely due tothe horizontal redistribution of warm surfa
e waters in response to large s
ale 
hanges in wind for
ing. Theseasonal shoaling of the thermo
line in the east as APE in
reases is 
learly visible in observed 
limatologi
al
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(a)Figure 5.3: A 
omparison between 
limatologi
al Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E0-400m) APE. SST and APE values were 
al
ulated using ROMS-TAtl data and have been normalised.The 
orrelation between the Atl3 SST and equatorial Atlanti
 APE (r) is given together with the required
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*).APE values were 
al
ulated following Equation 3.2.temperature �elds along the equator, as depi
ted in Figure 2.7. One 
an 
ompare Figure 2.7, with a similar�gure 
reated for the Pa
i�
, Figure 9 of M
Phaden et al. (1998), in whi
h the thermo
line is seen to hardlyvary seasonally.An attempt is made here to diagnose the relative 
ontribution of lo
al Ekman pumping versus remotely for
ed
hanges in the verti
al temperature stru
ture in driving the seasonal in
rease in verti
al adve
tion asso
iatedwith the development of the 
old tongue. Based on the ROMS-TAtl wind stress for
ing, seasonal variationsin zonal and meridional wind stress as well as lo
al Ekman verti
al velo
ities for the Atl3 region are depi
tedin Figure 5.4. Seasonal variations in lo
al Ekman pumping for the Atl3 region exhibit a primary dependen
eon seasonal variability in the zonal wind stress 
omponent. Figure 5.5 
ompares seasonal variations in themagnitude of the verti
al adve
tion term for the Atl3 subsurfa
e layer with seasonal variations in Ekmanpumping velo
ities and the rate of 
hange of equatorial Atlanti
 APE (Note that verti
al adve
tion valueshave been inverted in Figure 5.5 to fa
ilitate the 
omparison).Clearly illustrated by Figure 5.5 is the fa
t that in
reased 
ooling due to verti
al adve
tion 
oin
ides withthe for
ing of equatorial Atlanti
 APE 
hanges rather than lo
ally enhan
ed verti
al velo
ities due to Ekmanpumping. This points to the importan
e of remotely for
ed 
hanges in the horizontal distribution of warmsurfa
e waters, in the annual development of the equatorial Atlanti
 
old tongue. As a surfa
e expressionof this large seasonal 
hange in the subsurfa
e temperature stru
ture of the eastern equatorial, Atl3 SSTrea
hes an annual minimum during July-August as APE values in the eastern equatorial Atlanti
 peak (Figure5.3). The very slight lag seen in Figure 5.5 between the peak in 
ooling due to verti
al adve
tion and thepeak in the rate of 
hange of equatorial Atlanti
 APE is thought to be due to the fa
t that the rate of
hange of equatorial Atlanti
 APE evaluates 
hanges in thermo
line depth a
ross the entire width of theequatorial basin. Therefore, while remotely for
ed shoaling of the thermo
line in the 
entral-eastern Atlanti
is responsible for the peak in 
ooling due to verti
al adve
tion at the base of the subsurfa
e layer betweenMay and June, dAPE/dt only rea
hes its maximum between June and July as the slower o�-equatorialadjustment delays the deepening of the thermo
line in the west.
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Figure 5.4: Seasonal variations in zonal and meridional ROM-TAtl wind stress for
ing as well as lo
alEkman verti
al velo
ities for the Atl3 region. Wind stress and Ekman verti
al velo
ities values have beennormalised. A 14 day running mean has been applied to the time series to smooth out the high frequen
yvariability.
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(a)Figure 5.5: Seasonal variations in the intensity of the verti
al adve
tion term for the Atl3 SubSurfa
e Layer(SSL) heat budget 
ompared with seasonal variation in Ekman verti
al velo
ities for the Atl3 region andthe rate of 
hange of equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE. Note that, verti
al adve
tionvalues have been inverted to fa
ilitate the 
omparison. Ekman verti
al velo
ities, APE rate of 
hange andverti
al adve
tion values have been normalised. A 14 day running mean has been applied to the time seriesto smooth out the high frequen
y variability.
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(b)Figure 5.6: (a) Seasonal variations in SST (°C) for the southern (0°N-3°S 60°W-15°E) and northern (3°N-0°S60°W-15°E) Atl3 regions. (b) Same as (a) only SST values have been normalised for a 
loser 
omparison.A 14 day running mean has been applied to the time series to smooth out the high frequen
y variability.In August the shoaling of the thermo
line in the east slows and it begins to deepen during September andO
tober (Figure 4.4). APE values de
rease during this period (Figure 5.3) together with the 
ooling dueto verti
al adve
tion as both lo
al upwelling velo
ities and the verti
al temperature gradient at the base ofthe mixed layer weaken (Figure 5.5) (Peter et al., 2006). SST in the 
entral-eastern basin in
reases duringSeptember and O
tober as de
reased subsurfa
e 
ooling together with in
reased solar heating raise the heatstorage of the surfa
e mixed layer (Figure 5.1) (Peter et al., 2006).In the 
entral-eastern Atlanti
, the zonal 
omponent of the trades intensi�es slightly in November/De
emberabating the de
rease in verti
al Ekman velo
ities for the Atl3 region (Figure 5.4). The thermo
line is alsoseen to shoal slightly (Figure 4.4). This shoaling of the thermo
line is re�e
ted in the APE signal (Figure5.3) as the de
rease in equatorial APE slows during these months. In the Atl3 SST index, only the rate ofin
rease in Atl3 SST is seen to de
rease during this period (Figure 5.1), as this somewhat weaker se
ond
ooling event during the months of November-De
ember is 
on�ned to a small near-equatorial region withinthe 
entral-eastern equatorial Atlanti
 (Okumura and Xie, 2006).5.2.3.1 North-South AsymmetryThe Atl3 region represents a large domain and its symmetri
al latitudinal extent ea
h side of the equatorisolates east-west e�e
ts, masking the asymmetries that result from the signi�
ant meridional 
omponentin the lo
al wind stress of the 
entral-eastern Atlanti
. These equatorial asymmetries 
an be shown bydividing the Atl3 region into a southern Atl3 region (0°N-3°S 60°W-15°E) and northern Atl3 region (3°N-0°S60°W-15°E). Figure 5.6 
ompares the seasonal 
y
le in SST for the southern and northern Atl3 regions. Atl3SST north of the equator is signi�
antly warmer (Figure 5.6a) and seasonal 
hanges south of the equatorare seen to lead slightly those north of the equator (Figure 5.6b). To explore the for
ing of this asymmetry,Figures 5.1b, 5.1
 and 5.4 have been repeated in Figure 5.7 for the southern and northern Atl3 regions.Figures 5.7a and 5.7b show seasonal variations in zonal and meridional wind stress, as well as Ekman verti
alvelo
ities for the southern and northern Atl3 regions respe
tively. The southerly 
ross-equatorial 
omponentin winds over the Atl3 region drives positive Ekman verti
al velo
ities south of the equator and negativevelo
ities north of the equator. Although not evident in Figures 5.7a and 5.7b, as Ekman verti
al velo
itiesvalues have been normalised for 
omparison with wind stress values, it is worth noting that Ekman verti
al
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 84velo
ities for the southern Atl3 region are positive, while velo
ities for the north Atl3 region are negative,throughout the year. This distin
tion is thought to be the primary reason why the magnitude of 
ooling,due to verti
al mixing at the base of the surfa
e mixed layer, is signi�
antly less in the northern Atl3 regionthan in the southern Atl3 region (Figures 5.7
 and 5.7d).The prominent annual 
y
le in lo
al Ekman pumping for the southern Atl3 region exhibits a dependen
eon both the zonal and meridional wind stress 
omponents. These 
hanges in lo
al Ekman pumping areweakly aligned with seasonal variations in the intensity of subsurfa
e 
ooling for the southern Atl3 region.Changes in both the magnitude of verti
al mixing for the southern Atl3 surfa
e mixed layer (Figure 5.7
)and the magnitude of verti
al adve
tion for the southern Atl3 subsurfa
e layer (Figure 5.7e) are found tobe poorly related to 
hanges in lo
al Ekman verti
al velo
ities. This relationship suggests that remotelyfor
ed 
hanges in the verti
al temperature stru
ture plays a larger role in determining seasonal 
hanges insubsurfa
e 
ooling for the southern Atl3 region. Figure 5.8a, 
ompares seasonal variations in the magnitudeof the verti
al adve
tion term for the southern Atl3 subsurfa
e layer with seasonal variations in lo
al Ekmanpumping velo
ities for the southern Atl3 region and the rate of 
hange of equatorial Atlanti
 APE. Herein
reased 
ooling, due to verti
al adve
tion, 
oin
ides better with the for
ing of equatorial Atlanti
 APE
hanges than lo
ally enhan
ed verti
al velo
ities due to Ekman pumping. This relationship suggests thatseasonal 
ooling of the southern Atl3 subsurfa
e layer due to enhan
ed verti
al adve
tion 
orresponds betterwith remotely for
ed 
hanges in the verti
al temperature stru
ture rather than lo
ally enhan
ed verti
alvelo
ities due to Ekman pumping. As seen in Figure 5.5 for the entire Atl3 domain, the slight lag betweenthe peak in 
ooling due to verti
al adve
tion and the peak in the rate of 
hange of equatorial Atlanti
APE seen in Figure 5.8a is thought to be due to the fa
t that the rate of 
hange of equatorial Atlanti
APE evaluates 
hanges in thermo
line depth a
ross the entire equatorial basin. Therefore, remotely for
edshoaling of the thermo
line in the 
entral-eastern Atlanti
 is still thought to be responsible for the peakin 
ooling due to verti
al adve
tion at the base of the subsurfa
e layer between May and June. However,dAPE/dt only rea
hes its maximum between June and July as the slower o�-equatorial adjustment delaysthe deepening of the thermo
line in the west.Despite very similar seasonal 
y
les in the rate of 
hange of surfa
e mixed layer temperature for the northernand southern Atl3 regions, the dominant terms for
ing these temperature rates are somewhat di�erent(Figures 5.7
 and 5.7d). In the south, the signature of seasonal �u
tuation is attributable mainly to�u
tuations in verti
al mixing and surfa
e heating (Figure 5.7
). In the northern Atl3 region, the horizontaladve
tion terms are 
omparable in magnitude to the verti
al mixing and surfa
e heating terms, be
omingan important element in driving seasonal surfa
e mixed layer temperature 
hanges (Figure 5.7d).The seasonal signal in lo
al Ekman pumping �u
tuations for the northern Atl3 region is quite di�erent fromthat of southern Atl3 region. In
reased southerly wind stress from May to November only translates intoenhan
ed negative Ekman verti
al velo
ities during September and O
tober when the easterly wind stress
omponent de
reases. A stronger relationship appears to exist between 
hanges in lo
al Ekman pumpingand seasonal variations in the intensity of subsurfa
e 
ooling in the northern Atl3 region (Figure 5.8b). Itis suggested that this is be
ause the in�uen
e of remotely for
ed thermo
line depth variations is suppressedby the fa
t that Ekman verti
al velo
ities are negative north of the equator.
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(f)Figure 5.7: (a-b) Seasonal variations in zonal and meridional wind stress as well as lo
al Ekman verti
alvelo
ities for (a) the southern Atl3 region, and (b) the northern Atl3 region. Wind stress and Ekmanverti
al velo
ities values have been normalised. (
-f) Climatology of terms (°Cs−1) 
ontributing to seasonalvariations in the mean temperature of, (
) the southern Atl3 region surfa
e mixed layer, (d) the northernAtl3 region surfa
e mixed layer, (e) the southern Atl3 region subsurfa
e layer, and (f) the northern Atl3region subsurfa
e layer. A 14 day running mean has been applied to the time series to smooth out the highfrequen
y variability.
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(b)Figure 5.8: Seasonal variations in the intensity of the verti
al adve
tion term for (a) the southern Atl3region and (b) the northern Atl3 region, subsurfa
e layer heat budget, 
ompared with seasonal variation inEkman verti
al velo
ities for (a) the southern Atl3 region and (b) the northern Atl3 region, and the rateof 
hange of equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE. Note that, verti
al adve
tion valueshave been inverted to fa
ilitate the 
omparison. Ekman verti
al velo
ities, APE rate of 
hange and verti
aladve
tion values have been normalised. A 14 day running mean has been applied to the time series tosmooth out the high frequen
y variability.
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 875.2.4 Con
lusionsLike in the Pa
i�
, the dynami
 pro
ess to whi
h the development of the equatorial 
old tongue is attributedis anomalous verti
al adve
tion due to anomalous Ekman pumping and its asso
iated Ekman feedba
kme
hanism (Mit
hell and Walla
e, 1992; Chang and Philander, 1994). However the in-phase relationshipbetween seasonal APE and Atl3 SST �u
tuations (Figure 5.3) suggests that the large annual in
rease in theintensity of 
ooling due to verti
al adve
tion is not purely a lo
ally for
ed phenomena, but is largely due tothe horizontal redistribution of warm surfa
e waters in response to large s
ale 
hanges in wind for
ing.The results revealed in this se
tion show that seasonal 
hanges in the verti
al adve
tion of 
ooler watersinto the subsurfa
e layer are predominantly related to remotely for
ed thermo
line depth 
hanges asso
iatedwith the large s
ale redistribution of warm surfa
e waters. These seasonal 
hanges in the verti
al adve
tionof 
ooler subsurfa
e waters into the subsurfa
e layer are then translated into seasonal SST 
hanges as theymodulate the intensity of verti
al mixing at the base of the surfa
e mixed layer.While the seasonality in lo
al Ekman pumping over the Atl3 region as a whole is seen to play a se
ondary roleto remote for
ing, spatial variability in the magnitude/sign of lo
al Ekman indu
ed velo
ities is seen to beresponsible for the North-South asymmetry in 
ooling asso
iated with the development of the 
old tongue,as a strong southerly 
ross-equatorial 
omponent in winds over the Atl3 region drives positive upwellingEkman verti
al velo
ities south of the equator and negative downwelling velo
ities north of the equator.
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 885.3 Seasonal Changes in Equatorial and Tropi
al Atlanti
 APE5.3.1 Introdu
tionAs established in the previous se
tion, remotely for
ed thermo
line depth variability plays a key role inthe seasonal 
y
le of Atl3 SST. This se
tion investigates the me
hanism responsible for these seasonalthermo
line depth 
hanges by investigating the pro
esses di
tating seasonal, equatorial Atlanti
 (3°S-3°N60°W-15°E 0-400m) and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) APE 
hanges.In the Pa
i�
, energeti
s analysis of inter-annual variability has elu
idated the me
hanisms through whi
ho
ean-atmosphere intera
tions give rise to ENSO (Goddard and Philander, 2000; Fedorov et al., 2003;Fedorov, 2007). By examining the pro
esses by whi
h the tropi
al Pa
i�
 o
ean gains and redistributesenergy, Goddard and Philander (2000) were able to test the delayed os
illator theory (Battisti, 1988; Suarezand S
hopf, 1988; Battisti and Hirst, 1989). Here, an investigation into the me
hanisms driving seasonalAPE 
hanges provides us with insight into the role of the o
ean within equatorial Atlanti
 o
ean-atmosphereintera
tions o

urring at seasonal time s
ales.The primary physi
al pro
esses determining the seasonal rate of 
hange of APE 
an be quantitativelyestablished by evaluating the various terms in the APE evolution equation. The following se
tion detailsthe methodology employed in this se
tion as well as in Chapter 6 to evaluate the pro
esses determining theAPE evolution within a 
hosen domain. Thereafter, the results of this APE evolution analysis are dis
ussedin Se
tion 5.3.3 and 
on
lusions summarised in Se
tion 5.3.4.5.3.2 Methodology - Evaluating the APE Evolution EquationThis se
tion provides a detailed outline of the methodology employed in not only in this 
hapter but alsoin Chapter 6 when evaluating the pro
esses determining the APE evolution within a 
hosen domain. Whilethe approa
h detailed below draws on an number of previously detailed te
hniques, several aspe
ts are novelas adaptations have been made to deal with evaluating the APE evolution of an open boundary equatorialdomain, the BPE of whi
h 
hanges with time.Previous studies whi
h have dealt with diagnosing the pro
esses determining the APE evolution of an openboundary equatorial domain have assumed global 
onservation of mass and employ a lo
al de�nition of APEde�ned relative to a 
onstant ba
kground rest state (Equation 3.3). However in this study, for reasonsoutlined in Se
tion 3.2, global 
onservation of mass is not assumed and APE has been de�ned relative to aba
kground rest state (BPE) whi
h 
hanges in time (Equation 3.2). An evolution equation for this globalAPE de�nition has been previously derived and employed (Winters et al., 1995; Huang, 1998). Howeverthese studies have fo
used on somewhat di�erent physi
al pro
esses and have dealt with 
losed domains.Here, an APE evolution equation is derived su
h that terms are de
omposed in a manner relevant to thefo
us here on equatorial o
ean dynami
s in an open boundary equatorial domain.The APE evolution analysis is 
ondu
ted based on output from the TAtl-ROMS simulation. Based on outputvariables from this simulation, the strategy used in estimating ea
h term in the various energy evolutionequations, su
h that a satisfa
tory balan
e between the terms is a
hieved, is also des
ribed.For the 
hosen de�nition of APE, given by Equation 3.2, the evolution equation for APE is derived by takingits time derivative:
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dAPE

dt
=

d
(˝

gρzdV −
˝

gρz∗dV
)

dt

=
dPE

dt
−

dBPE

dt
(5.5)The evolution equation of APE is therefore derived by subtra
ting the evolution equation for BPE from theevolution equation for PE (Winters et al., 1995; Huang, 1998).5.3.2.1 Potential Energy Evolution EquationThe PE of a �uid volume is de�ned as:

PE =

˚

gρzdV (5.6)where ρ is the density of the �uid and z is the verti
al 
o-ordinate. An evolution equation for PE is derivedby taking the time derivative of Equation 5.6:
dPE

dt
=

d(
˝

gρzdV )

dt

=

˚

∂(gρz)

∂t
dV +

˚

gρz
dV

dt
(5.7)

˝

gρz dV
dt = 0 assuming the integration volume is �xed in time. Therefore:

dPE

dt
=

˚

∂(gρz)

∂t
dV

=

˚
(

gρ
∂z

∂t
+ g

∂ρ

∂t
z

)

dV

=

˚

g
∂ρ

∂t
zdV (5.8)as ∂z

∂t = 0.To ensure that the density �eld is 
onserved, a linear equation of state:
ρ = ρc − αT + βS (5.9)is used to approximate density values from simulated temperature and salinity �elds whi
h observe thetra
er 
onservation equation, where ρc is a 
onstant α and β are the temperature and salinity expansion
oe�
ients respe
tively (ρc = 1000, α = 2.60kgm−3and β = 7.65kgm−3). Therefore in order to fa
ilitatethe APE evolution equation analysis in this 
hapter and Chapter 6, a linear equation of state has been usedwhen evaluating APE based on ROMS-TAtl temperature and salinity �elds. This use of a linear equationof state di�ers from Chapter 3 where a non-linear equation of state was used to evaluate APE based on
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 90SODA and ORCA temperature and salinity �elds. However, this linear approximation is shown to be validin Chapter 4 as seasonal APE �u
tuations 
al
ulated based on density values derived using it are 
onsistentwith those 
al
ulated based on density values derived using a non-linear equation of state.The density evolution equation 
an then be expressed in terms of the temperature and salinity evolutionequations:
∂ρ

∂t
=

∂ (ρc − αT + βS)

∂t

= −α
∂T

∂t
+ β

∂S

∂t
(5.10)where:

∂T

∂t
= − ~u · ∇T

︸ ︷︷ ︸

At

+∇ · γt
︸ ︷︷ ︸

Dt

+ Qt
︸︷︷︸

Qt

(5.11)is the temperature evolution equation. γt = Kth
∂T
∂x + Kth

∂T
∂y + Ktv

∂T
∂z where Kth represents the horizontaltemperature di�usion 
oe�
ient and Ktv the verti
al temperature di�usion 
oe�
ient. Qt is an additionalsour
e term due the penetration of the solar radiative �ux Qt = qs

ρoCp
df
dz (qs the surfa
e solar radiative �uxand f(z) the fra
tion of solar radiation rea
hing depth z).

∂S

∂t
= − ~u · ∇S

︸ ︷︷ ︸

As

+∇ · γs
︸ ︷︷ ︸

Ds

(5.12)is the salinity evolution equation. γs = Ksh
∂S
∂x + Ksh

∂S
∂y + Ksv

∂S
∂z where Ksh represents the horizontalsalinity di�usion 
oe�
ient and Ksv the verti
al salinity di�usion 
oe�
ient.Substituting Equations 5.11 and 5.12 into Equation 5.10 yields:

dρ

dt
= −α (−~u · ∇T + ∇ · γt + Qt) + β (−~u · ∇S + ∇ · γs)

= −~u · ∇(−αT + βS) − α∇ · γt + β∇ · γs − αQt (5.13)Equation 5.13 is then pla
ed into 5.8 :
dPE

dt
=

˚

g (−~u · ∇(−αT + βS) − α∇ · γt + β∇ · γs − αQt) zdV

= −

˚

g~u · ∇(−αT + βS)zdV

︸ ︷︷ ︸

APE

+

˚

g (−α∇ · γt + β∇ · γs − αQt) zdV

︸ ︷︷ ︸

DPE

(5.14)In this form, the temporal evolution of PE within a �uid volume is driven by two terms:
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APE - PE 
hanges due to the adve
tion of the density �eld.
DPE - PE 
hanges due to density di�usion as well as the penetrative solar radiation �ux.Ea
h term in the simulated temperature and salinity evolution equations of the TAtl-ROMS simulation(Equations 5.11 and 5.12), has been saved as a two day average. Using this output, the PE balan
e is
al
ulated in the form given by Equation 5.14. In Equation 5.14, term:
APE - is obtained from two day averages of term At in Equation 5.11 (the temperature adve
tionterm) and two day averages of term As in Equation 5.12 (the salt adve
tion term) multipliedby two day averages of the depth of ea
h sigma level.
DPE - is obtained from two day averages of terms Dt and Qt in Equation 5.11 (the temperaturedi�usion term and the penetrative solar radiation �ux term) and two day averages of term Dsin Equation 5.12 (the salt di�usion term) multiplied by two day averages of the depth of ea
hsigma level.The balan
e of terms a
hieved for Equation 5.20 is depi
ted in Figure 5.9.
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Figure 5.9: The balan
e of terms for the PE evolution equation in the form given by Equation 5.14, assessedover the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dPE/dt represents the a
tual rate of
hange of PE where as derived dPE/dt represents the rate of 
hange of the PE estimated by balan
ingthe terms within Equation 5.14. A 14 day running mean has been applied to the time series to smooth outthe high frequen
y variability.5.3.2.2 Ba
kground Potential Energy Evolution EquationThe BPE of a �uid volume is de�ned as:
BPE =

˚

gρz∗dV (5.15)
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 92where z∗(~x, t) is the verti
al position of the �uid par
el at position (~x, t) with density ρ(~x, t) in the referen
estate of minimum PE. The evolution equation for BPE is derived by taking the time derivative of Equation5.15:
dBPE

dt
=

d(
˝

gρz∗dV )

dt

=

˚

∂(gρz∗)

∂t
dV +

˚

gρz∗
dV

∂t
(5.16)

˝

gρz∗
dV
∂t = 0 assuming the integration volume is �xed in time. Therefore:

dBPE

dt
=

˚

∂(gρz∗)

∂t
dV

=

˚

(gρ
∂(z∗)

∂t
+ g

∂ρ

∂t
z∗)dV

=

˚

gρ
∂(z∗)

∂t
dV +

˚

g
∂ρ

∂t
z∗dV (5.17)As shown in the appendix of Huang (1998)˝ gρ∂(z∗)

∂t dV is equal to zero. Therefore:
dBPE

dt
=

˚

g
∂ρ

∂t
z∗dV (5.18)Substituting Equation 5.13 into 5.18:

dBPE

dt
=

˚

g (−~u · ∇(−αT + βS) − α∇ · γt + β∇ · γs − αQt + βQs) z∗dV

= −

˚

g~u · ∇(−αT + βS)z∗dV

︸ ︷︷ ︸

ABPE

+

˚

g (−α∇ · γt + β∇ · γs − αQt) z∗dV

︸ ︷︷ ︸

DBPE

(5.19)In this form, the temporal evolution of BPE within a �uid volume is driven by two terms:
ABPE - BPE 
hanges due to the adve
tion of the density �eld.
DBPE - BPE 
hanges due to density di�usion as well as the penetrative solar radiation �ux.Using the temperature and salinity evolution equation terms from the TAtl-ROMS simulation, the BPEbalan
e is 
al
ulated in the form given by Equation 5.19. In Equation 5.19, term:
ABPE - is obtained from two day averages of term At in Equation 5.11 (the temperature adve
tionterm) and two day averages of term As in Equation 5.12 (the salt adve
tion term) multipliedby z∗ values.
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DBPE - is obtained from two day averages of terms Dt and Qt in Equation 5.11 (the temperaturedi�usion term) and two day averages of term Ds in Equation 5.12 (the salt di�usion term)multiplied by z∗ values.The balan
e of terms a
hieved for Equation 5.19 is depi
ted in Figure 5.10.
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Figure 5.10: The balan
e of terms for the BPE evolution equation in the form given by Equation 5.19,assessed over the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dBPE/dt represents the a
tualrate of 
hange of BPE where as derived dBPE/dt represents the rate of 
hange of the BPE estimated bybalan
ing the terms within Equation 5.19. A 14 day running mean has been applied to the time series tosmooth out the high frequen
y variability.5.3.2.3 Available Potential Energy Evolution EquationSubstituting Equations 5.14 and 5.19 into 5.5:
dAPE

dt
=







−

˚

g~u · ∇(−αT + βS)zdV

︸ ︷︷ ︸

AP E

+

˚

g (−α∇ · γt + β∇ · γs − αQt) zdV

︸ ︷︷ ︸

DP E








−







−

˚

g~u · ∇(−αT + βS)z∗dV

︸ ︷︷ ︸

ABPE

+

˚

g (−α∇ · γt + β∇ · γs − αQt) z∗dV

︸ ︷︷ ︸

DBPE








= −

˚

g~u · ∇(−αT + βS) (z − z∗) dV

︸ ︷︷ ︸

AAP E

+

˚

g (−α∇ · γt + β∇ · γs − αQt) (z − z∗) dV

︸ ︷︷ ︸

DAPE

(5.20)In this form, the temporal evolution of APE within a �uid volume is driven by two terms:
AAPE - APE 
hanges due to the adve
tion of the density �eld.
DAPE - APE 
hanges due to density di�usion as well as the penetrative solar radiation �ux.
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 94In Equation 5.20, term:
AAPE - is obtained by subtra
ting term ABPE of Equation 5.19 from term APE of Equation 5.14.
DAPE - is obtained by subtra
ting term DBPE of Equation 5.19 from term DPE of Equation 5.14.The balan
e of terms a
hieved for Equation 5.20 is depi
ted in Figure 5.11.
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Figure 5.11: The balan
e of terms for the APE evolution equation in the form given by Equation 5.20,assessed over the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dAPE/dt represents the a
tualrate of 
hange of APE where as derived dAPE/dt represents the rate of 
hange of the APE estimated bybalan
ing the terms within Equation 5.20. A 14 day running mean has been applied to the time series tosmooth out the high frequen
y variability.However the APE evolution equation in the form given by Equation 5.20 yields little information as to thephysi
al pro
esses responsible for the density adve
tion and di�usion di
tating APE 
hanges. Terms AAPEand DAPE in Equation 5.20 
an be de
onstru
ted further.As in Winters et al. (1995) and Huang (1998), the term DAPE 
an be de
omposed into:
Φme 
hanges in PE due to mixing within the domain as internal energy is 
onverted into PE.
Φmr the rate of 
hange of BPE due to 
hanges in the density �eld within the 
hosen volume drivenby diapy
nal mixing.
Φs 
hanges in APE due to the surfa
e buoyan
y �ux.However, 
onsidering that when dealing with an open-boundary equatorial domain DAPE is seen to be asmall term in 
omparison to AAPE (Figure 5.11), DAPE is left in this form and referred to as Φapd whi
hrepresents the 
ombined e�e
ts of the above mentioned pro
esses on the evolution of APE.Term AAPE 
an be de
omposed into:
Φapk 
hanges in APE due to buoyan
y power, an ex
hange term with the KE evolution equation.
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Φapa 
hanges in APE due to the adve
tion of APE through the surfa
es of the domain.as follows:

AAPE =

˚

g~u · ∇(−αT + βS)zdV

︸ ︷︷ ︸

APE

−

˚

g~u · ∇(−αT + βS)z∗dV

︸ ︷︷ ︸

ABPE

(5.21)Considering ∇ρc = 0 and Equation 5.9, ∇(−αT + βS) = ∇(ρc − αT + βS) = ∇ρ. Equation 5.21 maytherefore be written as:
AAPE =

˚

g~u · ∇ρzdV

︸ ︷︷ ︸

APE

−

˚

g~u · ∇ρz∗dV

︸ ︷︷ ︸

ABPE

(5.22)As z∗(~x, t) is by de�nition 
onstant on an isopynal surfa
e, it 
an be regarded as a fun
tion of density
z∗(ρ). Therefore, 
onsidering that spatial variations in z∗ are determined by ρ and using the Leibniz Rule,
∇ρz∗ = ∇

´ ρ
z∗ (ρ′) dρ′ (Winters et al., 1995), together with the 
ontinuity equation ∇ · ~u = 0 and thedivergen
e theorem, term ABPE 
an be rewritten as:

ABPE =

˛

g

(
ˆ ρ

z∗
(
ρ′
)
dρ′
)

~u · n̂dS (5.23)To extra
t from APE the ex
hange term with the Kineti
 Energy (KE) evolution equation Φapk =
˝

gρ̃wdV(the buoyan
y term), density is de
omposed into, ρ∗(z, t) (the verti
al hydrostati
ally balan
ed density pro�leasso
iated with the minimum PE rest state/BPE), and ρ̃(~x, t) (perturbations from this referen
e state),hen
e ρ = ρ∗(z, t) + ρ̃(~x, t). ρ∗(z, t) =ρ(z∗, t) is the density pro�le of the ba
kground rest state in whi
hall density surfa
es are level. Substituting ρ = ρ∗(z, t) + ρ̃(~x, t) into APE:
APE =

˚

g~u · ∇ (ρ∗ + ρ̃) zdV

=

˚

g~u · ∇ρ∗zdV +

˚

g~u · ∇ρ̃zdV (5.24)As mentioned above, z∗(~x, t) is by de�nition a fun
tion of density z∗(ρ), and when we 
onsider z∗ as afun
tion of the density �eld asso
iated with the ba
kground rest state, ρ∗, in whi
h all density surfa
esare level, z∗(ρ
∗) = z. Substituting this into the �rst term of Equation 5.24, (˝ g~u · ∇ρ∗zdV =

˝

g~u ·

∇ρ∗z∗(ρ
∗)dV ) and using the Leibniz Rule (∇ρ∗z∗(ρ

∗) = ∇
´ ρ∗

z∗ (ρ′) dρ′):
˚

g~u · ∇ρ∗zdV =

˚

g~u ·



∇

ρ∗
ˆ

z∗
(
ρ′
)
dρ′



 dV (5.25)
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 96Then invoking the 
ontinuity equation ∇ · ~u = 0 as well as the divergen
e theorem:
˚

g~u ·



∇

ρ∗
ˆ

z∗
(
ρ′
)
dρ′



 dV =

˚

∇ ·



g~u

ρ∗
ˆ

z∗
(
ρ′
)
dρ′



 dV

=

˛

g

(
ˆ ρ∗

z∗
(
ρ′
)
dρ′

)

~u · n̂dS (5.26)Substituting this modi�ed term into Equation 5.24:
APE =

˛

g

(
ˆ ρ∗

z∗
(
ρ′
)
dρ′

)

~u · n̂dS +

˚

g~u · ∇ρ̃zdV

=

˛

g

(
ˆ ρ∗

z∗
(
ρ′
)
dρ′

)

~u · n̂dS +

˚

∇ · (gρ̃z~u) dV −

˚

gρ̃∇z · ~udV

=

˛

g

(
ˆ ρ∗

z∗
(
ρ′
)
dρ′

)

~u · n̂dS +

˚

∇ · (g(ρ − ρ∗)z~u) dV −

˚

gρ̃wdV

=

˛

g

(
ˆ ρ∗

z∗
(
ρ′
)
dρ′

)

~u · n̂dS +

˚

∇ · (g(ρz − ρ∗z)~u) dV −

˚

gρ̃wdV

=

˛

g

(
ˆ ρ∗

z∗
(
ρ′
)
dρ′

)

~u · n̂dS +

˛

g

(
ˆ ρ

ρ∗
zdρ′

)

~u · n̂dS −

˚

gρ̃wdV (5.27)Leaving APE =
¸

g
(
´ ρ∗

z∗ (ρ′) dρ′
)

~u·n̂dS+
¸

g
(
´ ρ
ρ∗ zdρ′

)

~u·n̂dS−
˝

gρ̃wdV and ABPE =
¸

g
(´ ρ

z∗ (ρ′) dρ′
)
~u·

n̂dS whi
h substituted into Equation 5.22 reveal:
AAPE =

˛

g

(
ˆ ρ∗

z∗ (ρ′) dρ′

)

~u · n̂dS +

˛

g

(
ˆ ρ

ρ∗

zdρ′
)

~u · n̂dS −

˚

gρ̃wdV −

˛

g

(
ˆ ρ

z∗ (ρ′) dρ′
)

~u · n̂dS

=

˛

g

(

−

ˆ ρ

ρ∗

z∗ (ρ′) dρ′
)

~u · n̂dS +

˛

g

(
ˆ ρ

ρ∗

zdρ′
)

~u · n̂dS −

˚

gρ̃wdV

=

˛

g

(

−

ˆ ρ

ρ∗

(z∗ (ρ′) − z)dρ′
)

~u · n̂dS −

˚

gρ̃wdV (5.28)In this form AAPE in then substituted ba
k into Equation 5.20 bringing us to the �nal form of the APEevolution equation:
dAPE

dt
=

˚

gρ̃wdV

︸ ︷︷ ︸

Φapk

−

˛
(

−g

ˆ ρ

ρ∗

(z∗(ρ
′) − z) dρ′

)

~u · n̂dS

︸ ︷︷ ︸

Φapa

+

˚

g (−α∇ · γt + β∇ · γs − αQt) (z − z∗) dV

︸ ︷︷ ︸

Φapd

=

˚

gρ̃wdV

︸ ︷︷ ︸

Φapk

−

˛

APElocal~u · n̂dS

︸ ︷︷ ︸

Φapa

+

˚

g (−α∇ · γt + β∇ · γs − αQt) (z − z∗) dV

︸ ︷︷ ︸

Φapd

(5.29)Where, −g
´ ρ
ρ∗ (z∗(ρ

′) − z) dρ′ = APElocal, is a lo
al de�nition for APE (Holliday and M
Intyre, 1981;
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Williams, 2010). In this form, the temporal evolution of APE within a �uid volume isdriven by three terms:
Φapk -the buoyan
y power term whi
h is a reversible ex
hange term with the KE evolution equation(Equation D.9).
Φapa -the adve
tion of lo
al APE a
ross the surfa
es of the volume.
Φapd -APE 
hanges due to the 
ombined e�e
ts of, 
hanges in PE due to mixing within the domainas internal energy is 
onverted into PE, the rate of 
hange of BPE due to 
hanges in the density�eld within the 
hosen volume driven by diapy
nal mixing, and 
hanges in APE due to thesurfa
e buoyan
y �ux.Having obtained an adequate balan
e between terms for Equation 5.20 (Figure 5.11), these terms are thenmodi�ed to obtain the APE evolution terms as they appear in the �nal form of the APE evolution equationgiven by Equation 5.29:
Φapk - the buoyan
y power term is 
al
ulated by based on two day averages of verti
al velo
ity, w,multiplied by perturbation density values, ρ̃, whi
h have been 
al
ulated based two day averagesof temperature and salinity a

ording to the linear equation of state given by Equation 5.9.
Φapa -the adve
tion of lo
al APE a
ross the surfa
es of the volume is 
al
ulated as the di�eren
ebetween term AAPE in Equation 5.20 and the buoyan
y power term, Φapk.
Φapd - is the equivalent of term DAPE in Equation 5.20.The balan
e of terms a
hieved for the APE evolution equation in its �nal form (Equation 5.29) is depi
tedin Figure 5.12.
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Figure 5.12: Balan
e of terms for the APE evolution equation in the �nal form given by Equation 5.29,assessed over the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dAPE/dt represents the a
tualrate of 
hange of APE where as derived dAPE/dt represents the rate of 
hange of the APE estimated bybalan
ing the terms within Equation 5.29. A 14 day running mean has been applied to the time series tosmooth out the high frequen
y variability.
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 Energy Evolution EquationTo identify the primary physi
al pro
esses 
ontributing to the buoyan
y power term, Φapk, whi
h is thereversible ex
hange term between APE and KE, the balan
e of terms in the KE evolution equation forthe equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) isevaluated. The derivation of the KE evolution equation is standard and is outlined in Appendix D togetherwith the strategy used in estimating ea
h term in the KE evolution equation su
h that a satisfa
tory balan
ebetween the terms is a
hieved. The KE evolution equation in its �nal form:
dKE

dt
= −

˛ (ρo

2
~v2~u
)

· n̂dS

︸ ︷︷ ︸

Φka

−

˛

(p̃~u) · n̂dS

︸ ︷︷ ︸

Φpw

−

˚

ρ̃gwdV

︸ ︷︷ ︸

Φapk

+

¨

z=0
~v · τsdS

︸ ︷︷ ︸

Φww

−

˚

ρo

(

Kmh(
∂~v

∂x
·
∂~v

∂x
) + Kmh(

∂~v

∂y
·
∂~v

∂y
) + Kmv(

∂~v

∂z
·
∂~v

∂z
)

)

dV

︸ ︷︷ ︸

Φss

(5.30)In this form, the temporal evolution of KE within a �uid volume is driven by �ve terms:
Φka -the adve
tion of KE a
ross the surfa
es of the volume.
Φpw -pressure work a
ross the surfa
es of the volume (Winters et al., 1995).
Φapk -the buoyan
y power term whi
h is a reversible ex
hange term with the APE evolution equation(Equation 5.29).
Φww -work done by the wind stress a
ting on surfa
e 
urrents (Goddard and Philander, 2000).
Φss -work done by shear stresses of horizontal �ows within the domain (Winters et al., 1995).5.3.2.5 Evaluating Climatologi
al APEAn approximation has been made in this se
tion and Chapter 6 when evaluating 
limatologi
al APE values.Density and the verti
al position of the �uid par
el within the ba
kground state 
an be de
omposed into their
limatologi
al 
omponent and inter-annual perturbations from this 
limatologi
al 
omponent, z∗ = z∗cl +z′∗and ρ = ρcl + ρ′ su
h that:

APE =

˚

gρ(z − z∗)dV

=

˚

g(ρcl + ρ′)
(
z − (z∗cl + z′∗)

)
dV

=

˚

gρcl

(
z − (z∗cl + z′∗)

)
dV +

˚

gρ′
(
z − (z∗cl + z′∗)

)
dV (5.31)

=

˚

gρcl (z − z∗cl) dV −

˚

gρclz
′
∗dV +

˚

gρ′ (z − z∗cl) dV −

˚

gρ′z′∗dVThe 
limatologi
al average of APE is then:
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APEcl =

{
˚

gρ(z − z∗)dV

}

cl

=

{
˚

gρcl (z − z∗cl) dV

}

cl

−

{
˚

gρclz
′
∗dV

}

cl

+

{
˚

gρ′ (z − z∗cl) dV

}

cl

−

{
˚

gρ′z′∗dV

}

cl

=

˚

gρcl (z − z∗cl) dV

︸ ︷︷ ︸

clm

−

{
˚

gρ′z′∗dV

}

cl
︸ ︷︷ ︸

clp

(5.32)The 
limatologi
al average of APE values over a given inter-annual time series, su
h as the 
limatologi
alAPE values given in Chapter 3 and Se
tion 5.2, 
onsist of two 
omponents - term clm of Equation 5.32representing the produ
t of 
limatologi
al values in ρ and z∗ and term clp of Equation 5.32 representing the
limatologi
al average of the produ
t of inter-annual anomalies in ρ and z∗.In Figure 5.13, the relative 
ontribution of terms clm and clp of Equation 5.32 to 
limatologi
al APE valuesis shown. The 
ontribution of clp, the 
limatologi
al average of the produ
t of inter-annual anomalies in
ρ and z∗ to 
limatologi
al APE 
hanges is seen to be small and so the approximation of 
limatologi
alAPE 
hanges by term clm, representing the produ
t of 
limatologi
al values in ρ and z∗ is seen to bereasonable. This approximation simpli�es the analysis undertaken in the following se
tion and in Chapter6, as the 
limatologi
al APE evolution equation depends only on the 
limatologi
al ρ, z∗,w, At, Dt, Qt, Asand Ds values derived from the ROMS-TAtl simulation. Likewise, the 
limatologi
al KE evolution equation(outlined in Appendix D) only depends on 
limatologi
al ~u, τ , Am, Pm and Dm values.

APEcl ≈

˚

gρcl (z − z∗cl) dV (5.33)
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(b)Figure 5.13: A 
omparison between 
limatologi
al APE values and the two 
omponents whi
h make up
limatologi
al APE values, clm and clp for (a) the equatorial Atlanti
 and (b) the tropi
al Atlanti
.
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al Pa
i�
 (15N-15S), Goddard and Philander (2000) have shown the dominant term drivinglarge inter-annual APE 
hanges to be the buoyan
y power term. Representing the verti
al motion of themass �eld, buoyan
y power 
reates thermo
line perturbations via 
onvergen
e or divergen
e of the mass�eld. Sour
e/sink terms do not play a major role in the tropi
al Pa
i�
 as APE 
hanges result mainly fromthe adiabati
 redistribution of mass within this large tropi
al (15N-15S) domain (Goddard and Philander,2000).When we 
onsider the balan
e of terms asso
iated with the 
limatologi
al evolution of APE in the equatorial(3°S-3°N 60°W-15°E 0-400m) and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m), we see that like thetropi
al Pa
i�
 the dominant term in the APE evolution equation is the buoyan
y power term. Figures5.14a and 5.14b depi
t the 
limatologi
al balan
e of terms for the APE evolution equation (Equation 5.29),assessed over the equatorial Atlanti
 domain and the tropi
al Atlanti
 domain respe
tively. Clearly evidentin these �gures is the fa
t that seasonal APE 
hanges are driven primarily by the buoyan
y power term. Theapproximation that equatorial/tropi
al basin APE 
hanges are driven primarily by buoyan
y for
ing asso
iatedwith the horizontal redistribution of warm surfa
e waters is therefore seen to hold when evaluating seasonalAPE 
hanges in the Atlanti
 having taken into a

ount seasonal 
hanges in BPE (Equation 5.34).
dAPEcl

dt
≈

˚

gρ̃clwcldV

︸ ︷︷ ︸

Φapkcl

(5.34)The buoyan
y power term is the reversible ex
hange term between the APE and KE evolution equations andso further insight 
an be gained into the pro
esses responsible for buoyan
y power �u
tuations by 
onsideringthe KE evolution equation (Equation 5.30).
dKEcl

dt
= −Φkacl

− Φpwcl
− Φapkcl

+ Φwwcl
− Φsscl

Φapkcl
= −

dKEcl

dt
− Φkacl

− Φpwcl
+ Φwwcl

− Φsscl
(5.35)In the 
ase of the tropi
al Pa
i�
, the sour
e of buoyan
y power �u
tuations in the KE evolution equation isseen to be the wind power term (Goddard and Philander, 2000). While only a small portion of the work doneby the wind drives 
hanges in the KE of the tropi
al Pa
i�
, a far larger portion goes toward driving 
hangesin APE by doing work against pressure gradients and generating buoyan
y power. The rate of 
hange ofAPE in the tropi
al Pa
i�
 is seen to be approximately equal to the work done on the o
ean by the windminus dissipation and the �ux of energy out of the domain (Fedorov, 2007). A quadrature relationship isseen to exist between wind power and APE in the Pa
i�
, with inter-annual wind power �u
tuations leadingAPE �u
tuation as anomalous wind power drives buoyan
y power anomalies resulting in anomalous APEevolution (Goddard and Philander, 2000).Figure 5.15 shows the full 
limatologi
al balan
e of terms for the KE evolution equation (Equation 5.30)assessed over the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m) and the tropi
al Atlanti
 domain(8°S-8°N 60°W-15°E 0-400m) respe
tively. In both domains, the wind power term (Φwwcl

) is the dominantsour
e term. As in the Pa
i�
 (Goddard and Philander, 2000; Brown and Fedorov, 2010), only a small
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(b)Figure 5.14: The 
limatologi
al balan
e of terms (Js-1) for the APE evolution equation (Equation 5.29),assessed over (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m), and (b) the tropi
al Atlanti
domain (8°S-8°N 60°W-15°E 0-400m). A 14 day running mean has been applied to the time series to smoothout the high frequen
y variability.
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(b)Figure 5.15: The 
limatologi
al balan
e of terms (Js-1) for the KE evolution equation (Equation 5.30),assessed over (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m), and (b) the tropi
al Atlanti
domain (8°S-8°N 60°W-15°E 0-400m). A 14 day running mean has been applied to the time series to smoothout the high frequen
y variability. Note Φapkcl
values in this KE evolution equation balan
e are the inverseof Φapkcl

values given for the APE evolution equation (Figure 5.14).per
entage of the work done on the o
ean by the wind translates into KE 
hanges (dKE/dt) and a largerportion of the wind power is dissipated. The dissipation of work done by the wind is seen in both domains tobe primarily due to shear stresses of horizontal �ows within ea
h domain (Φsscl
) with the adve
tion of KEout of ea
h domain (Φkacl

) playing a smaller dissipative role. The pressure work term (Φpwcl
) representingthe work done against internal and surfa
e pressure gradients by ageostrophi
 �ow is found to dissipate thework done by the wind during 
ertain months of the year. This term 
hanges sign from an energy sinkto an energy sour
e term seasonally, however its seasonal �u
tuations are signi�
antly less than that ofthe primary sour
e term, namely wind power and the primary dissipative term, the dissipation due to shearstresses of horizontal �ows. Only a portion of wind power is 
onverted into buoyan
y power (Φapkcl

) as theresidual for
es buoyan
y power �u
tuations.As in the Pa
i�
, one would expe
t the horizontal redistribution of warm surfa
e waters, whi
h gives riseto seasonal buoyan
y power and hen
e seasonal APE 
hanges in the Atlanti
, to be primarily related to�u
tuations in wind power over the domain. In Figure 5.16, seasonal �u
tuations in the buoyan
y powerterm are 
ompared with seasonal �u
tuations in the wind power term for both the equatorial and tropi
al
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(b)Figure 5.16: A 
omparison between seasonal �u
tuations in buoyan
y power (Φapkcl
) and wind power(Φwwcl

) for (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m), and (b) the tropi
al Atlanti
domain (8°S-8°N 60°W-15°E 0-400m). Buoyan
y power (Φapkcl
) and wind power (Φwwcl

) values have beennormalised. A 14 day running mean has been applied to the time series to smooth out the high frequen
yvariability.Atlanti
 domains. In Figure 5.16b, seasonal 
hanges in the buoyan
y power within the tropi
al Atlanti
domain 
orrespond 
losely with seasonal 
hanges in the work done by the wind over this domain. Thisrelationship is not observed however for the equatorial domain (Figure 5.16a), as wind power and seasonalbuoyan
y power 
hanges are not totally in-phase. As shown in the following paragraphs, this di�eren
e isattributed to the larger in�uen
e of pro
esses a
ting at the boundaries of the equatorial domain than in thetropi
al domain.Figure 5.17 
ompares seasonal �u
tuations in the buoyan
y power term with seasonal �u
tuations in the
ombined e�e
t of terms asso
iated with physi
al pro
esses operating within the domain as well as atthe boundaries of the domain. The 
ombined e�e
t of physi
al pro
esses operating within the domain isrepresented by, Φwwcl
+Φsscl

, the sum of work done by wind stress a
ting on surfa
e 
urrents within thedomain and dissipation by shear stresses of horizontal �ows within the domain (the KE evolution term(dKE/dt) is assumed negligible and negle
ted). The 
ombined e�e
t of terms asso
iated with pro
essesa
ting at the boundaries of the domain is represented by, Φkacl
+ Φpwcl

, the adve
tion of KE a
ross thesurfa
e of the domain and pressure work a
ross the surfa
es of the volume.For the large tropi
al Atlanti
 domain, seasonal �u
tuations in the buoyan
y power term are in-phase with
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(b)Figure 5.17: A 
omparison between seasonal �u
tuations in the buoyan
y power term (Φapkcl
); the 
ombinede�e
t of physi
al pro
esses operating within the domain, Φwwcl

+ Φsscl
; and the 
ombined e�e
t of termsasso
iated with boundary pro
esses, Φkacl

+ Φpwcl
for (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m) and (b) the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). Values are given in Js-1.A 14 day running mean has been applied to the time series to smooth out the high frequen
y variability.
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 106seasonal �u
tuations in the physi
al pro
esses operating within the domain (Figure 5.17b) and do not
orrespond with pro
esses a
ting at the boundaries, implying the lesser role of boundary pro
esses in drivingseasonal 
hanges in the buoyan
y power term within the tropi
al Atlanti
 domain. This result is 
onsistentwith Figure 5.16b in whi
h seasonal 
hanges in the buoyan
y power within the tropi
al Atlanti
 domain
orrespond 
losely with seasonal 
hanging in the work done by the wind over this domain. For the tropi
alAtlanti
 domain, seasonal 
hanges in the buoyan
y power term and hen
e APE, are seen to be primarilydi
tated by seasonal 
hanges in the work done by wind stress a
ting on surfa
e 
urrents within the domain.For the smaller equatorial Atlanti
 domain, seasonal 
hanges in buoyan
y power do not 
orrespond 
loselywith seasonal 
hanges in wind power (Figure 5.16a) and seasonal buoyan
y power 
hanges do not 
or-respond 
losely with physi
al pro
esses operating within the domain nor pro
esses a
ting at the bound-aries (Figure 5.17a). Instead, buoyan
y power 
hanges are the residual of the sum of these pro
esses,
Φwwcl

+Φsscl
+Φkacl

+ Φpwcl
. Both physi
al pro
esses operating within the domain and pro
esses a
ting atthe boundaries appear to play a signi�
ant role in driving seasonal buoyan
y power 
hanges.The larger in�uen
e of pro
esses a
ting at the boundaries of the equatorial domain than the tropi
al domainpoints to the signi�
ant 
ontribution of o�-equatorial adjustment on buoyan
y power within the equatorialdomain, as seasonally ex
ited transients enter and exit the equatorial domain. This �nding is 
onsistentwith 
on
lusions drawn in previous studies that boundary re�e
tions play an important role in seasonalequatorial SSH variability (Philander and Pa
anowski, 1986a; S
houten et al., 2005; Ding et al., 2009)and that the 
ontribution of Kelvin and Rossby waves re�e
ted at the eastern and western boundaries tosimulated equatorial SSH variability is equal to dire
tly for
ed waves (Ding et al., 2009).Seasonal APE 
hanges within the equatorial domain are therefore driven not only by seasonal 
hanges in thework done by the wind within the equatorial domain but also by the response of the greater tropi
al Atlanti
domain to seasonal �u
tuations in wind for
ing via its impa
t along the boundaries of the equatorial domain.Therefore to better understand the pro
esses behind the seasonal redistribution of warm surfa
e waters andasso
iated APE 
hanges within the equatorial Atlanti
, the seasonal redistribution of warm surfa
e watersdriven by wind stress for
ing over the tropi
al Atlanti
 region, and the o
eani
 response to this for
ing,needs to be 
onsidered. The meridional extent of the tropi
al domain 
hosen, 8°S-8°N, is deemed largeenough to en
ompass this wind for
ed, seasonally adjusting region as seasonal buoyan
y power 
hangesare predominantly for
ed by wind power �u
tuations and boundary pro
esses play a lesser role. Extendingthe domain over whi
h APE is evaluated to in
lude the tropi
al domain simpli�es the dynami
s governingseasonal APE variability down to one dominant pro
ess, namely the work done by the wind over the tropi
alAtlanti
 domain.As shown in Figure 5.18, the extension of the meridional domain over whi
h APE is evaluated to in
lude APE
hanges due to the meridional redistribution of mass within the tropi
al domain, does not have a signi�
ante�e
t on the signature of seasonal APE variability with the ex
eption that APE values peak approximately amonth later for the tropi
al domain. This result is as
ribed to the fa
t that this larger domain takes longerto adjust than the equatorial region to seasonal 
hanges in the wind for
ing.Seasonal 
hanges in the APE of the tropi
al Atlanti
 are seen to be primarily for
ed by wind power �u
tua-tions (Φwwcl

=
˜

z=0 ~vcl ·τscl
dS =

˜

z=0 uclτ
x
scl

+vclτ
y
scl

dS). Figure 5.19 
ompares the relative 
ontributionof the zonal (Φwwx
cl

=
˜

z=0 uclτ
x
scl

dS) and meridional (Φwwy
cl

=
˜

z=0 vclτ
y
scl

dS) 
omponents of the windpower term to 
limatologi
al wind power values. Zonal wind stress a
ting on zonal surfa
e 
urrents is
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(a)Figure 5.18: Equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) 
limatologi
al APE and BPE 
hanges versustropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) 
limatologi
al APE and BPE 
hanges. APE and BPE valueswere 
al
ulated based on output from the ROMS-TAtl simulation (1980-2004) following Equation 3.2.Values have been normalised to fa
ilitate a better 
omparison. A 14 day running mean has been applied tothe time series to smooth out the high frequen
y variability.
learly responsible for the majority of work done on the o
ean by the wind within the tropi
al Atlanti

Φwwcl

≈ Φwwx
cl
.Making the assumption that seasonal wind power �u
tuation may be approximated by the work done byzonal winds a
ting on zonal surfa
e 
urrents, Φwwcl

≈ Φwwx
cl
, this term is de
omposed into its mean,

Φmm
wwx

cl
=
˜

z=0 uclτx
scl

dS, mean perturbation, Φmp
wwcl

=
˜

z=0 u′
clτ

x
scl

dS +
˜

z=0 uclτ
x
scl

′dS, and perturbation,
Φpp

wwcl
=
˜

z=0 u′
clτ

x
scl

′dS 
omponents.
Φwwx

cl
=

¨

z=0
uclτ

x
scl

dS

=

¨

z=0
(ucl + u′

cl)(τ
x
scl

+ τx
scl

′)dS

=

¨

z=0
uclτx

scl
dS +

¨

z=0
u′

clτ
x
scl

dS +

¨

z=0
uclτ

x
scl

′dS +

¨

z=0
u′

clτ
x
scl

′dS (5.36)This de
omposition is similar to that done by Goddard and Philander (2000) ex
ept that they evaluated thee�e
t of inter-annual zonal wind stress and zonal 
urrent perturbations from 
limatologi
al values.
Φwwx

cl
= Φmm

wwx
cl

+ Φmupτ
wwcl

+ Φmτpu
wwcl

+ Φpp
wwcl

(5.37)In this 
ontext, τx
scl

and ucl represent mean zonal wind stress and surfa
e 
urrent values, while τx
scl

′ and u′
clrepresent seasonal perturbations from these mean �elds. The mean perturbation 
omponent of wind power,

Φmp
wwcl

, 
omprises of two terms - Φmupτ
wwcl

=
˜

z=0 uclτ
x
scl

′dS, whi
h represents the e�e
t of seasonal zonalwind stress �u
tuations on mean surfa
e 
urrents and Φmτpu
wwcl

=
˜

z=0 u′
clτ

x
scl

dS, representing the e�e
t ofthe mean wind �eld a
ting on seasonal surfa
e 
urrent variations asso
iated with the adjustment of theo
ean.In Figure 5.20, the relative 
ontribution of mean perturbation terms Φmupτ
wwcl

and Φmτpu
wwcl

of Equation 5.37
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Figure 5.19: A 
omparison between seasonal �u
tuations in the wind power term (Φwwcl
), and its zonal(Φwwx

cl
) and meridional (Φwwy

cl
) 
omponents for the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E). Valuesare given in Js-1. A 14 day running mean has been applied to the time series to smooth out the highfrequen
y variability.as well as the perturbation term, Φpp

wwcl
, to seasonal �u
tuation in zonal wind power, Φwwx

cl
− Φmm

wwx
cl
, isassessed. Seasonal �u
tuations in wind power are seen to be predominantly driven by the mean perturbationterms, Φmupτ

wwcl
and Φmτpu

wwcl
. This behaviour indi
ates that seasonal 
hanges in zonal wind stress for
ing aswell as seasonal 
hanges in surfa
e 
urrents, as the o
ean adjusts to seasonal wind for
ing, play an importantrole in in�uen
ing seasonal wind power �u
tuations.The nature of seasonal �u
tuations in the mean perturbation term Φmupτ

wwcl
reveals some interesting insightinto the ability of wind stress for
ing to do work on the o
ean over di�erent regions within the tropi
aldomain. Figure 5.21 
ompares seasonal 
hanges in the magnitude of the mean perturbation term, Φmupτ

wwcl
,with seasonal �u
tuations in zonal wind stress integrated over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E) and 8°S-2°N 50°W-0°E. Evident in Figure 5.21 is that the 
hara
ter of seasonal �u
tuations in zonalwind stress integrated over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E) di�er substantially to that ofthe mean perturbation term. Φmupτ

wwcl
=
˜

z=0 uclτ
x
scl

′dS represents the 
ontribution of seasonal zonal windstress �u
tuations (a
ting on the mean surfa
e 
urrent �eld) to seasonal �u
tuations in wind power term.As a result, one would expe
t seasonal 
hanges in the intensity of zonal wind stress for
ing integrated overthe tropi
al Atlanti
 and this 
omponent of the wind power term to 
oin
ide. However, spatial variations inthe mean surfa
e velo
ity �eld a�e
t the ability of zonal wind stress to do work on the o
ean. This behaviouris shown by Figure 5.22, whi
h depi
ts the mean zonal surfa
e velo
ity �eld (u) for the tropi
al Atlanti
domain, and Figure 5.21, whi
h depi
ts the improved 
orresponden
e between seasonal �u
tuations in themean perturbation term Φmupτ
wwcl

and zonal wind stress integrated over 8°S-2°N 50°W-0°E (as demar
ated inFigure 5.22). A stronger westward 
omponent in the mean surfa
e 
urrents between 8°S-2°N and 50°W-0°Emeans that seasonal zonal wind stress variability in this region has a greater impa
t in driving seasonal APEvariability.In Mar
h/April, zonal wind stress integrated over 8°S-2°N 50°W-0°E is at its seasonal minimum (Figure5.21), together with APE values, as the ITCZ is nearest the equator. From April onwards, zonal windstress in this region in
reases as the ITCZ starts to migrate northwards. Wind power in
reases (Figure 5.20)resulting in positive buoyan
y power values from May (Figure 5.17b) whi
h in
rease APE as the 
old tongue
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Figure 5.20: A 
omparison between seasonal �u
tuations in the zonal 
omponent of the wind power termfrom its temporal mean (˜z=0 uclτ
x
scl

dS−
˜

z=0 uclτx
scl

dS), the mean perturbation terms, Φmupτ
wwcl

and Φmτpu
wwclas well as the perturbation term, Φpp

wwcl
for the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E). Values aregiven in Js-1. A 14 day running mean has been applied to the time series to smooth out the high frequen
yvariability.develops. Westward surfa
e 
urrents a

elerate during this time as the tropi
al Atlanti
 o
ean adjusts to thissudden in
rease in zonal wind stress. This a

eleration of westward surfa
e 
urrents is illustrated in Figure5.23, whi
h depi
ts the simulated seasonal perturbations in the zonal surfa
e velo
ity averaged between 4°Sand 4°N. The positive 
ontribution of this enhan
ed westward �ow on the wind's ability to do work on theo
ean is expressed by term Φmτpu

wwcl
in Figure 5.20.Zonal wind stress 
ontinues to in
rease term Φmupτ

wwcl
in Figure 5.20 up until August when equatorial APEis at its maximum and eastern-
entral equatorial Atlanti
 SSTs are at their minimum. This enhan
ed windstress does not however manage to further in
rease wind power as seasonal wind power values peak in June(Figures 5.16 and 5.20). This timing is due to the in�uen
e of surfa
e 
urrents on the ability of zonal windstress 
hanges to do work on the o
ean (term Φmτpu

wwcl
in Figure 5.20).The de
eleration of westward surfa
e �ow between July-O
tober is thought to be largely driven by thedelayed response of the o
ean to the sudden onset of the trades in May-June rather than a dire
t responseof the o
ean to wind variations (Philander and Pa
anowski, 1986a; S
houten et al., 2005; Ding et al.,2009). As des
ribed in Chapter 2, transients are ex
ited by the abrupt seasonal 
hange in zonal wind stresswhi
h o

urs in May (Philander and Pa
anowski, 1986a; S
houten et al., 2005; Ding et al., 2009). Theimpa
t of these seasonally ex
ited transients on equatorial surfa
e 
urrents is shown in Figure 5.23. Seasonalequatorial SSH and zonal surfa
e 
urrent variability in the tropi
al Atlanti
 possesses 
hara
teristi
s of abasin mode (Ding et al., 2009). Firstly, a pronoun
ed semi-annual 
y
le in equatorial SSH and zonal surfa
e
urrents is evident even though the semi-annual 
y
le in surfa
e winds is relatively weak in 
omparison withannual for
ing, and se
ondly, there is an in quadrature relationship between the zonal SSH gradient andzonal surfa
e 
urrents from Mar
h to August. Ding et al. (2009) proposed that the semi-annual 
omponentin zonal winds ex
ites the se
ond baro
lini
 basin mode, thus for
ing the prominent semi-annual 
omponentin SSH and surfa
e zonal 
urrents despite relatively weak for
ing. Unlike the Pa
i�
 (Yu and M
Phaden,1999), boundary (
oastal) re�e
tions are seen to play an important role in seasonal SSH variability in thetropi
al Atlanti
 (Philander and Pa
anowski, 1986a; S
houten et al., 2005; Ding et al., 2009). Seasonally,
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Figure 5.21: A 
omparison between seasonal �u
tuations in the mean perturbation term, Φmupτ
wwcl

, seasonal�u
tuations in zonal wind stress integrated over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E), andseasonal �u
tuations in zonal wind stress integrated over 8°S-2°N 50°W-0°E. Values have been normalised.A 14 day running mean has been applied to the time series to smooth out the high frequen
y variability.
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e 
urrent perturbations from the annual mean averaged between 4°S-4°N. This �gure is based on output from the ROMS-TAtl simulation (1980-2004). Zonal surfa
e velo
ityperturbations are given ms−1.the 
ontribution of Kelvin and Rossby waves re�e
ted at the eastern and western boundaries to simulatedSSH variability is equal to dire
tly for
ed waves (Ding et al., 2009). Seasonally ex
ited Kelvin and Rossbywave propagation results in the a

eleration of westward surfa
e �ow between April-June followed by ade
eleration of westward surfa
e �ow between July-O
tober and the subsequent a

eleration in November-De
ember (Philander and Pa
anowski, 1986a; S
houten et al., 2005; Ding et al., 2009). The e�e
t of theseseasonal surfa
e 
urrent 
hanges on the ability of the wind to do work on the o
ean is seen in term Φmτpu
wwcl(Figure 5.20) as it peaks in May/June, rea
hes a minimum in September/O
tober and then a se
ondarypeak in De
ember.Figure 5.24 illustrates the spatial stru
ture and temporal evolution of the 
limatologi
al wind power �eldover the tropi
al Atlanti
. The spatial pattern and temporal evolution asso
iated with the seasonal zonalwind stress for
ing and surfa
e 
urrents des
ribed in Chapter 2 are evident. Along the 
oast of SouthAmeri
a, high wind power values are asso
iated with the NBC throughout the year. In the north westerntropi
al Atlanti
, large negative wind power values are asso
iated with the retro�e
tion of the NBC and theNECC where easterly zonal winds a
t against eastward surfa
e 
urrents. Seasonal variations in the strengthand eastward extent of these negative wind power values 
orrespond with seasonal variability in the NECC.Despite the large magnitude of positive and negative wind power values in the north-western basin, theirspatial extent is limited. It is seasonal variability in wind power values over the 8°S-2°N and 50°W-0°E regionthat 
orrespond best with the domain integrated seasonal �u
tuations in wind power seen in Figure 5.20.The in
rease in wind power values over this region between April and June (Figures 5.24d-5.24f) 
orrespondswith the sudden in
rease in domain integrated wind power during this period (Figure 5.20), and is due to thea

eleration of both the equatorial trades and westward surfa
e 
urrents within this region. Furthermore,the de
line in domain integrated wind power between July and O
tober (Figure 5.20) is asso
iated withthe westward propagation and de
reased extend of positive seasonal wind power within this region (Figures5.24g-5.24j). The se
ond somewhat weaker in
rease in domain integrated wind power between November



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 112and De
ember (Figure 5.20) likewise 
orresponds to an in
reases in wind power within this region (Figures5.24k and5.24l).Figures 5.25 and 5.26 show the zonal wind stress and surfa
e 
urrent variability responsible for the wind power�u
tuations (Figures 5.24d-5.24j) asso
iated with the development and de
ay of the 
old tongue betweenApril and September. Figure 5.25 shows the spatial stru
ture and temporal evolution of seasonal zonal windstress perturbations with respe
t to their annual mean values, while Figure 5.26 shows the spatial stru
tureand temporal evolution of seasonal surfa
e 
urrent perturbations with respe
t to their annual mean values.The zonal wind stress variability shown in Figure 5.25 a
ts as an indi
ator of the atmospheri
 responseasso
iated with the development and de
ay of the 
old tongue between April and September, while thezonal surfa
e 
urrent variability shown in Figure 5.26 a
ts as an indi
ator of the o
eani
 response.As 
ontinental 
onve
tion moves from the equator into the northern hemisphere in April/May, it a

eleratessoutherly winds over the Gulf of Guinea (Mit
hell and Walla
e, 1992; Okumura and Xie, 2004). Furthermore,the growth of asymmetri
 
onditions about the equator is asso
iated with the intensi�
ation of easterly tradesin the eastern, equatorial-southern tropi
al Atlanti
 due to the penetration of the south east trades intothe northern hemisphere (Figures 5.25a and 5.25b). The in
reased westward zonal wind stress appears�rst in the eastern equatorial Atlanti
 and moves westward. By June, this region of enhan
ed easterlytrades has grown and is more equatorially symmetri
 (Figure 5.25
). The region of enhan
ed easterly tradesgrows and propagates westward between June and August (Figure 5.25d and 5.25e). This enhan
ement ofthe equatorial trades in the 
entral-western Atlanti
 is thought to be related to the growth of a Bjerknesfeedba
k, seasonally ex
ited as the ITCZ migrates northwards allowing the trades to intensify on the equator.As mentioned previously, the sudden onset of enhan
ed zonal wind stress for
ing east of 30°W in May(Figure 5.25b), due to its semi-annual nature, o

urs at a mu
h shorter time s
ale than the adjustmenttime s
ale of the equatorial Atlanti
 (Philander and Pa
anowski, 1986a). This sudden intensi�
ation is seento ex
ite upwelling equatorial Kelvin waves and downwelling o�-equatorial Rossby waves (S
houten et al.,2005; Ding et al., 2009). The spatial stru
ture of the e�e
t of these transients on zonal surfa
e 
urrentsis seen in Figure 5.26. Figures 5.26b, 5.26d, 5.26f, 5.26h, 5.26j and 5.26l, based on the observed surfa
e
urrent 
limatology produ
t of Lumpkin and Garra�o (2005) have been added to validate the simulated �eldsshown in Figures 5.26a, 5.26
, 5.26e, 5.26g, 5.26i and 5.26k. In May, westward surfa
e 
urrents within the
entral-eastern equatorial Atlanti
 are a

elerated (Figures 5.26
) and these positive zonal surfa
e 
urrentanomalies propagate westwards (Figures 5.26
, 5.26e, 5.26g, 5.26i and 5.26k). This westward propagationof zonal surfa
e 
urrent was attributed to �rst meridional mode Rossby waves by Ding et al. (2009), aswithin their simulated results, the Rossby wave 
ontribution is seen to out-way the Kelvin wave 
ontribution.The westward propagation of zonal wind for
ing is also thought to reinfor
e this westward propagation (Dinget al., 2009). The upwelling equatorial Kelvin waves (downwelling o�-equatorial Rossby waves) are thenre�e
ted at the eastern and western boundaries and a
t to de
elerate westward surfa
e 
urrents near theequator between July and O
tober (Figures 5.26g, 5.26j and 5.26k) (Ding et al., 2009).Similarly in the Pa
i�
, on inter-annual time s
ales, transient indu
ed 
hanges in surfa
e 
urrents a�e
t theability of the wind to do work on the o
ean (Goddard and Philander, 2000). This o
ean memory pro
ess,in a

ordan
e with the delayed os
illator theory, is seen to be responsible for the transition from La Niñato El Niño or vi
e versa. Surfa
e 
urrent anomalies driven by the thermo
line perturbations asso
iated witho�-equatorial Rossby waves arriving in the western equatorial Pa
i�
 a�e
t the ability of the wind to do
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ms−1(l) September (Observed)Figure 5.26: Monthly maps illustrating the spatial stru
ture in 
limatologi
al zonal surfa
e 
urrent pertur-bations from the annual mean (ms-1) over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E) between Apriland September. Figures in the left 
olumn (a, 
 , e , g ,i and k) are based on output from the ROMS-TAtlsimulation (1980-2004), while �gures in the right 
olumn (b, d, f, h, j and l) are based on the surfa
e
urrent 
limatology produ
t of Lumpkin and Garra�o (2005) (www.aoml.noaa.gov/phod/da
/drifter_
limatology.html).
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ean (Goddard and Philander, 2000).ENSO is a free mode of the 
oupled o
ean-atmosphere system in the tropi
al Pa
i�
 that operates on inter-annual time s
ales with the Bjerknes feedba
k leading to the growth of events and the delayed os
illatorme
hanism setting the period of os
illations (Hirst, 1986; Suarez and S
hopf, 1988). The seasonal 
y
le inthe Atlanti
 is on the other hand a for
ed os
illation. However, between the months of April and O
tober,seasonally ex
ited 
oupled o
ean-atmosphere intera
tion within the tropi
al Atlanti
 is responsible for aresponse whi
h deviates from seasonal for
ing (Figure 1.1). As outlined in Chapter 2, an asymmetri
SST-mode ex
ited in April/May leads to the growth of asymmetri
 
onditions as the 
old tongue-ITCZ
omplex develops in the Atlanti
 (Chang and Philander, 1994). The results presented above suggest that,in the tropi
al Atlanti
, this pro
ess is a

ompanied by the ex
itation of a 
oupled mode, referred to asthe thermo
line mode, with similar properties to the delayed os
illator mode operating inter-annually inthe Pa
i�
. The Bjerknes feedba
k appears to be seasonally ex
ited in April/May resulting in the steepseasonal in
rease in equatorial Atlanti
 APE and asso
iated de
line in 
entral-eastern basin SST. Thispositive feedba
k is then damped by a delayed negative feedba
k me
hanism, similar to the negative feedba
kme
hanism operating inter-annually in the Pa
i�
, as de
reased APE observed in September-O
tober is seento be due to the in�uen
e of seasonal surfa
e 
urrent �u
tuations on the ability of seasonally enhan
ed surfa
ewinds to do work on the o
ean. This seasonally ex
ited 
oupled variability has the potential to os
illate.In November/De
ember, this potential is eviden
ed as transient indu
ed zonal 
urrent 
hanges on
e againin
rease the ability of the wind to do work on the o
ean (Figure 5.20) thereby in
reasing the buoyan
y �uxduring these months (Figure 5.14). As mentioned in Se
tion 5.2, the thermo
line is seen to shoal slightly asthe de
rease in equatorial APE slows during these months. Furthermore, the zonal 
omponent of the tradesintensi�es slightly and the rate of in
rease in Atl3 SST is seen to de
rease as a somewhat weaker se
ond
ooling event during the months of November-De
ember is 
on�ned to a small near equatorial region withinthe 
entral-eastern equatorial Atlanti
 (Okumura and Xie, 2006). Undamped, this 
oupled mode 
ouldpotentially go on to shoal the thermo
line as it does between May and August, however by January-Mar
hit is strongly damped by the for
ed seasonal 
y
le as solar for
ing manages to warm south equatorial SSTenough to weaken the 
old tongue-ITCZ 
omplex. As a result, the ITCZ migrates southwards ba
k towardsthe equator, thereby suppressing the equatorial 
onditions whi
h are ne
essary to promote and sustain thegrowth and os
illation of su
h a 
oupled mode.Figure 5.27 summarises the seasonal behaviour in key variables of the above mentioned seasonally ex
itedthermo
line mode, namely wind power and APE. Figure 5.27a displays a phase diagram between seasonalAPE values and the wind power term (Φwwcl
), the dominant term driving seasonal 
hanges in APE. Figure5.27b 
ompares seasonal �u
tuations in APE, the APE tenden
y term (dAPEcl/dt), and the wind powerterm (Φwwcl

). In the Pa
i�
, the presen
e of free os
illations asso
iated with the delayed os
illator moderesults in an out of phase relationship between wind power and APE on inter-annual times
ales. This outof phase relationship is due to the fa
t that APE 
hanges are driven predominately by wind power and windpower displays a dependen
e on APE via its relationship with surfa
e 
urrent anomalies and the ability ofthe wind to do work on the o
ean. This in quadrature relationship between wind power and APE observedinter-annually in the Pa
i�
 results in a 
ir
ular traje
tory that passes through all four quadrants of aphase diagram with wind power on the horizontal axis and APE on the verti
al axis (Fedorov, 2007). The
orresponding phase diagram for the seasonal 
y
le in the Atlanti
 is shown in Figure 5.27a. Only betweenApril-September is a 
ir
ular relationship between APE and the wind power term evident in Figure 5.27a, as
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 117it is during these months that the seasonally ex
ited thermo
line mode of 
oupled variability plays an a
tiverole in the seasonal 
y
le.Figure 5.18 depi
ts seasonal 
hanges in the BPE of the equatorial and tropi
al domains. BPE 
hangeswithin these two regions are seen to be approximately in-phase with the ex
eption that tropi
al BPE valuespeak approximately a month later than that in the equatorial Atlanti
. As with APE, this result is as
ribedto the fa
t that this larger domain takes longer to adjust than the equatorial region to seasonal 
hanges inthe wind for
ing. As pointed out in the methodology se
tion of Chapter 3 (Se
tion 3.2), seasonal 
hangesin the mass and BPE of the equatorial and tropi
al Atlanti
 regions are in-phase with seasonal 
hanges intheir heat 
ontent. This relationship between heat 
ontent, mass and BPE suggests �rstly, that seasonalvariability in the density �eld appears to be primarily determined by seasonal variability in the temperature�eld, and se
ondly, that seasonal BPE 
hange are primarily the result of seasonal 
hanges in the mass of theequatorial and tropi
al domains rather than seasonal 
hanges in verti
al strati�
ation due to mixing. Thesesuggestions are reinfor
ed by the results illustrated in Figure 5.28 whi
h depi
t the 
limatologi
al balan
e ofterms for the BPE evolution equation given in Se
tion 5.3.2 (Equation 5.19). For the tropi
al and equatorialdomains, the relative 
ontribution of BPE 
hanges due the adve
tion of the density �eld, Φbpacl
= ABPEcl(Equation 5.19), versus BPE 
hanges due to the 
ombined e�e
ts of density di�usion and the penetrativesolar radiation �ux, Φbpdcl

= DBPE (Equation 5.19), is shown in Figure 5.28. Also shown is the portion of
Φbpdcl

due to seasonal 
hanges in surfa
e buoyan
y for
ing (Φsurfacebuoyancy
bpdcl

- note this term in
ludes thepenetrative solar radiation �ux). The rather small residual between Φbpdcl
and Φsurfacebuoyancy

bpdcl
(not shown)represents seasonal 
hanges in BPE due to mixing within the domain and di�usion at the horizontal andbottom surfa
es of the domain.For both the equatorial and tropi
al domains, seasonal BPE �u
tuations are largely driven by �u
tuationsin the adve
tion of the density �eld (Φbpacl

) (Figure 5.28). Adve
tion of the density �eld (Φbpacl
) a
tsto in
rease BPE throughout the year for the tropi
al domain (with values rea
hing zero between July andO
tober) and from November-July for the equatorial domain (de
reasing BPE between July and O
tober)(Figure 5.28). These seasonal 
hanges in Φbpacl

for the tropi
al domain are 
onsistent with observedseasonal 
hanges in the es
ape of heat a
ross 8°N. As des
ribed in Chapter 2, es
ape of heat a
ross 8°Nis regulated by seasonal 
hanges in the NBC/NECC 
urrent system in response to 
hanges in wind stressfor
ing asso
iated with the annual migration of the ITCZ. The 8°S-8°N region exports heat for most of theyear therefore a
ting to in
rease BPE, ex
ept between July-O
tober when northward transport is blo
ked asthe NBC veers o�shore to feed the NECC and in
reased wind stress 
url 
auses the mixed layer to deepensouth of the NECC (8°N) and shoal to the north (Philander and Pa
anowski, 1986b; Lee and Csanady,1999). Seasonal �u
tuations in Φbpdcl
play a smaller role and a
t to de
rease BPE throughout the year inboth the tropi
al and equatorial domain. This term is negative as it is largely due to warming by surfa
ebuoyan
y for
ing (Φbpdcl

surfa
e buoyan
y shown in Figure 5.28). In both domains, the surfa
e buoyan
yfor
ing term rea
hes a minimum in Mar
h/April when surfa
e heating over the respe
tive domain is at itsannual maximum and a maximum in June/July when surfa
e heating is at its minimum. These resultssuggest that seasonal 
hanges in the BPE of the equatorial and tropi
al domains is 
ontrolled by seasonal
hanges in the warm water formation (in this 
ase regarded in terms of surfa
e buoyan
y for
ing rather thanentrainment) and es
ape (largely 
ontrolled by o�-equatorial wind stress 
url) (Lee and Csanady, 1999;Bunge and Clarke, 2009).Like seasonal APE, seasonal BPE 
hanges therefore appear to be largely a produ
t of the o
eani
 
ir
ulation
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(b)Figure 5.27: (a) APE verse wind power phase diagram asso
iated with the seasonal 
y
le in the tropi
alAtlanti
 domain (8°S-8°N 60°W-15°E). (b) A 
omparison between seasonal �u
tuations in APE (APEcl),the APE tenden
y term (dAPEcl/dt) and the wind power term (Φwwcl
) for the tropi
al Atlanti
 domain(8°S-8°N 60°W-15°E). Values have been normalised and a 14 day running mean has been applied to thetime series to smooth out the high frequen
y variability.
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(b)Figure 5.28: The 
limatologi
al balan
e of terms (Js-1) for the BPE evolution equation (Equation 5.19),assessed over (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m) and (b) the tropi
al Atlanti
domain (8°S-8°N 60°W-15°E 0-400m). A 14 day running mean has been applied to the time series to smoothout the high frequen
y variability.adjustments in response to �u
tuations in seasonal zonal wind stress and its 
url. As seen in Figure 5.18,seasonal APE and BPE 
hanges are out of phase. This result is in agreement with the �nding of Bungeand Clarke (2009) that 
hanges in the slope of the equatorial thermo
line are in quadrature with variationsin the amount of warm water above the thermo
line between 2°N-2°S. The explanation for this relationshipprovided by Bunge and Clarke (2009) is akin to that for the equivalent relationship observed in the Pa
i�
on inter-annual times
ales, namely the equatorial heat 
ontent re
harge-dis
harge me
hanism of Jin (1997).The out of phase relationship seen between zonal slope of the equatorial thermo
line (APE) and the meandepth of the equatorial thermo
line (BPE) arises via the fa
t that they are both related to 
hanges in theintensity of zonal wind stress at the equator: APE 
hanges are dire
tly for
ed by the asso
iated wind power
hanges and BPE 
hange are for
ed via the asso
iated wind stress 
url 
hanges. Therefore, as revealed bythe results of the seasonal APE evolution analysis des
ribed above, seasonal BPE 
hanges do not dire
tlyin�uen
e seasonal APE 
hanges and their out of phase relationship arises out of the fa
t that they are bothboth related to seasonal 
hanges in the intensity of zonal wind stress at the equator.However, the shallow mean depth of the thermo
line within the equatorial region in April, May and June 
ould
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CHAPTER 5. TROPICAL ATLANTIC SEASONAL CYCLE 120potentially a
t in favour of the seasonal ex
itation of the Bjerknes feedba
k by pre
onditioning the region.Is it possible that anomalously high (low) BPE during April-May 
ould lead to an enhan
ed (de
reased)seasonally ex
ited Bjerknes feedba
k? This raises the question: Can inter-annual SST variability asso
iatedwith the zonal mode be explained in terms of a modulation of this newly identi�ed, seasonally a
tivethermo
line mode and furthermore, 
ould anomalous BPE parti
ularly during April-May, be one of thefa
tors responsible for the modulation of this seasonally a
tive pro
ess? This question is addressed in thefollowing 
hapter.5.3.4 Con
lusionsTaking into a

ount seasonal 
hanges in BPE when evaluating seasonal APE, the analysis 
ondu
ted in thisse
tion shows that seasonal equatorial and tropi
al basin APE 
hanges are driven primarily by buoyan
yfor
ing asso
iated with the horizontal redistribution of warm surfa
e waters. The sour
e of this buoyan
yfor
ing is found in the KE evolution equation. For the equatorial domain, buoyan
y power �u
tuations aredriven not only by seasonal 
hanges in the work done by the wind within the equatorial domain but also bythe response of the greater tropi
al Atlanti
 domain to seasonal �u
tuations in wind for
ing via its impa
talong the boundaries of the equatorial domain as seasonally ex
ited transients enter and exit the equatorialdomain. Therefore to better understand the pro
esses behind the seasonal redistribution of warm surfa
ewaters and asso
iated APE 
hanges within the equatorial Atlanti
, the seasonal redistribution of warmsurfa
e waters driven by wind stress for
ing over the tropi
al Atlanti
 region, and the o
eani
 response tothis for
ing, are 
onsidered. For the tropi
al Atlanti
 domain, seasonal 
hanges in the buoyan
y power termand hen
e APE, are seen to be primarily di
tated by seasonal 
hanges in the work done by wind stress a
tingon surfa
e 
urrents within the domain. Extending the domain over whi
h APE is evaluated to in
lude thetropi
al domain simpli�es the dynami
s governing seasonal APE variability down to one dominant pro
ess,namely the work done by the wind over the tropi
al Atlanti
 domain.In Chapter 3 and Se
tion 5.2, eviden
e was o�ered to support the hypothesis that the Bjerknes feedba
kme
hanism is ex
ited seasonally and plays an a
tive role in the seasonal development of the Atlanti
 
oldtongue. This se
tion provides further eviden
e that one of the key elements of the Bjerknes feedba
k isseasonally a
tive in the Atlanti
 as zonal wind stress in the western-
entral equatorial Atlanti
 does workon the o
ean driving thermo
line depth 
hanges in the east as APE in
reases and the 
old tongue developsbetween April and August.Furthermore, eviden
e of the de
ay me
hanism behind this seasonally ex
ited Bjerknes feedba
k me
hanismis provided as transient indu
ed 
hanges in surfa
e 
urrents, asso
iated with the delayed response of thetropi
al Atlanti
 to seasonal 
hanges in wind stress for
ing, a�e
t the ability of the wind to do work on theo
ean. Seasonal 
hanges in surfa
e 
urrents as the o
ean adjusts to seasonal wind for
ing are seen to playan important role in di
tating seasonal wind power �u
tuations and hen
e the seasonal evolution of APE.In the Pa
i�
, inter-annual APE anomalies are grown by the Bjerknes feedba
k me
hanism until the delayedresponse of the o
ean a�e
ts the ability of the wind to do work on the o
ean. The results of the energeti
sanalysis presented above indi
ate that a similar pro
ess is seasonally ex
ited in the Atlanti
 between April andO
tober after whi
h point, seasonal for
ing regains 
ontrol. The seasonally ex
ited growth of asymmetri

onditions about the equator in April appears to be a

ompanied by a seasonally ex
ited Bjerknes feedba
k inthe Atlanti
 whi
h is then damped between August-O
tober by a delayed, negative, o
ean memory, feedba
k
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hanism whereby seasonal surfa
e 
urrent anomalies e�e
t the ability of seasonally enhan
e zonal windsto do work on the o
ean.As mentioned in Chapter 1, inter-annual variability in the equatorial Pa
i�
 
an by viewed either in terms ofthe delayed os
illator paradigm or the re
harge os
illator paradigm. The re
harge os
illator idealisation di�ersfrom the delayed os
illator idealisation in its approximation of the phase transition me
hanisms. The phase-transition me
hanism in the 
ase of the delayed os
illator idealisation is attributed to the delay asso
iatedwith planetary wave propagation and western boundary wave re�e
tion. In the 
ase of the re
harge os
illatoridealisation, the o
ean wave propagation pro
ess is not at the 
entre of the delayed negative feedba
k, butrather regarded as a part of the o
eani
 adjustment in whi
h heat and mass are re-distributed under 
hangingwind for
ing. The re
harge�dis
harge of equatorial zonal mean heat 
ontent is viewed as the phase-transitionme
hanism (Jin, 1997). The APE-wind power perspe
tive of 
oupled equatorial variability in the Pa
i�
lends itself to the delayed-os
illator paradigm as the e�e
t of transients on surfa
e 
urrents and hen
e theability of the wind to do work on the o
ean is seen as the delayed negative feedba
k me
hanism (Goddard andPhilander, 2000). Similarly, the results of the energeti
s analysis of seasonal equatorial Atlanti
 variabilitypresented in this se
tion lend themselves to the perspe
tive that the delayed negative feedba
k me
hanismresponsible for the de
ay of the 
old tongue in the Atlanti
 is due to the delay asso
iated with planetarywave propagation. However, as seen inter-annually in the Pa
i�
, this seasonally a
tive delayed negativefeedba
k is asso
iated with a re
harge of equatorial zonal mean heat 
ontent (a de
rease in BPE) in responseto the intensi�
ation of the easterly trades due to the redistribution of mass between 
ertain regions o�the equator and the equatorial band. Only between April-September is a 
ir
ular relationship in the phasediagram between APE and wind power evident, as it is during these months that a seasonally ex
itedthermo
line mode of 
oupled variability plays an a
tive role in the seasonal 
y
le of the tropi
al Atlanti
.Finally, the question is raised: Can inter-annual SST variability asso
iated with the zonal mode be explainedin terms of a modulation of this newly identi�ed, seasonally a
tive thermo
line mode? If so, what fa
tors areresponsible for the modulation of this seasonally a
tive pro
esses? One su
h fa
tor might be inter-annualvariability in BPE whi
h appear to pre
ondition the region for the seasonally ex
ited Bjerknes feedba
kduring April-May. The following Chapter 6, aims to address these questions.
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Chapter 6
Inter-annual variability in theEquatorial Atlanti

6.1 Introdu
tionGiven the suprema
y of seasonal SST variability in the 
entral-eastern equatorial Atlanti
 (Figure 1.4), onewonders whether the seasonal 
y
le in the Atlanti
 is so dominant that it is able to strongly in�uen
e theevolution of its inter-annual variability? Are the physi
al o
ean pro
esses involved in inter-annual SSTvariability di�erent from those of the seasonal 
y
le, or are the pro
esses the same ex
ept for a modulationin either phase or amplitude? The analysis 
arried out within this 
hapter aims to address these questionsand the related questions posed in Chapter 1 pertaining to inter-annual variability asso
iated with the zonalmode:� Can inter-annual SST variability in the 
entral-eastern equatorial Atlanti
 be explained in terms ofa modulation of seasonally a
tive 
oupled variability and, if so, what fa
tors are responsible for themodulation of seasonally a
tive pro
esses?� What is the role of o
ean memory within 
entral-eastern equatorial Atlanti
 SST variability?The results obtained in Chapters 3 and 5 have established that remotely for
ed thermo
line depth 
hangesplay a 
ru
ial role in driving seasonal SST 
hanges, a pro
ess whi
h only plays a signi�
ant role inter-annuallyin the Pa
i�
. Furthermore, the relationship between seasonal SST, APE and zonal wind stress 
hangesin the Atlanti
 supports the notion that the greater and steeper seasonal de
rease in eastern-
entral basinSSTs observed in the equatorial Atlanti
 between April and August is due to the fa
t that the seasonallyex
ited growth of asymmetri
 
onditions about the equator is a

ompanied by a seasonally ex
ited Bjerknesfeedba
k as the thermo
line shoals seasonally. This seasonally ex
ited Bjerknes feedba
k is then dampedbetween August-O
tober by a delayed, negative, o
ean memory feedba
k me
hanism whereby seasonalsurfa
e 
urrent anomalies a�e
t the ability of seasonally enhan
ed zonal winds to do work on the o
ean.As a result, 
ool 
onditions do not persist as long as they do in the Pa
i�
. Between April-September a
ir
ular relationship between APE and the work done on the o
ean by the wind suggests that a seasonallyex
ited thermo
line mode of 
oupled variability driven by the seasonally ex
ited Bjerknes feedba
k and its122
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CHAPTER 6. INTER-ANNUAL VARIABILITY IN THE EQUATORIAL ATLANTIC 123subsequent de
ay, plays an a
tive role in the tropi
al Atlanti
's seasonal 
y
le. The di�eren
e in the time-s
ale of the largest SST �u
tuations between the Pa
i�
 and Atlanti
 basins is therefore attributed to thefa
t in the Pa
i�
 the Bjerknes feedba
k and its asso
iated delayed, negative feedba
k me
hanism operateson inter-annual time-s
ales whereas in the Atlanti
, it operates seasonally.In light of these �ndings, the �rst of the two questions listed above is re�ned slightly: Can inter-annual SSTvariability asso
iated with the zonal mode be explained in terms of a modulation of the seasonally a
tivethermo
line mode? If so, what fa
tors are responsible for the modulation of this seasonally a
tive pro
esses?As demonstrated by Goddard and Philander (2000), an assessment of the energeti
s of inter-annual equatorialo
ean variability 
an shed light on the me
hanisms governing o
ean-atmosphere intera
tions i.e. the roleof o
eani
 adjustment vs sto
hasti
 wind for
ing su
h as wind bursts. Here, the tropi
al Atlanti
 ROMS-TAtl simulation is employed to assess inter-annual variability in the equatorial Atlanti
 from an energeti
sperspe
tive.The �rst results se
tion of this 
hapter (Se
tion 6.2), largely repeats the analysis 
ondu
ted in Se
tions3.3.3 and 3.3.4 of Chapter 3 based on SODA and ORCA data, ex
ept the results presented are based onROMS-TAtl output. Results obtained in Se
tion 6.2 are 
onsistent with the results obtained based on SODAand ORCA data in Chapter 3 providing 
on�den
e in both the ROMS-TAtl simulation as well as the resultsobtained in Chapter 3. As in Chapter 3, the relationships between anomalous SST, APE and zonal windstress obtained in Se
tion 6.2 suggests that inter-annual Atl3 variability asso
iated in the zonal mode maybe best understood as the result of the modulation either in phase or amplitude of the Bjerknes feedba
kwhi
h is seasonally ex
ited as the 
old tongue develops between April and August.The se
ond results se
tion (Se
tion 6.3) explores the for
ing behind inter-annual anomalies in equatorialand tropi
al Atlanti
 APE. The analysis of the pro
esses driving APE anomalies within the tropi
al Atlanti

ondu
ted in Se
tion 6.3 indi
ates that anomalous APE evolution within the tropi
al Atlanti
 is largelydriven by anomalous zonal wind power over the tropi
al domain parti
ularly during boreal summer months.Inter-annual APE anomalies like seasonal APE �u
tuation are predominantly for
ed by �u
tuations in windpower.The third and �nal results se
tion (Se
tion 6.4) explores the relationship between anomalous wind power andAtl3 SST. It is shown that inter-annual tropi
al Atlanti
 wind power anomalies are largely the result of inter-annual modulations of seasonal wind power �u
tuations asso
iated with the seasonally ex
ited thermo
linemode identi�ed in Se
tion 5.3.3. The delayed negative feedba
k me
hanism asso
iated with the zonal modeevents operates on mu
h shorter time s
ales than that asso
iated with ENSO. The o
ean memory feedba
kme
hanism asso
iated with zonal mode events is seen in Se
tion 6.4 as being largely asso
iated withininter-annual modulations of the seasonally ex
ited thermo
line mode's delayed, negative feedba
k responsebetween August and O
tober.The results obtained suggest that inter-annual variability in Atl3 SST 
orrelated with anomalous APE 
anlargely be regarded as inter-annual modulations of the seasonally ex
ited Bjerknes feedba
k and its asso
iateddelayed, negative feedba
k. At the end of Se
tion 5.3.3 it was pointed out that although seasonal APE
hanges where not dire
tly for
ed by BPE 
hanges, the shallow mean depth of the thermo
line withinthe equatorial region between April and June potentially a
ts in favour of the seasonal ex
itation of theBjerknes feedba
k by pre
onditioning the region. Based on this fa
t the following question was raised: Is itpossible that anomalously high (low) BPE during April-May 
ould lead to an enhan
ed (de
reased) seasonally
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ited Bjerknes feedba
k? The results obtained in Se
tion 6.4 suggest that although there appears to bea relationship between the o

urren
e of anomalous BPE and zonal mode events it is an in
onsistent one.While anomalous BPE may be one fa
tor behind inter-annual modulations of the seasonally ex
ited Bjerknesfeedba
k, it is not the dominant pro
ess. Furthermore, results obtained in Se
tion 6.4 suggest that tropi
alAtlanti
 BPE anomalies are primarily for
ed by inter-annual variability in the warm water es
ape pro
ess.6.2 Anomalous APE-SST-Wind RelationshipFigure 6.1a depi
ts the relationship between inter-annual anomalies in the equatorial Atlanti
 APE (3°S-3°N60°W-15°E 0-400m) and Atl3 SST based on ROMS-TAtl data from 1980-2004. The APE-SST relationshipobserved in Figure 6.1a is 
onsistent with the APE-SST relationship revealed in Chapter 3 based on SODAand ORCA data from 1958-2004. The maximum 
orrelation between equatorial Atlanti
 APE and Atl3SST is observed at zero lag with a 
orrelation 
oe�
ient of r=-0.67 (r*=-0.19). This 
orrelation is higherthan the 
orrelation 
oe�
ient of r=-0.56 (r*=-0.19) based on SODA data (Figure 3.19) and that of r=-0.62 (r*=-0.19) based on ORCA data (Figure A.11). The relationship observed in Figure 6.1a betweenanomalous APE and SST is indi
ative of the signi�
ant role remotely for
ed thermo
line depth variationsplay in inter-annual Atl3 SST variability.As highlighted in Chapter 3, this relationship between equatorial APE and 
entral-eastern basin equatorialSST is 
onsiderably weaker than the 
orresponding relationship in the Pa
i�
, a result that is in agreementwith the weaker relationship observed between inter-annual SST anomalies and thermo
line depth anomaliesin the 
entral-eastern equatorial Atlanti
 (Zebiak, 1993; Vau
lair and du Penhoat, 2001; Keenlyside and Latif,2007). This weaker relationship in the Atlanti
 than the Pa
i�
 is attributed to the fa
t that the Bjerknesfeedba
k me
hanism does not appear to be asso
iated with all anomalous Atl3 SST events (Zebiak, 1993;Chang et al., 2006a). Unlike the Pa
i�
, where inter-annual SST anomalies are predominantly for
ed bythe Bjerknes feedba
k me
hanism, a stronger 
ontribution from external for
ing and disparate lo
al air-seaintera
tions (i.e. the WES feedba
k or the Ekman feedba
k) is thought to o

ur in the Atlanti
 (Changet al., 2006a).Figure 6.1b explores the seasonality in the relationship between inter-annual anomalies in equatorial Atlanti
APE and Atl3 SST based on ROMS-TAtl data. The seasonal dependen
e in the 
orrelation between inter-annual anomalies in equatorial Atlanti
 APE and Atl3 SST observed in Figure 6.1b is similar to that observedin Chapter 3 based on SODA (Figure 3.20) and ORCA (Figure A.12) data. Anomalous Atl3 SST 
orrelatesbest with anomalous APE between April and August. This �nding is in agreement with seasonality in theregression between SST and thermo
line depth anomalies (assessed using sea level anomalies as a proxy)obtained by Keenlyside and Latif (2007). Also worth noting is the se
ondary peak in the 
orrelation betweenanomalous equatorial APE and Atl3 SST during De
ember and January. On the other hand, betweenJanuary and April the 
orrelation between inter-annual anomalies in equatorial Atlanti
 APE and Atl3 SSTdrops substantially.Figure 6.2 illustrates the relationship between inter-annual anomalies in SST, the average temperature of thesurfa
e mixed layer, and the average temperature of the subsurfa
e layer for the Atl3 region. As expe
tedinter-annual anomalies in the mean temperature of the surfa
e mixed layer 
orrespond 
losely with SSTanomalies. A 
orrelation 
oe�
ient of r=0.98 (r*=0.2) is observed between these two variables (Figure
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(b)Figure 6.1: (a) A 
omparison between inter-annual Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE anomalies. The 
orrelation between anomalies (r) is given, together with the required
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*).SST and APE values have been normalised. (b) The seasonal dependen
e in 
orrelations between Atl3 SSTand equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE anomalies. Positive 
orrelations are 
ontouredin solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95 per
entile areshaded in grey. SST and APE anomalies were 
al
ulated based on ROMS-TAtl output. APE values were
al
ulated following Equation 3.2.
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CHAPTER 6. INTER-ANNUAL VARIABILITY IN THE EQUATORIAL ATLANTIC 1266.2a). The relationship between inter-annual anomalies in the mean temperature of the subsurfa
e layerand SST, with a 
orrelation 
oe�
ient of r=0.85 (r*=0.19), is slightly less robust (Figure 6.2a). Thereare 
learly periods where subsurfa
e temperature anomalies are not re�e
ted in the SST �eld. To explorewhether there is any seasonality in these periods when SST and subsurfa
e temperature anomalies do not
orrespond, the seasonal dependen
e in the 
orrelation between inter-annual anomalies in SST and theaverage temperature of the subsurfa
e layer is shown in Figure 6.2b. Seasonally, inter-annual anomaliesin the mean temperature of the subsurfa
e layer do not 
orrespond 
losely with SST anomalies betweenJanuary and April (Figure 6.2b). This result is 
onsistent with seasonality in the 
orrelation between Atl3SST and equatorial Atlanti
 APE anomalies observed in Figure 6.1b, suggesting that subsurfa
e temperatureanomalies asso
iated with thermo
line depth variability are less readily re�e
ted in the SST �eld during thesemonth. In Figure 6.3, seasonal variability in the average wind stress over the Atl3 region is shown. The weakrelationship between inter-annual subsurfa
e temperature variability and SST variability observed betweenJanuary and April in Figure 6.2b is attributed to a de
oupling of the surfa
e mixed layer from the subsurfa
elayer as 
limatologi
al wind stress over the Atl3 region is at its weakest (Figure 6.3) and 
limatologi
alatmospheri
 heating is at its strongest (Figure 5.1b).The strong relationship seen between inter-annual APE and SST anomalies between April and August is
onsistent with the fa
t that zonal mode events peak in boreal summer (Zebiak, 1993; Keenlyside and Latif,2007). As shown in Se
tion 5.2, seasonally these months 
oin
ide with the development of the 
old tonguewhen subsurfa
e 
ooling is the dominant pro
ess regulating Atl3 SST (Figure 5.1) and the translation ofsubsurfa
e anomalies into surfa
e anomalies is more e�e
tive (Figure 6.2b) due to enhan
ed wind stress(Figure 6.3) and equatorial upwelling (Figures 5.4, Latif and Grötzner, 2000; Peter et al., 2006; Keenlysideand Latif, 2007).Furthermore, the strong relationship seen between inter-annual APE and SST anomalies during borealsummer is 
onsistent with the observationally based �ndings of Keenlyside and Latif (2007) whi
h suggestthat the Bjerknes feedba
k is strongest in boreal summer. The seasonal dependen
e in the 
orrelationbetween inter-annual Atl3 SST anomalies and APE anomalies proposes that anomalous Atl3 SST eventsfor
ed by an anomalous Bjerknes feedba
k o

ur predominantly during boreal summer, while SST anomalieswhi
h o

ur outside of this season, in parti
ular between January and April, are more likely to be theresult of remote for
ing or a di�erent lo
al air-sea intera
tion pro
ess. Analysis of the seasonality in therelationship between inter-annual variability in Atl3 SST, equatorial APE and zonal wind stress 
ondu
ted inChapter 3 based on SODA data, supports this notion that anomalous SST events in the Atl3 region for
edby the Bjerknes feedba
k me
hanism o

ur predominantly during boreal summer. Similar results are foundhere in the relationship between Atl3 SST, equatorial APE and zonal wind stress anomalies based on theROMS-TAtl output.Using ROMS-TAtl data from 1980-2004, Figure 6.4 explores the relationship between monthly anomalies inzonal wind stress and Atl3 SST, and Figure 6.5 the relationship between monthly anomalies in zonal windstress and equatorial Atlanti
 APE. In Figure 6.4a, anomalous zonal wind stress to the west of the Atl3region 
orrelates best with anomalous Atl3 SST. This result is in agreement with the results obtained inChapter 3 and previous literature on the zonal mode (Zebiak, 1993; Ruiz-Barradas et al., 2000; Keenlysideand Latif, 2007). Furthermore, the signi�
ant relationship between inter-annual anomalies in equatorialAtlanti
 APE and zonal wind stress anomalies in the western-
entral equatorial Atlanti
 depi
ted in Figure6.5a supports the idea that the Bjerknes feedba
k me
hanisms is the 
ause of the wind-SST relationship in
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(b)Figure 6.2: (a) A 
omparison between ROMS-TAtl, monthly, inter-annual anomalies in SST, the averagetemperature of the Surfa
e Mixed Layer (SML) (varying depth) and the average temperature of the Sub-Surfa
e Layer (SSL) (�xed depth =70m) for the Atl3 region. The 
orrelation between variables (r) is given,together with the required 
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tivedegrees of freedom (r*). (b) The seasonal dependen
e in the 
orrelation between inter-annual anomaliesin SST and the average temperature of the subsurfa
e layer for the Atl3 region. Positive 
orrelations are
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95per
entile are shaded in grey.
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Figure 6.3: Climatologi
al wind stress values for the Atl3 region. Climatologi
al wind stress values werederived from the ROMS-TAtl simulation's wind stress for
ing.Figure 6.4a. Inter-annual Atl3 SST anomalies 
orrelated with zonal wind stress anomalies to the west arethe surfa
e expressions of anomalous equatorial APE 
orrelated with western-
entral Atlanti
 zonal windstress anomalies.The 
orrelation analysis depi
ted in Figures 6.4a and 6.5a suggests that the Bjerknes feedba
k is asso
iatedwith a signi�
ant amount of the observed inter-annual Atl3 variability. Figure 6.4b shows the seasonaldependen
e in the 
orrelation between western equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stressanomalies and Atl3 SST anomalies and Figure 6.5b the seasonal dependen
e in the 
orrelation betweenwestern equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stress anomalies and equatorial Atlanti
 APEanomalies. As seen in Chapter 3, a distin
t seasonal dependen
e exists in the 
orrelation between anoma-lous zonal wind stress and Atl3 SST (Figure 6.4b) as well as anomalous zonal wind stress and equatorialAPE (Figure 6.5b) with the highest 
orrelation between these variables observed during the boreal summermonths. However, unlike the results obtained in Chapter 3 using SODA data, the relationship betweenanomalous western Atlanti
 zonal wind stress and Atl3 SST peaks in June rather than May. A similar dis-
repan
y in the month during whi
h the relationship between anomalous western Atlanti
 zonal wind stressand Atl3 SST is strongest was found by Keenlyside and Latif (2007) when using di�erent observationaldatasets. Consistent with the observational results from Keenlyside and Latif (2007), the strongest rela-tionship between anomalous western Atlanti
 zonal wind stress and thermo
line depth anomalies (equatorialAPE) is observed in June-July.As seen in Keenlyside and Latif (2007) based on observational data, and in Chapter 3 based on SODA data,the 
orrelation between anomalous Atl3 events and thermo
line depth, as well as the 
orrelation betweenanomalous Atl3 events and zonal wind anomalies, peaks in boreal summer. This 
onsistent timing provides
on�den
e in the ROMS-TAtl simulation.Figure 6.6 shows the time lag-lead 
orrelations between anomalous, (a) Atl3 SST and equatorial Atlanti
APE, (b) Atl3 SST and western Atlanti
 zonal wind stress, and (
) western Atlanti
 zonal wind stress andequatorial Atlanti
 APE based on ROMS-TAtl data from 1980-2004. The lag-lead 
orrelations shown inFigure 6.6 are all fairly symmetri
 about zero lag. These symmetri
 lag-lead 
orrelations suggest that the
ovariability observed is the result of a positive feedba
k with anomalies in ea
h variable reinfor
ing oneanother (Frankignoul and Hasselmann, 1977). Asymmetri
 or antisymmetri
 lag-lead 
orrelations aboutzero lag would have suggested that they where the result of purely one-way for
ing or a negative feedba
k(Frankignoul and Hasselmann, 1977). Figures 6.1b, 6.4b, and 6.5b illustrate the seasonal dependen
e in
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Figure 6.4: (a) A spatial map based on ROMS-TAtl data of the 
orrelation between monthly anomalies inzonal wind stress values and Atl3 SST spanning 1980-2004. Correlation values plotted are those signi�
an
eat the 95% level. (b) The seasonal dependen
e in 
orrelation between ROMS-TAtl western equatorialAtlanti
 (5°N-5°S 40°W-20°W) zonal wind stress anomalies and Atl3 SST anomalies. Positive 
orrelationsare 
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95per
entile are shaded in grey.
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0.35Figure 6.5: (a) A spatial map based on ROMS-TAtl data of the 
orrelation between monthly anomalies inzonal wind stress values and equatorial APE (3°S-3°N 60°W-15°E 0-400m) spanning 1980-2004. Correlationvalues plotted are those signi�
an
e at the 95% level. (b) The seasonal dependen
e in 
orrelation betweenROMS-TAtl western equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stress anomalies and equatorialAPE anomalies. Positive 
orrelations are 
ontoured in solid lines and negative 
orrelations in dashed lines.Correlations signi�
ant above the 95 per
entile are shaded in grey.
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)Figure 6.6: Time lag 
orrelations between anomalous (a) Atl3 SST and equatorial Atlanti
 APE (3°S-3°N60°W-15°E 0-400m), (b) Atl3 SST and western equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stress,and (
) equatorial Atlanti
 APE and western equatorial Atlanti
 zonal wind stress. SST, APE and zonalwind stress anomalies were derived from 1980-2004 ROMS-TAtl data. APE values were 
al
ulated followingEquation 3.2.
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orrelations between Atl3 SST and equatorial Atlanti
 APE anomalies, zonal wind stress and Atl3 SSTanomalies, and zonal wind stress and equatorial APE anomalies respe
tively. In these �gures lag-lead
orrelations of the same sign are roughly symmetri
 about zero lag between April and August. These resultsare 
onsistent with the �ndings of Keenlyside and Latif (2007) who suggest that the Bjerknes feedba
kis a
tive inter-annually in the equatorial Atlanti
 and that seasonal variations in the in�uen
e of SSTs onsurfa
e winds, as well as seasonal variability in subsurfa
e�surfa
e 
oupling, point to the fa
t that theBjerknes feedba
k is predominately a
tive between April and August. Here however, in light of resultspresented in Chapters 3 and 5 suggesting that the Bjerknes is seasonally a
tive between April and August,we suggest that anomalous SST events in the Atl3 region for
ed by the Bjerknes feedba
k me
hanism o

urpredominantly during boreal summer as a modulation of an already seasonally a
tive Bjerknes feedba
k.As in Chapter 3, it is also worth noting the se
ondary peak between November and January in the 
orrelationsbetween Atl3 SST and equatorial Atlanti
 APE anomalies, anomalous zonal wind stress and Atl3 SST, andanomalous zonal wind stress and equatorial APE (Figures 6.1b, 6.4b and 6.5b). This se
ondary peak
orresponds with that in inter-annual 
entral equatorial Atlanti
 SST variability identi�ed by Okumura andXie (2006) as being asso
iated with a November-De
ember zonal mode of 
oupled variability.6.3 Inter-annual Anomalies in Equatorial and Tropi
al Atlanti
 APEIn this se
tion, the for
ing behind inter-annual anomalies in equatorial and tropi
al Atlanti
 APE is explored.Following the methodology outlined in Se
tion 5.3.2, the 
ontribution of ea
h term to the evolution of APE(Equation 5.29) has been estimated and then 
limatologi
al values (as de�ned in Se
tion 5.3) have beensubtra
ted to establish inter-annual anomalies. Figure 6.7 shows the relationship between anomalous APEevolution and anomalous buoyan
y power for, (a) the equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m), and(b) the tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m). As observed inter-annually in the Pa
i�
 (Goddardand Philander, 2000), and seasonally in the Atlanti
 (Se
tion 5.3), the dominant term driving inter-annualanomalies in equatorial and tropi
al Atlanti
 APE is seen to be the buoyan
y power term (Figure 6.7).A 
orrelation 
oe�
ient of r=0.78 (r*=0.19) is seen between monthly anomalies in buoyan
y power andAPE evolution for the equatorial Atlanti
 and a 
orrelation 
oe�
ient of r=0.89 (r*=0.19) for the tropi
alAtlanti
. The approximation that equatorial/tropi
al basin APE 
hanges are driven primarily by buoyan
yfor
ing asso
iated with the horizontal redistribution of warm surfa
e waters is therefore seen to hold whenevaluating anomalous APE 
hanges in the Atlanti
 (Equation 6.1)
dAPEano

dt
≈

˚

gρ̃wdV −

˚

gρ̃clwcldV

︸ ︷︷ ︸

Φapkano

(6.1)The buoyan
y power term is the reversible ex
hange term between the APE and KE evolution equations andso, as in Se
tion 5.3.3, further insight 
an be gained into the pro
esses responsible for anomalous buoyan
ypower and hen
e anomalous APE evolution by 
onsidering the KE evolution equation (Equation 5.30).
dKEano

dt
= −Φkaano

− Φpwano − Φapkano
+ Φwwano − Φssano

Φapkano
= −

dKEano

dt
− Φkaano

− Φpwano + Φwwano − Φssano (6.2)
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(b)Figure 6.7: A 
omparison between monthly, inter-annual anomalies in the buoyan
y power term (Φapkano
inJs-1), and APE evolution (dAPEano/dt in Js-1), assessed over (a) the equatorial Atlanti
 domain (3°S-3°N60°W-15°E 0-400m) and (b) the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). The 
orrelationbetween anomalies (r) is given, together with the required 
orrelation value for signi�
an
e at the 95% leveltaking into a

ount the e�e
tive degrees of freedom (r*).
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tion 5.3.2 the 
ontribution of ea
h term to the KE evolutionequation (Equation 5.30) has been estimated and then 
limatologi
al values (as de�ned in Se
tion 5.3)have been subtra
ted to establish the terms driving KE evolution on inter-annual times
ales. As seen inter-annually in the Pa
i�
 (Goddard and Philander, 2000), and seasonally in the Atlanti
 (Se
tion 5.3), onewould expe
t the horizontal redistribution of warm surfa
e waters, whi
h gives rise to anomalous buoyan
ypower and hen
e anomalous APE 
hanges in the Atlanti
, to be primarily related to �u
tuations in windpower over the domain. In Figure 6.8, anomalous �u
tuations in the buoyan
y power term are 
omparedwith anomalous �u
tuations in the wind power term for both the equatorial and tropi
al Atlanti
 domains.Like the results obtained in Se
tion 5.3.3 with respe
t to the seasonal relationship between buoyan
y power�u
tuations and wind power 
hanges within the equatorial and tropi
al domains (Figure 5.16), Figure 6.8shows that anomalous buoyan
y power 
orresponds 
losely with anomalous wind power (Figure 6.8b) withinthe tropi
al Atlanti
 domain but not within the equatorial domain (Figure 6.8a). A 
orrelation 
oe�
ientof r=0.34 (r*=-0.19) is found between monthly anomalies in buoyan
y power and wind power for theequatorial Atlanti
 and a 
orrelation 
oe�
ient of r=0.67 (r*=0.19) for the tropi
al Atlanti
. As in Se
tion5.3.3, this di�eren
e is thought to be due the larger in�uen
e of pro
esses a
ting at the boundaries of theequatorial domain than the tropi
al domain, as transients (Rossby and Kelvin waves), ex
ited by wind stress�u
tuations, enter and exit the equatorial domain.For the equatorial domain, 
hanges in APE are driven not only by anomalous work done by the wind withinthe equatorial domain but also by anomalous pro
esses a
ting at the boundaries. On the other hand,anomalous APE 
hanges within the tropi
al domain are seen to be largely due to anomalous work done bythe wind within the tropi
al domain. Extending the domain over whi
h APE is evaluated polewards thereforesimpli�es the dynami
s governing inter-annual APE variability down to a single dominant pro
ess, namelythe work done by the wind over the tropi
al Atlanti
.Figure 6.9 explores the impli
ation of extending the domain over whi
h APE is evaluated for the Atl3 SST-APE relationship. Although this meridional extension of the domain over whi
h APE is evaluated allows fora meridional redistribution of mass within the domain, there is no obvious e�e
t on the signature of inter-annual APE variability (Figure 6.9a). Inter-annual anomalies in tropi
al Atlanti
 APE are highly 
orrelatedwith those in equatorial Atlanti
 APE (r=0.86 (r*=-0.19)), with the maximum 
orrelation o

urring at zerolag (Figure 6.9b). Subsequently, the relationship between Atl3 SST anomalies and APE anomalies de
reasesonly slightly (Figure 6.9
) when one extends the domain over whi
h APE is evaluated to in
lude the tropi
aldomain. The maximum 
orrelation between tropi
al Atlanti
 APE and Atl3 SST anomalies is observed atzero lag with a 
orrelation 
oe�
ient of r=-0.59 (r*=-0.19).Figure 6.10 illustrates the relationship between anomalous APE evolution and anomalous wind power over thetropi
al Atlanti
. A 
orrelation 
oe�
ient of r=0.66 (r*=-0.19) is seen between anomalous APE evolutionand anomalous wind power. This result is 
onsistent with the fa
t that anomalous APE evolution withinthe tropi
al domain is driven predominantly by buoyan
y power anomalies (Figure 6.7b, Equation 6.1) andthat the sour
e of these buoyan
y power anomalies in the KE energy evolution equation (Equation 6.2) islargely due to anomalous wind power (Figure 6.8b).In Se
tion 5.3 (Figure 5.19), zonal winds a
ting on zonal surfa
e 
urrents were found to be responsible forthe majority of the work done seasonally by the wind on the o
ean within the tropi
al Atlanti
. The zonal
omponent is also seen to be the dominant 
omponent within the anomalous wind power term. Figure 6.11a
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(b)Figure 6.8: A 
omparison between monthly inter-annual anomalies in the buoyan
y power term (Φapkano
),and wind power (Φwwano) term, for (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m) and(b) the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). The 
orrelation between anomalies (r) isgiven, together with the required 
orrelation value for signi�
an
e at the 95% level taking into a

ount thee�e
tive degrees of freedom (r*). Anomalous buoyan
y power (Φapkano

) and wind power (Φwwano) valueshave been normalised.
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)Figure 6.9: (a) A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APEanomalies and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) APE anomalies. (b) Time lag 
orrelationsbetween equatorial and tropi
al Atlanti
 APE anomalies. (
) A 
omparison between inter-annual Atl3SST and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) APE anomalies. SST and APE anomalies were
al
ulated based on ROMS-TAtl output. SST and APE values have been normalised. APE values were
al
ulated following Equation 3.2. In a and 
, the 
orrelation between anomalies (r) is given, together withthe required 
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees offreedom (r*).
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(b)Figure 6.10: A 
omparison between monthly, inter-annual anomalies in APE evolution (dAPEano/dt)and wind power (Φwwano) for the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). AnomalousAPE evolution (dAPEano/dt) and wind power (Φwwano) values have been normalised. (b) The seasonaldependen
e in 
orrelation between monthly inter-annual anomalies in APE evolution (dAPEano/dt) andwind power (Φwwano) for the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). Positive 
orrelationsare 
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95per
entile are shaded in grey.
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(b)Figure 6.11: (a) A 
omparison between monthly, inter-annual anomalies in the wind power term (Φwwano),and its zonal (Φwwx
ano

) and meridional (Φwwy
ano

) 
omponents for the tropi
al Atlanti
 domain (8°S-8°N60°W-15°E 0-400m). Values are given in Js-1. (b) A 
omparison between monthly, inter-annual anomaliesin the zonal 
omponent of the wind power term (Φwwx
ano

), and APE evolution (dAPEano/dt) assessed overthe tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). The 
orrelation between anomalies (r) is given,together with the required 
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tivedegrees of freedom (r*). Values have been normalised.
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ompares the relative 
ontribution of the zonal (Φwwx
ano

=
˜

z=0 uτx
s dS-˜z=0 uclτ

x
scl

dS) and meridional,(Φwwy
ano

=
˜

z=0 vτy
s dS −

˜

z=0 vclτ
y
scl

dS) 
omponents of anomalous wind power term to anomalous windpower values. Zonal wind stress a
ting on zonal surfa
e 
urrents is 
learly responsible for the majority ofthe anomalous work done by the wind on the o
ean within the tropi
al Atlanti
, Φwwano ≈ Φwwx
ano

. Figure6.11b 
ompares monthly anomalies in the zonal 
omponent of the wind power term with those in APEevolution for the tropi
al Atlanti
 domain. A 
orrelation 
oe�
ient of r=0.6 (r*=-0.19) is found betweenAPE evolution and zonal wind power anomalies.This analysis indi
ates that anomalous APE evolution within the tropi
al Atlanti
 is largely driven by anoma-lous wind power over the tropi
al domain (Figure 6.10a), parti
ularly during boreal summer (Figure 6.10b).Inter-annual APE anomalies within the Atlanti
 are therefore predominantly for
ed by the same pro
ess asseasonal APE �u
tuations: namely, by �u
tuations in wind power. This result emphasises the fa
t that un-like in the Pa
i�
 where seasonal APE �u
tuations are small with wind power �u
tuations only for
ing largeAPE �u
tuations on inter-annual time s
ales, in the Atlanti
, wind power �u
tuations for
e large seasonal
hanges in APE with inter-annual �u
tuations in wind power resulting in inter-annual APE anomalies. Asillustrated in the following se
tion, these inter-annual anomalies in tropi
al Atlanti
 wind power appear to belargely due to inter-annual modulations of the seasonal wind power 
hanges asso
iated with the thermo
linemode seasonally ex
ited between April and O
tober.6.4 Inter-annual modulation of the seasonally ex
ited thermo
linemodeThe analysis 
ondu
ted below suggests that the inter-annual variability in Atl3 SST whi
h is related toanomalous APE 
an largely be regarded as inter-annual modulations of the seasonally ex
ited Bjerknesfeedba
k and its asso
iated thermo
line mode.Considering the signi�
ant relationship between anomalous tropi
al Atlanti
 APE and Atl3 SST (Figure6.9
) and the fa
t that anomalous tropi
al Atlanti
 APE is largely for
ed by tropi
al Atlanti
 wind poweranomalies (Figure 6.10), one would expe
t anomalous wind power events to lead anomalous Atl3 SSTevents. Figure 6.12a shows the lag-lead relationship between anomalous tropi
al Atlanti
 wind power andanomalous Atl3 SST (note a 3 month running mean has been applied to ea
h time series). Tropi
al Atlanti
wind power anomalies are seen to lead Atl3 SST anomalies by 1-2 months (Figure 6.12a). A maximumanti-
orrelation of r=-0.58 is found between tropi
al Atlanti
 wind power and Atl3 SST when the formerleads by 1 month.Figure 6.12b explores whether there is any seasonal dependen
e in the lag-lead 
orrelation between monthlyAtl3 SST and tropi
al Atlanti
 wind power anomalies. The weakest 
orrelation between wind power and Atl3anomalies regardless of the lag or lead time o

urs between January and April (Figure 6.12b). Consistentwith the results obtained in Se
tion 6.2, it is during these months that subsurfa
e temperature anomaliesasso
iated with thermo
line depth variability are less readily re�e
ted in the SST �eld. The 
orrelationbetween Atl3 SST anomalies and equatorial Atlanti
 APE anomalies is at its weakest then (Figure 6.1b)as Atl3 SST anomalies do not 
orrespond 
losely with subsurfa
e temperature anomalies (Figure 6.2b).Seasonally, the surfa
e mixed layer is de
oupled from subsurfa
e variability during these months as the
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(b)Figure 6.12: (a) Time lag 
orrelations between inter-annual Atl3 SST anomalies and tropi
al Atlanti
 windpower anomalies (Φwwano). (b) The seasonal dependen
e in 
orrelations between monthly inter-annual Atl3SST anomalies and tropi
al Atlanti
 wind power anomalies (Φwwano). Positive 
orrelations are 
ontouredin solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95 per
entile areshaded in grey. SST anomalies and wind power anomalies were 
al
ulated based on ROMS-TAtl output anda three month running mean has been applied to the time series.
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limatologi
al wind stress over the Atl3 region is at its weakest (Figure 6.3) and 
limatologi
al atmospheri
heating is at its strongest (Figure 5.1b).Signi�
ant and roughly symmetri
, lag-lead 
orrelations between anomalous Atl3 SST and wind power areseen in Figure 6.12b between April and July with anti-
orrelation values rea
hing a maximum at zero lag(r<-0.75). This symmetri
 lag-lead relationship suggests that anomalies in ea
h variable reinfor
e oneanother as opposed to purely a one-way for
ing. As dis
ussed in more depth below, anomalous wind powerduring these months is believed to be predominantly due to anomalous - Bjerknes feedba
k indu
ed - zonalwind stress anomalies a
ting on 
limatologi
al zonal surfa
e 
urrents. Atl3 SST and wind power anomaliestypi
ally reinfor
e one another between April and July, as an anomalous evolution of the Bjerknes feedba
kwhi
h is seasonally ex
ited during these months, thus 
ausing the growth of Atl3 SST anomalies (Chapter3 and Se
tion 6.2).Between July and September, the highest 
orrelation between Atl3 SST anomalies and wind power anomalieso

urs when wind power anomalies lead by 1-2 months (Figure 6.12b). As elaborated on below, anomalouswind power during these months is seen to be predominantly due to 
limatologi
al wind stress a
ting onanomalous zonal surfa
e 
urrents. Furthermore, a signi�
ant portion of the anomalous wind work o

urringbetween August-September is positively 
orrelated with Atl3 SST anomalies o

urring 3-4 months earlier(Figure 6.12b). Climatologi
al zonal wind stress a
ting on zonal surfa
e 
urrent anomalies is responsible forthis delayed opposing wind work.From September to February, the lead 
orrelation between wind power and Atl3 anomalies in
reases from 2months in September to 5 months in January. The exa
t reason for this growth in the lag-lead relationshipbetween wind work and Atl3 SST anomalies is un
ertain. One suggestion 
ould be the greater persisten
eof Atl3 SST anomalies during these months. Figure 6.13, whi
h shows the seasonal dependen
e in Atl3SST auto 
orrelation, indi
ates that anomalous Atl3 
ondition generally persist between September andFebruary. This result suggests that anomalous, 
entral-eastern basin SST variability asso
iated with theNovember-De
ember zonal mode of Okumura and Xie (2006) is related to anomalous wind power for
ingduring the pre
eding August to O
tober months.As in Goddard and Philander (2000) wind power, approximated by its zonal 
omponent (Φww ≈
˜

z=0 uτx
s dS =

Φwwx), 
an be de
omposed into its 
limatologi
al (as de�ned in Se
tion 5.33, Φwwx
cl

=
˜

z=0 uclτ
x
scl

dS),mean perturbation, (Φmp
wwano =

˜

z=0 u′τx
scl

dS+
˜

z=0 uclτ
x
s

′dS) and perturbation (Φpp
wwano =

˜

z=0 u′τx
s

′dS)
omponents.
Φwwx =

¨

z=0
uτx

s dS

=

¨

z=0
(ucl + u′)(τx

scl
+ τx

s
′)dS

=

¨

z=0
uclτ

x
scl

dS +

¨

z=0
u′τx

scl
dS +

¨

z=0
uclτ

x
s

′dS +

¨

z=0
u′τx

s
′dS (6.3)This de
omposition is similar to the de
omposition of the 
limatologi
al zonal wind power term done inSe
tion 5.3 ex
ept that here the e�e
ts of inter-annual zonal wind stress and zonal 
urrent perturbations from
limatologi
al values are examined. The mean perturbation 
omponent, Φmp

wwano, 
omprises of two terms:
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1(a)Figure 6.13: The seasonal dependen
e in monthly Atl3 SST auto 
orrelation. Positive 
orrelations are
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95per
entile are shaded in grey. SST anomalies were 
al
ulated based on ROMS-TAtl output.
Φmupτ

wwano =
˜

z=0 uclτ
x
s

′dS, whi
h represents the e�e
ts of anomalous zonal wind stress �u
tuations a
ting on
limatologi
al surfa
e 
urrents and Φmτpu
wwano =

˜

z=0 u′τx
scl

dS, representing the e�e
ts of 
limatologi
al windsa
ting on anomalous surfa
e 
urrent variations. τx
scl

and ucl represent the 
limatologi
al zonal wind stressand surfa
e 
urrent values, while τx
s ' and u′ represent inter-annual perturbations from these 
limatologi
al�elds.

Φwwx = Φwwx
cl

+ Φmupτ
wwano

+ Φmτpu
wwano

+ Φpp
wwano

Φwwx − Φwwx
cl

= Φmupτ
wwano

+ Φmτpu
wwano

+ Φpp
wwano

Φwwx
ano

= Φmupτ
wwano

+ Φmτpu
wwano

+ Φpp
wwano

(6.4)Following Equation 6.4, anomalous wind power approximated by its zonal 
omponent is de
omposed intothree 
omponents. In Figure 6.14, the relative 
ontribution of the mean perturbation terms Φmupτ
wwano and

Φmτpu
wwano as well as the perturbation term, Φpp

wwano, to wind power anomalies, Φwwx
ano

, is shown. Anomaloustropi
al Atlanti
 wind power is the determined primarily by the mean perturbation terms Φmupτ
wwano and Φmτpu

wwanowith �u
tuations in the perturbation term, Φpp
wwano, playing a mu
h smaller se
ondary role (Figure 6.14).Figure 6.15a shows the lag-lead relationship between the mean perturbation term Φmupτ

wwano and anomalousAtl3 SST (note a 3 month running mean has been applied to ea
h time series). Φmupτ
wwano =

˜

z=0 uclτ
x
s

′dSrepresents the 
ontribution of anomalous zonal wind stress �u
tuations a
ting on 
limatologi
al surfa
e
urrents. Flu
tuations in the mean perturbation term Φmupτ
wwano lead Atl3 SST anomalies by 1 month (Figure
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Figure 6.14: A 
omparison between monthly anomalies in the zonal 
omponent of the wind power term,
Φwwx

ano
; the mean perturbation terms, Φmupτ

wwano and Φmτpu
wwano ; and the perturbation term, Φpp

wwano for thetropi
al Atlanti
 domain (8°S-8°N 60°W-15°E 0-400m). Values are given in Js-1.6.15a), with maximum anti-
orrelation of r=-0.55. Note that lag-lead 
orrelations between Φmupτ
wwano andAtl3 SST (Figure 6.15a) are more symmetri
 about zero lag than those between anomalous wind power andAtl3 SST (Figure 6.12a). This more symmetri
 lag-lead relationship suggests that Φmupτ

wwano and anomalousAtl3 SST reinfor
e one another as opposed to purely a one-way for
ing.Figure 6.15b explores whether there is any seasonal dependen
e in the lag-lead 
orrelation between monthlyAtl3 SST anomalies and Φmupτ
wwano. Correlation values between anomalous Atl3 SST and Φmupτ

wwano peak betweenApril and July with anti-
orrelation values rea
hing a maximum at zero lag (r<-0.75). Lag-lead 
orrelationsare roughly symmetri
 during these months suggesting that anomalies in ea
h variable reinfor
e one anotheras opposed to only one variable in�uen
ing the other. The seasonal dependen
e in the lag-lead 
orrelationdepi
ted in Figure 6.15b, largely resembles that of Figure 6.4b (Se
tion 6.2) whi
h depi
ts the seasonaldependen
e in the 
orrelation between Atl3 SST anomalies and western equatorial Atlanti
 (5°N-5°S 40°W-20°W) zonal wind stress anomalies. As dis
ussed in Se
tion 6.2, seasonality in the o

urren
e of anomalousAtl3 events 
orrelated with thermo
line depth and zonal wind anomalies peaks between April and August.Furthermore, lag-lead 
orrelations between these variables are roughly symmetri
 during these months sug-gesting that anomalous boreal summer Atl3 SST events are predominantly for
ed by an anomalous Bjerknesfeedba
k. Φmupτ
wwano therefore represents the 
ontribution of anomalous zonal wind stress, asso
iated withinter-annual variability in the seasonally ex
ited Bjerknes feedba
k, to wind power anomalies. Atl3 SSTanomalies and Φmupτ

wwano typi
ally reinfor
e one another between April and July as an anomalous evolution ofthe Bjerknes feedba
k that is seasonally ex
ited during these months (Chapter 3 and Se
tion 6.2).Interestingly, the lag-lead relationship between Atl3 SST anomalies and Φmupτ
wwano from November to De
emberis largely one sided despite the suggestion by Okumura and Xie (2006) that the Bjerknes feedba
k isasso
iated with the generation of November-De
ember zonal mode events. Figure 6.15b suggests that theanomalous, 
entral-eastern basin SST variability asso
iated with the November-De
ember zonal mode ofOkumura and Xie (2006) is related to wind work anomalies driven by anomalous zonal wind stress a
tingon 
limatologi
al surfa
ed 
urrents during the previous August to September.
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(b)Figure 6.15: (a) Time lag 
orrelations between inter-annual Atl3 SST anomalies and the mean perturbationterm Φmupτ
wwano. (b) The seasonal dependen
e in 
orrelations between monthly inter-annual Atl3 SST anomaliesand the mean perturbation term Φmupτ

wwano. Positive 
orrelations are 
ontoured in solid lines and negative
orrelations in dashed lines. Correlations signi�
ant above the 95 per
entile are shaded in grey. SSTanomalies and Φmupτ
wwano were 
al
ulated based on ROMS-TAtl output and a three month running mean hasbeen applied to the time series.
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(b)Figure 6.16: (a) Time lag 
orrelations between inter-annual Atl3 SST anomalies and the mean perturbationterm Φmτpu
wwano. (b) The seasonal dependen
e in 
orrelations between monthly inter-annual Atl3 SST anomaliesand the mean perturbation term Φmτpu

wwano. Positive 
orrelations are 
ontoured in solid lines and negative
orrelations in dashed lines. Correlations signi�
ant above the 95 per
entile are shaded in grey. SSTanomalies and Φmτpu
wwano were 
al
ulated based on ROMS-TAtl output and a three month running mean hasbeen applied to the time series.
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CHAPTER 6. INTER-ANNUAL VARIABILITY IN THE EQUATORIAL ATLANTIC 146Figure 6.16a shows the lag-lead relationship between the mean perturbation term Φmτpu
wwano and anomalousAtl3 SST (note a 3 month running mean has been applied to ea
h time series). Φmτpu

wwano =
˜

z=0 u′τx
scl

dSrepresents the 
ontribution of 
limatologi
al zonal wind stress �u
tuations a
ting on anomalous surfa
e
urrents. Flu
tuations in this term lead Atl3 SST anomalies by 2 months with maximum anti-
orrelationof r=-0.36 (Figure 6.16a). Unlike the relationship between Φmupτ
wwano and Atl3 SST seen in Figure 6.15a, apositive 
orrelation of 0.35 between Φmτpu

wwano and Atl3 SST o

urs when Φmτpu
wwano lags Atl3 SST anomaliesby 3 months (Figure 6.16a). As seen seasonally in the Atlanti
 (Se
tion 5.3.3) and inter-annually in thePa
i�
 (Goddard and Philander, 2000), Φmτpu

wwano (Φmτpu
wwcl

in the 
ase of the seasonal 
y
le) represents thee�e
t of transient indu
ed 
hanges in surfa
e 
urrents on the ability of the wind to do work on the o
ean.From an energeti
s perspe
tive, this term 
aptures the e�e
ts of the delayed os
illator's negative, o
eanmemory feedba
k me
hanism in the Pa
i�
 (Goddard and Philander, 2000). On inter-annual time s
ales inthe Pa
i�
, surfa
e 
urrent anomalies driven by the thermo
line perturbations asso
iated with o�-equatorialRossby waves arriving in the western equatorial Pa
i�
 a�e
t the ability of the wind to do work on the o
ean(Goddard and Philander, 2000). This o
ean memory pro
ess, in a

ordan
e with the delayed os
illatortheory, is seen to be responsible for the transition from La Niña to El Niño or vi
e versa. Similarly, resultsobtained in Se
tion 5.3.3 suggested that seasonal surfa
e 
urrent 
hanges - asso
iated with transients ex
itedby the abrupt seasonal 
hange in zonal wind stress whi
h o

urs in May-June (Philander and Pa
anowski,1986a; S
houten et al., 2005; Ding et al., 2009) - e�e
t the ability of the wind to do work on the o
ean.Seasonally ex
ited Kelvin and Rossby wave propagation results in a

elerated westward surfa
e �ow inJune-July followed by a de
elerated westward surfa
e �ow between August-O
tober and the subsequenta

eleration in November-De
ember (Philander and Pa
anowski, 1986a; S
houten et al., 2005; Ding et al.,2009). The anti-
orrelation of r=-0.36 found between Φmτpu
wwano and Atl3 SST when Φmτpu

wwano leads by 2months is thought to be the result of the westward equatorial surfa
e 
urrent a

eleration (de
eleration)that a

ompanies the anomalous Bjerknes feedba
k asso
iated with 
old (warm) Atl3 SST events. On theother hand, the positive (negative) 
ontribution of Φmτpu
wwano to anomalous wind work ∼3 months after a warm(
old) event represents the role of the delayed, negative, o
ean memory feedba
k me
hanism. This delayed,negative, feedba
k me
hanism operates on mu
h shorter time s
ales than in the Pa
i�
, where a

ordingto Goddard and Philander (2000) Φmτpu

wwano 
ontributes positively (negatively) to anomalous wind work 9-12months after a warm (
old) event.Figure 6.16b investigates whether there is any seasonal dependen
e in the lag-lead 
orrelation betweenmonthly inter-annual Atl3 SST anomalies and Φmτpu
wwano. Anti-
orrelation values between anomalous Atl3SST and Φmτpu

wwano peak in July/August with anti-
orrelation values rea
hing a maximum (r<-0.7) when
Φmτpu

wwano leads by one month. From September to February the lead grows from 2 months in Septemberto 5 months in January. As mentioned earlier, a possible 
ause of this growth in the lag-lead relationshipbetween wind work and Atl3 SST anomalies is thought to be the greater persisten
e in Atl3 SST anomaliesseen during these months (Figure 6.13). The 
onsistent growth in the lag-lead relationship between windwork and Atl3 SST from August to January (Figure 6.12b) appears to be primarily asso
iated with the
Φmτpu

wwano 
omponent of anomalous wind power (Figure 6.16b) and to a lesser extent with Φmupτ
wwano (Figure6.15b). This result reinfor
es the hypothesis that anomalous 
onditions in De
ember/January are largelyasso
iated with a persisten
e of anomalous Atl3 
onditions originating in August/September as the Φmτpu

wwano(Figure 6.16b) rather than the Φmupτ
wwano (Figure 6.15b) 
omponent of anomalous wind power is more strongly
orrelated with anomalous Atl3 
onditions in August/September.
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tober are the signi�
ant positive 
orrelations between
Φmτpu

wwano and Atl3 SST anomalies of >0.45 when Atl3 SST leads by 2-4 months. This feature, also evidentin Figure 6.12b, is only asso
iated with 
limatologi
al zonal wind stress �u
tuations a
ting on anomaloussurfa
e 
urrents (Φmτpu
wwano - Figure 6.16b) and not with anomalous zonal wind stress �u
tuations a
ting on
limatologi
al surfa
e 
urrents (Φmupτ

wwano - Figure 6.15b). Like the positive 
orrelation of 0.35 between Φmτpu
wwanoand Atl3 SST shown in Figure 6.16a when Φmτpu

wwano lags Atl3 SST anomalies by 3 months, these positive
orrelations represent the e�e
ts of the o
ean memory, negative feedba
k me
hanism. These signi�
antpositive 
orrelations between Φmτpu
wwano and Atl3 SST (6.16b) 
oin
ide with the time of the year when theseasonally a
tive o
ean memory me
hanism asso
iated with the de
eleration of surfa
e 
urrents a
ts tode
ay the seasonally ex
ited Bjerknes feedba
k me
hanism (Figure 5.20) as part of the seasonally a
tivethermo
line mode (Figure 5.27). They therefore o�er further eviden
e in support of the hypothesis thatanomalous 
onditions asso
iated with the zonal mode in the tropi
al Atlanti
 are typi
ally the result of amodulation of the seasonally a
tive thermo
line mode. While an ampli�ed (suppressed) seasonally ex
itedBjerknes feedba
k between April-June leads to the growth of anomalous 
onditions, the seasonally a
tivede
ay me
hanism asso
iated with the delayed de
eleration of surfa
e 
urrents between August-O
tober isalso ampli�ed (suppressed), hereby leading to the de
ay of anomalous 
onditions.6.4.1 Composite Analysis and Individual EventsTo establish a 
learer pi
ture of the typi
al pro
esses asso
iated with warm and 
old zonal mode events,
omposites of years when 
old/warm Atl3 SST events o

urred during boreal summer months (June-August)have been 
reated. Here, warm/
old event years are de�ned as years in whi
h ROMS-TAtl Atl3 SSTanomalies ex
eed one standard deviation (0.5°C) between June and August of that year, and 
orrespondwell with observed Hadley OI Atl3 SST. Figure 6.17 shows when monthly, ROMS-TAtl Atl3 SST anomaliesex
eed/fall below one standard deviation. Plotted in bla
k in Figure 6.17 are the periods whi
h are ex
ludeddue to poor 
orresponden
e with observed Hadley OI SST: namely, January 1981 - April 1983, September1984 - August 1985, May 1990 - September 1990, August 1996 - August 1997 and June 2001 - April 2002.Within the remaining periods, 
old event years have been identi�ed as 1983, 1986, 1992, 1994 and 2004and warm event years as 1984, 1987, 1988, 1991, 1995, 1996, 1997, 1998 and 1999. The 1984, 1987, 1988,1993, 1995 and the 1998 warm events have been investigated in previous studies based on observed andmodel data (Carton and Huang, 1994; Vau
lair and du Penhoat, 2001; Vau
lair et al., 2004).The 1983, 1986, 1992, 1994 and 2004 
old event years have been 
omposited to gain insight into the typi
alevolution of pertinent variables su
h as APE and wind power during years whi
h have experien
ed borealsummer 
old events. Figure 6.18 shows the 
old event year 
omposite of (a) anomalous Atl3 SST, equatorialAtlanti
 APE, tropi
al Atlanti
 APE, and tropi
al Atlanti
 BPE; (b) total versus 
limatologi
al Atl3 SST,tropi
al Atlanti
 APE, and tropi
al Atlanti
 BPE values; (
) total versus 
limatologi
al values for wind work(Φww) and adve
tion of the density �eld (Φbpa); and (d) the relative 
ontribution of mean perturbation terms

Φmupτ
wwano and Φmτpu

wwano to anomalous wind power. Typi
al of the 
old events are anomalously high equatorialand tropi
al APE values peaking in June/July (Figure 6.18a). Considering these anomalous 
onditions inthe 
ontext of total versus 
limatologi
al 
onditions, Figure 6.18b shows that both APE and Atl3 SSTanomalies are typi
ally the results of an ampli�ed and early onset of SST and APE 
hanges driven by theseasonal development of the equatorial 
old tongue and its asso
iated Bjerknes feedba
k.
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Figure 6.17: Monthly anomalies in ROMS-TAtl Atl3 SST plotted in relation to one standard deviation.Periods where simulated Atl3 SST anomalies 
orrespond poorly with observed Hadley OI Atl3 SST anomaliesare plotted in bla
k.Anomalously high APE in June/July is seen in Figures 6.18
 and 6.18d to be the result of anomalouslystrong wind power during the pre
eding months (February-July). The relative 
ontribution of mean per-turbation terms Φmupτ
wwano and Φmτpu

wwano to anomalous wind power depi
ted in Figure 6.18d indi
ates that theanomalously strong wind power between February and August is due to the 
ombined e�e
t of anomalouslystrong wind stress a
ting on 
limatologi
al surfa
e 
urrents (Φmupτ
wwano) and 
limatologi
al wind stress a
tingon anomalously strong westward surfa
e 
urrents (Φmτpu

wwano). Although Φmτpu
wwano, representing the e�e
t of
limatologi
al winds a
ting on anomalous surfa
e 
urrents, initially reinfor
es Φmupτ

wwano between February andJuly, it reverses in August. This reversal results in anomalously weak wind power for
ing between Augustand September that a
ts to de
ay the APE anomalies.Figure 6.19 illustrates the typi
al spatial stru
ture and temporal evolution of the anomalous wind power�eld during 
old events in 
omparison with the spatial stru
ture and temporal evolution of 
limatologi
alwind power anomalies from the annual mean. Between Mar
h and July (Figures 6.19a, 6.19
, 6.19e, 6.19gand 6.19i), anomalously strong wind power values are observed over the 8°S-2°N and 50°W-0°E region. Theanomalously strong wind power within this region 
orresponds with the anomalously strong domain integratedwind power seen during this period in Figures 6.18
 and 6.18d. The spatial stru
ture and temporal evolutionof the positive wind power anomalies seen within this region (Figures 6.19e, 6.19g and 6.19i) are similar tothat asso
iated with the seasonal 
y
le (Figures 6.19f, 6.19h and 6.19j). The o�-equatorial Rossby wavein�uen
e is evident as regions of enhan
ed wind power are situated either side of the equator and propagatewestward. Likewise, the spatial stru
ture asso
iated with the subsequent negative wind power anomalywithin this region, that a
ts to de
rease APE and de
ay the 
old event between July and O
tober (Figures6.18
 and 6.18d), resembles that asso
iated with the seasonal 
y
le during these months.In Se
tion 5.3.3 the behaviour of the seasonally ex
ited thermo
line mode was summarised by a phasediagram between seasonal APE values and the wind power term (Φwwcl
). Figure 6.20 
ompares the 
oldyear 
omposite, APE versus wind power phase diagram with the seasonal, APE versus wind power phasediagram shown in Se
tion 5.3.3 (Figure 5.27). Figure 6.20 
learly expresses how anomalously strong windpower during the early months of the year typi
ally leads to an ampli�
ation of the seasonally ex
itedthermo
line mode as both the seasonally ex
ited Bjerknes and the delayed, negative, o
ean memory feedba
kme
hanisms are ampli�ed (6.18).
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(d)Figure 6.18: Cold year (1983, 1986, 1992, 1994 and 2004) 
omposites of (a) anomalous Atl3 SST,equatorial Atlanti
 APE (3°S-3°N 60°W-15°E 0-400m), tropi
al Atlanti
 APE (8°S-8°N 60°W-15°E 0-400m)and tropi
al Atlanti
 BPE (8°S-8°N 60°W-15°E 0-400m); (b) total versus 
limatologi
al values of Atl3 SST,tropi
al Atlanti
 APE and tropi
al Atlanti
 BPE; (
) total versus 
limatologi
al values for wind work (Φww)and adve
tion of the density �eld (Φbpa); and (d) the relative 
ontribution of mean perturbation terms
Φmupτ

wwano and Φmτpu
wwano to anomalous wind power. In (a)-(
) values have been normalised while in (d) valuesare given in Js−1. A 14 day running mean has been applied to ea
h time series to smooth out the highfrequen
y variability.
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omposite monthly maps illustrating the spatialstru
ture in wind power anomalies (Wm−2) over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E) betweenApril and September are shown in the left 
olumn (a, 
, e, g, i, k and m). These are 
ompared with thespatial stru
ture in 
limatologi
al wind power anomalies from the annual mean in the right 
olumn (b, d, f,h, j, l and n).
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Figure 6.20: Cold year (1983, 1986, 1992, 1994 and 2004) 
omposite of tropi
al Atlanti
 APE versus windpower phase diagram. The phase diagram based on 
omposited total APE and wind power values is shownin red while the seasonal phase diagram as in Figure 5.27 is shown in bla
k. Values have been normalisedand a 14 day running mean has been applied to the time series to smooth out the high frequen
y variability.Although during some 
old event years, the delayed, negative, o
ean memory feedba
k me
hanism only a
tsto dissipate the anomalies, during others it manages to 
ompletely reverse them. This di�eren
e is illustratedby 
omparing the 1992 and 2004 
old events (Figures 6.21, 6.22 and 6.23). Figure 6.21 
ompares anomalousAtl3 SST, equatorial Atlanti
 APE, tropi
al Atlanti
 APE and tropi
al Atlanti
 BPE in 1992 against 2004,as well as the relative 
ontribution of mean perturbation terms Φmupτ
wwano and Φmτpu

wwano to anomalous 1992 and2004 wind power. Figure 6.22 
ompares 1992 and 2004 total versus 
limatologi
al values for Atl3 SST andequatorial Atlanti
 APE. Figure 6.23 
ompares the 1992 and 2004 tropi
al Atlanti
 APE versus wind powerphase diagrams. In 1992, anomalously 
old Atl3 SST and high APE 
onditions during boreal summer aredamped between August and De
ember (Figures 6.21a and 6.23a). Whereas in 2004, anomalously 
oldAtl3 SST and high APE 
onditions during boreal summer are reversed in August/September (Figures 6.21band 6.23b). When 
omparing Figures 6.21
 and 6.21d, it be
omes apparent that the delayed negativefeedba
k asso
iated with Φmτpu
wwano manages to reverse Atl3 SST and equatorial Atlanti
 APE anomalies in2004, yet in 1992 anomalously strong winds a
ting on 
limatologi
al surfa
e 
urrents (Φmupτ

wwano) persist untilDe
ember 1992 and therefore anomalously weak wind power due to Φmτpu
wwano only manages to damp and notreverse anomalous APE 
onditions. When viewing SST and APE anomalies from a total versus 
limatologyperspe
tive (Figure 6.22), it appears as though the 2004 event was predominantly the result of a shift inthe phase of the seasonally ex
ited thermo
line mode while the 1992 event was an ampli�
ation of theseasonally ex
ited thermo
line mode.To gain insight into the typi
al evolution of pertinent variables during years whi
h have experien
ed borealsummer warm events, the 
omposite of 1984, 1987, 1988, 1991, 1995, 1996, 1998 and 1999 warm eventyears was 
reated. Figure 6.24 shows the warm year 
omposite of (a) anomalous Atl3 SST, equatorialAtlanti
 APE, tropi
al Atlanti
 APE and tropi
al Atlanti
 BPE; (b) total versus 
limatologi
al Atl3 SST,
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(d)Figure 6.21: (a) 1992 and (b) 2004 anomalous Atl3 SST, equatorial Atlanti
 APE (3°S-3°N 60°W-15°E0-400m), tropi
al Atlanti
 APE (8°S-8°N 60°W-15°E 0-400m) and tropi
al Atlanti
 BPE (8°S-8°N 60°W-15°E 0-400m). (
) The 1992 and (b) the 2004 relative 
ontribution of mean perturbation terms Φmupτ
wwanoand Φmτpu

wwano to anomalous wind power. In (a) and (b) values have been normalised while in (
) and (d)values are given in Js−1. A 14 day running mean has been applied to ea
h time series to smooth out thehigh frequen
y variability.
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(b)Figure 6.22: (a) 1992 and, (b) 2004, total versus 
limatologi
al values for Atl3 SST and equatorial Atlanti
APE. Values have been normalised. A 14 day running mean has been applied to ea
h time series to smoothout the high frequen
y variability.
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(b)Figure 6.23: Tropi
al Atlanti
 APE versus wind power phase diagram for (a) 1992 and (b) 2004. Thephase diagram based on total APE and wind power values is shown in red while the 
limatologi
al phasediagram as in Figure 5.27 is shown in bla
k. Values have been normalised and a 14 day running mean hasbeen applied to the time series to smooth out the high frequen
y variability.
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al Atlanti
 APE and tropi
al Atlanti
 BPE values; (
) total versus 
limatologi
al values for wind work(Φww) and adve
tion of the density �eld (Φbpa); and (d) the relative 
ontribution of mean perturbationterms Φmupτ
wwano and Φmτpu

wwano to anomalous wind power. Figure 6.24a shows that the zonal mode warm eventsare typi�ed by anomalously low equatorial and tropi
al APE values whi
h rea
h a minimum in July/August.The size of APE anomalies is greater for the 
old 
omposite (Figure 6.18a) than the warm (Figure 6.24a),but warm events are typi
ally asso
iated with mu
h larger BPE anomalies whi
h a
t to reinfor
e the e�e
ts ofAPE anomalies on SST. Considering these anomalous 
onditions in the 
ontext of total versus 
limatologi
al
onditions (Figure 6.24b) illustrates that both boreal summer SST and APE result from the de
rease of theseasonal de
line (in
rease) in SST (APE) typi
ally asso
iated with the development of the equatorial 
oldtongue and its asso
iated Bjerknes feedba
k.Anomalously low APE between June and August results from anomalously weak wind power between Apriland July (Figures 6.24
 and 6.24d). The relative 
ontribution of mean perturbation terms Φmupτ
wwano and

Φmτpu
wwano to anomalous wind power depi
ted in Figure 6.24d indi
ates that the anomalously weak windpower between February and July is due to the 
ombined e�e
t of anomalously weak wind stress a
tingon 
limatologi
al surfa
e 
urrents (Φmupτ

wwano) and 
limatologi
al wind stress a
ting on anomalously weakwestward surfa
e 
urrents (Φmτpu
wwano). Although Φmτpu

wwano initially reinfor
es Φmupτ
wwano between May and July,it reverses in July resulting in anomalously strong wind power for
ing between August and November thata
ts to weaken the APE anomalies.Figure 6.25 illustrates the typi
al spatial stru
ture and temporal evolution of the anomalous wind power�eld during warm events in 
omparison with the spatial stru
ture and temporal evolution of 
limatologi
alwind power anomalies from the annual mean. Between Mar
h and July (Figures 6.25a, 6.25
, 6.25e, 6.25gand 6.25i), anomalously weak wind power values are observed over the 8°S-2°N and 50°W-0°E region and
orrespond with the anomalously weak domain integrated wind power seen during this period in Figures 6.24
and 6.24d. The spatial stru
ture and temporal evolution of these weak wind power anomalies (Figures 6.25e,6.25g and 6.25i) is similar to that of the seasonally enhan
ed wind power asso
iated with the developmentof the 
old tongue (Figures 6.25f, 6.25h and 6.25j). As with 
old events, the o�-equatorial Rossby wavein�uen
e is evident as regions of anomalously weak wind power are situated either side of the equator andpropagate westward. Likewise, the spatial stru
ture asso
iated with the positive wind power anomalieswithin this region between July and O
tober (Figures 6.24
 and 6.24d), whi
h a
t to in
rease APE andde
ay the warm event, is the opposite of the de
reased wind power asso
iated with the seasonal 
y
le duringthese months.Figure 6.26 
ompares the warm year 
omposite, APE versus wind power, phase diagram with the 
limato-logi
al phase diagram. Anomalously weak wind power during the early months of the year suppresses theseasonal in
rease in APE and the asso
iated seasonally ex
ited Bjerknes feedba
k between April and August(Figure 6.26). However as a result of this suppressed Bjerknes feedba
k, the delayed, seasonal surfa
e
urrent de
eleration between August and O
tober is also suppressed and therefore the seasonally a
tivedelayed, negative, o
ean memory feedba
k me
hanism asso
iated with the seasonally ex
ited thermo
linemode is anomalously weak resulting in a return to near normal 
ondition by O
tober (6.24).As with 
old events, the delayed, o
ean feedba
k me
hanism simply weakens anomalous 
onditions duringsome warm event years, while during others it manages to 
ompletely reverse anomalous 
onditions. Thisdi�eren
e is illustrated by 
omparing the 1988 and 1991 warm events in Figures 6.27, 6.28 and 6.29.
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(d)Figure 6.24: Warm year (1984, 1987, 1988, 1991, 1995, 1996, 1998 and 1999) 
omposites of (a) anomalousAtl3 SST, equatorial Atlanti
 APE (3°S-3°N 60°W-15°E 0-400m), tropi
al Atlanti
 APE (8°S-8°N 60°W-15°E0-400m) and tropi
al Atlanti
 BPE (8°S-8°N 60°W-15°E 0-400m); (b) total versus 
limatologi
al values ofAtl3 SST, tropi
al Atlanti
 APE and tropi
al Atlanti
 BPE; (
) total versus 
limatologi
al values for windwork (Φww) and adve
tion of the density �eld (Φbpa); (d) the relative 
ontribution of mean perturbationterms Φmupτ
wwano and Φmτpu

wwano to anomalous wind power. In (a)-(
) values have been normalised while in (d)values are given in Js−1. A 14 day running mean has been applied to ea
h time series to smooth out thehigh frequen
y variability.
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omposite monthly mapsillustrating the spatial stru
ture in wind power anomalies (Wm−2) over the tropi
al Atlanti
 domain (8°S-8°N 60°W-15°E) between April and September are shown in the left 
olumn (a, 
, e, g, i, k and m). Theseare 
ompared with the spatial stru
ture in 
limatologi
al wind power anomalies from the annual mean inthe right 
olumn (b, d, f, h, j, l and n).
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Figure 6.26: Warm year (1984, 1987, 1988, 1991, 1995, 1996, 1998 and 1999) 
omposite of tropi
alAtlanti
 APE versus wind power phase diagram. The phase diagram based on 
omposited total APE andwind power values is shown in red while the 
limatologi
al phase diagram as in Figure 5.27 is shown in bla
k.Values have been normalised and a 14 day running mean has been applied to the time series to smooth outthe high frequen
y variability.Figure 6.27 
ompares anomalous Atl3 SST, equatorial Atlanti
 APE, tropi
al Atlanti
 APE and tropi
alAtlanti
 BPE in 1988 against 1991, as well as the relative 
ontribution of mean perturbation terms Φmupτ
wwanoand Φmτpu

wwano to anomalous 1988 and 1991 wind power. Figure 6.28 
ompares 1988 and 1991 total versus
limatologi
al values for Atl3 SST and equatorial Atlanti
 APE. Figure 6.29 
ompares the 1988 and 1991tropi
al Atlanti
 APE versus wind power phase diagrams. Anomalously warm Atl3 SST and low APE
onditions during the boreal summer of 1988 were damped between September and November (Figures6.27a and 6.29a), whereas in 1991, anomalously warm Atl3 SST and low APE 
onditions between May andJuly reversed between August and De
ember (Figures 6.27b and 6.29b). On 
omparing Figures 6.27
 and6.27d, it be
omes apparent that in 1991 the delayed negative feedba
k asso
iated with Φmτpu
wwano manages toreverse Atl3 SST and equatorial Atlanti
 APE anomalies, while in 1988 the anomalously weak winds a
tingon the 
limatologi
al surfa
e 
urrents (Φmupτ

wwano) persist until August. In 1988, anomalously strong windpower due to Φmτpu
wwano between September and November only manages to damp and not reverse anomalousAPE 
onditions. When viewing SST and APE anomalies from a total versus 
limatology perspe
tive (Figure6.28), it appears as though the 1991 event was predominantly the result of a shift in the phase of theseasonally ex
ited thermo
line mode while the 1988 event was the result of a de
rease of the seasonallyex
ited thermo
line mode. In 1988, Atl3 SST rea
hes its minimum, and APE its maximum, in late July- early August, whi
h is when these variables rea
h their 
limatologi
al minimum (maximum). However,SST (APE) values a substantially higher (lower) than seasonal values (Figure 6.28). On the other hand, in1991, Atl3 SST rea
hes its minimum, and APE its maximum, in late August- early September, and whileAPE values ex
eed their annual maximum, Alt3 SST values do not fall below their annual minimum (Figure6.28). In Figure 6.28b it is evident that this shift in the timing of when Atl3 SST and equatorial APE rea
htheir annual minimum/maximum results in anomalously warm SST prior to August and anomalously 
ool
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CHAPTER 6. INTER-ANNUAL VARIABILITY IN THE EQUATORIAL ATLANTIC 158SST subsequently.6.4.2 Anomalous BPEFigure 6.30 shows the relationship between inter-annual anomalies in equatorial and tropi
al Atlanti
 BPE.These two variables are strongly related with a maximum 
orrelation 
oe�
ient of r=0.91 (r*=0.19) foundbetween them at zero lag. These BPE anomalies are primarily driven by �u
tuations in the adve
tionof the density �eld as shown by Figure 6.31. For the equatorial and tropi
al Atlanti
 domains, Figure6.31 
ompares monthly BPE evolution anomalies, dBPEano/dt, with anomalous BPE evolution driven by�u
tuations in the adve
tion of the density �eld, Φbpaano
= ABPE − ABPEcl

(Equation 5.19). Se
tion5.3.3 showed that seasonal BPE �u
tuations are largely driven by seasonal �u
tuations in the adve
tion ofthe density �eld (Φbpacl
) that appear to be linked with seasonal 
hanges in tropi
al Atlanti
 warm wateres
ape. As seen in Figure 6.31, anomalous inter-annual equatorial and tropi
al Atlanti
 BPE evolution isprimarily for
ed by inter-annual anomalies in the adve
tion of the density �eld with a 
orrelation 
oe�
ientof r=0.94 (r*=0.19) between dBPEano/dt and Φbpaano

for the equatorial domain and r=0.89 (r*=0.19)for the tropi
al domain. This result suggests that inter-annual BPE anomalies are primarily for
ed by thesame pro
ess as seasonal BPE �u
tuations, namely variability in the warm water es
ape pro
ess. Figure6.18
 suggests that anomalously high BPE typi
ally asso
iated with 
old events (Figure 6.18a) is the resultof anomalously high warm water es
ape between January and May, while Figure 6.24
 suggests that theanomalous low BPE typi
ally asso
iated with warm events (Figure 6.24a) is the result of anomalously lowwarm water es
ape between January and June.At the end of Se
tion 5 we questioned whether anomalous BPE, parti
ularly during April-May, 
ould beone of the fa
tors responsible for inter-annual modulations of the seasonally ex
ited Bjerknes feedba
k.As revealed by the analysis 
ondu
ted in Se
tion 6.3, anomalous APE 
hanges are not dire
tly in�uen
edby anomalous BPE 
hanges as �u
tuations in the wind power term are seen to be the dominant sour
e ofanomalous APE evolution. This �nding does not however rule out the possibility that anomalously high (low)BPE during April-May 
ould pre
ondition the region and thus favour an enhan
ed (suppressed) seasonallyex
ited Bjerknes feedba
k. The results of the 
omposite analysis shown in Figures 6.18 and 6.24 supportthis hypothesis. BPE 
omposite anomalies (Figures 6.18a and 6.24a) suggest that 
old (warm) zonal modeevents are typi
ally asso
iated with anomalously high (low) BPE during April-May. Figures 6.18a and 6.18bsuggest that anomalous high BPE is generally asso
iated with the o

urren
e of 
old events, while Figures6.24a and 6.24b suggest that anomalous low BPE is generally asso
iated with the o

urren
e of warmevents.However Figure 6.32, whi
h examines the relationship between equatorial Atlanti
 APE and BPE anomalies,shows an insigni�
ant 
orrelation of r=0.27 (r*=0.29) between these variables at zero lag (Figure 6.32a).The maximum relationship o

urs between equatorial Atlanti
 APE and BPE anomalies when BPE leads byone month (r=0.34, Figure 6.32b). Large BPE 
hanges o

ur as rapidly as APE 
hanges but less frequently(Figure 6.32a). When 
onsidering the seasonal dependen
e within the relationship between anomalousequatorial Atlanti
 APE and BPE it is evident that the strongest relationship between these variables o

ursbetween August and De
ember (Figure 6.32
, 
orrelations are signi�
ant during this period). Correlationvalues seen in Figure 6.32 suggest that low (high) BPE anomalies generally lead low (high) APE anomaliesby several months between May and O
tober. However, between May and August 
orrelation values are
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(d)Figure 6.27: (a) 1988 and (b) 1991 anomalous Atl3 SST, equatorial Atlanti
 APE (3°S-3°N 60°W-15°E0-400m), tropi
al Atlanti
 APE (8°S-8°N 60°W-15°E 0-400m) and tropi
al Atlanti
 BPE (8°S-8°N 60°W-15°E 0-400m). (
) The 1988 and (b) the 1991 relative 
ontribution of mean perturbation terms Φmupτ
wwanoand Φmτpu

wwano to anomalous wind power. In (a) and (b) values have been normalised while in (
) and (d)values are given in Js−1. A 14 day running mean has been applied to ea
h time series to smooth out thehigh frequen
y variability.
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(b)Figure 6.28: (a) 1988 and, (b) 1991, total versus 
limatologi
al values for Atl3 SST and equatorial Atlanti
APE. Values have been normalised. A 14 day running mean has been applied to ea
h time series to smoothout the high frequen
y variability.
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(b)Figure 6.29: Tropi
al Atlanti
 APE versus wind power phase diagram for (a) 1988 and (b) 1991. Thephase diagram based on total APE and wind power values is shown in red while the 
limatologi
al phasediagram as in Figure 5.27 is shown in bla
k. Values have been normalised and a 14 day running mean hasbeen applied to the time series to smooth out the high frequen
y variability.



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 6. INTER-ANNUAL VARIABILITY IN THE EQUATORIAL ATLANTIC 161

80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04

−3

−2

−1

0

1

2

3

Year

r=0.91,r*=0.35

BPE Anomaly 3oS−3oN 
BPE Anomaly 8oS−8oN

Figure 6.30: A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) BPEanomalies and tropi
al Atlanti
 (8°S-8°N 60°W-15°E 0-400m) BPE anomalies. The 
orrelation betweenanomalies (r) is given, together with the required 
orrelation value for signi�
an
e at the 95% level takinginto a

ount the e�e
tive degrees of freedom (r*). BPE anomalies were 
al
ulated based on ROMS-TAtloutput following Equation 3.2 and have been normalised.weak with only pat
hes of signi�
ant 
orrelations seen.Values greater/less than one in Figure 6.30 indi
ate when monthly anomalies in equatorial and tropi
alAtlanti
 BPE ex
eed/fall below one standard deviation as values have been normalised. While the 1984,1987, 1988, 1995, 1996, 1998 and 1999 warm events all 
oin
ided with periods of anomalously low BPE, withanomalous BPE values either approa
hing or ex
eeding one standard deviation, the 1991 event did not. Infa
t, BPE values were ex
eptionally high in 1991 (Figures 6.27b and 6.30). Likewise when one 
onsiders 
oldevents, the 1983, 1986, 1992 and 1994 events all 
orresponded with periods of high BPE while the 2004 
oldevent o

urred amidst a period when the BPE of the tropi
al Atlanti
 was ex
eptionally low (Figures 6.21band 6.30). This analysis suggests that while anomalous BPE may be one fa
tor 
ontributing to the inter-annual modulations of the seasonally ex
ited Bjerknes feedba
k it is not the dominant fa
tor: the anomalousevolution of the seasonally ex
ited Bjerknes feedba
k is not 
onsistently asso
iated with anomalous 
onditionsin the ba
kground state of the upper tropi
al Atlanti
 o
ean. Furthermore, it suggests that variability inthe atmospheri
 
omponent of the 
oupled system (remote atmospheri
 for
ing or sto
hasti
ity of theatmosphere) rather than the BPE of the o
eani
 
omponent may be the more dominant me
hanism behindinter-annual modulations in the Bjerknes feedba
k whi
h is seasonally ex
ited in the Atlanti
.It is also worth noting the dire
t relationship seen between BPE and Atl3 SST anomalies. A signi�
antanti-
orrelation of r=-0.49 (r*=0.29) exists between equatorial Atlanti
 BPE and Atl3 SST anomalies atzero lag as shown in Figure 6.33a. The maximum anti-
orrelation (r=-0.5) is found between equatorialAtlanti
 BPE and Atl3 SST anomalies when the former leads by one month (Figure 6.33b). Figure 6.33
explores whether there is any seasonal dependen
e in the lag-lead 
orrelation between monthly Atl3 SSTand equatorial Atlanti
 BPE anomalies. The relationship between anomalous BPE and SST is strongestbetween July and O
tober with BPE anomalies lead by 1-2 months. This result suggests that Atl3 SSTvariability, parti
ularly between July and O
tober exhibits a dependen
e on BPE anomalies during priormonths. Seasonally this period 
oin
ides with the months of the year when adve
tion of the density �eld(Φbpa) a
ts to de
rease BPE (Figure 5.28a) as warm water es
ape to the north is inhibited (Se
tion 5.3.3).
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(b)Figure 6.31: A 
omparison between monthly inter-annual anomalies in BPE evolution (dBPEano/dt in Js-1)and BPE evolution driven by �u
tuations in the adve
tion of the density �eld (Φbpaano
in Js-1), assessedover (a) the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m) and (b) the tropi
al Atlanti
 domain(8°S-8°N 60°W-15°E 0-400m). The 
orrelation between anomalies (r) is given, together with the required
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*).
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(
)Figure 6.32: (a) A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APEand BPE anomalies. The 
orrelation between anomalies (r) is given, together with the required 
orrelationvalue for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). APE andBPE values have been normalised. (b) Time lag 
orrelations between equatorial APE and BPE anomalies.(
) The seasonal dependen
e in 
orrelations between equatorial Atlanti
 APE and BPE anomalies. Positive
orrelations are 
ontoured in solid lines and negative 
orrelations in dashed lines. Correlations signi�
antabove the 95 per
entile are shaded in grey. APE and BPE anomalies were 
al
ulated based on ROMS-TAtloutput following Equation 3.2.
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)Figure 6.33: (a) A 
omparison between inter-annual equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)BPE and Atl3 SST anomalies. The 
orrelation between anomalies (r) is given, together with the required
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*).SST and BPE values have been normalised. (b) Time lag 
orrelations between equatorial Atlanti
 BPE andAlt3 SST anomalies. (
) The seasonal dependen
e in 
orrelations between equatorial Atlanti
 BPE and Atl3SST anomalies. Positive 
orrelations are 
ontoured in solid lines and negative 
orrelations in dashed lines.Correlations signi�
ant above the 95 per
entile are shaded in grey. BPE anomalies were 
al
ulated basedon ROMS-TAtl output following Equation 3.2.
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CHAPTER 6. INTER-ANNUAL VARIABILITY IN THE EQUATORIAL ATLANTIC 1656.5 Con
lusionsIn this 
hapter the role of o
ean dynami
s within the zonal mode of the equatorial Atlanti
 has been assessedfrom an energeti
s perspe
tive using the ROMS-TAtl simulation. The eviden
e o�ered here suggests thatinter-annual variability within the equatorial Atlanti
 may largely be regarded as a modulation of seasonallya
tive 
oupled pro
esses.The greatest inter-annual variability in Atl3 SST, and equatorial and tropi
al Atlanti
 APE o

urs duringboreal summer. Variability in the timing and intensity of seasonally stimulated subsurfa
e 
ooling asso
iatedwith remotely for
ed thermo
line depth variability and the development of the 
old tongue during borealsummer appears to be the primary 
ause of SST anomalies asso
iated with the zonal mode. AnomalousAPE during these months is strongly 
orrelated with anomalous Atl3 SST and largely for
ed by anomalouswind power over the tropi
al Atlanti
 domain. The anomalous relationship between wind power, APE andAtl3 SST between April and July suggests that inter-annual variability during these months is largely drivenby the anomalous evolution of the Bjerknes feedba
k whi
h is seasonally ex
ited during these months.Analysing inter-annual thermo
line depth variability asso
iated with the zonal mode from an energeti
sperspe
tive, as well as within the 
ontext of seasonal variability, has provided insight into the role of thedelayed, negative, o
ean memory feedba
k me
hanism. This feedba
k me
hanism operates on mu
h shortertime s
ales than in the Pa
i�
 and is seen as largely being asso
iated with inter-annual modulations of theseasonally ex
ited thermo
line mode's delayed, negative feedba
k response between August and O
tober.The analysis 
ondu
ted within this 
hapter therefore suggests that inter-annual variability in Atl3 SST
orrelated with anomalous APE 
an largely be regarded as inter-annual modulations of the seasonally ex
itedBjerknes feedba
k and its asso
iated thermo
line mode. While an ampli�ed (suppressed) seasonally ex
itedBjerknes feedba
k between April-July leads to the growth of anomalous 
onditions, the seasonally a
tivede
ay me
hanism asso
iated with the delayed de
eleration of surfa
e 
urrents between August-O
tober isalso ampli�ed (suppressed), thereby a
ting to damp the anomalous 
onditions.Inter-annual variability in the seasonally ex
ited thermo
line mode appears to be the result of inter-annualanomalies in either the timing or intensity of the Bjerknes feedba
k whi
h is seasonally ex
ited between Apriland July. Inter-annual variability in the BPE of the tropi
al Atlanti
 domain, driven by inter-annual variabilityin the tropi
al Atlanti
's warm water es
ape pro
ess, represents a me
hanism potentially responsible for inter-annual modulations in the seasonally ex
ited Bjerknes feedba
k. The results obtained in this 
hapter suggesthowever that the relationship between anomalous BPE and zonal mode events is in
onsistent suggestingthat remote atmospheri
 for
ing may play a more dominant role in driving inter-annual �u
tuations in thetiming and intensity of the seasonally ex
ited Bjerknes feedba
k and hen
e in the thermo
line mode.
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Chapter 7
Summary of Con
lusions and Outlook
In this thesis an assessment of the energeti
s of equatorial Atlanti
 variability, and the physi
al pro
essesdriving SST variability, has o�ered insight into the role of the o
ean within lo
al equatorial Atlanti
 o
ean-atmosphere intera
tions at both inter-annual and seasonal times
ales.A number of key questions were raised in the introdu
tory 
hapter of this thesis (Chapter 1):Firstly - What distin
t pro
esses o

urring in the Atlanti
 may a

ount for the observed di�eren
es inthe seasonal 
entral-eastern basin SST signature between the Pa
i�
 and the Atlanti
? This question isaddressed by results obtained in both Chapters 3 and 5. Distin
tions between the seasonal SST signature inthe 
entral-eastern Pa
i�
 and the 
entral-eastern Atlanti
 are as
ribed to the presen
e, in the Atlanti
, ofa seasonally ex
ited Bjerknes feedba
k as well as a delayed negative feedba
k me
hanism whi
h are absentfrom the Pa
i�
. The seasonally a
tive delayed negative feedba
k me
hanism takes the form of o
eanmemory similar to that observed in the Pa
i�
 on inter-annual times
ales. The sharper, enhan
ed seasonalde
line of 
entral-eastern basin SST observed in the Atlanti
 in 
omparison to the Pa
i�
 is attributed tothe fa
t that the seasonally ex
ited growth of asymmetri
 
onditions about the equator is a

ompanied bya seasonally ex
ited Bjerknes feedba
k as the thermo
line shoals seasonally in the Atlanti
. Furthermore,the fa
t that 
ool 
onditions do not persist as long as they do in the Pa
i�
 is as
ribed to seasonal warmingthat is in-phase with a deepening of the thermo
line in the east from August. This seasonal de
ay in theseasonally ex
ited Bjerknes feedba
k and deepening of the thermo
line in the east is seen to be the result ofa delayed negative feedba
k me
hanism similar to the negative feedba
k me
hanism operating inter-annuallyin the Pa
i�
. Between April-September, a 
ir
ular relationship between APE and the work done on theo
ean by the wind suggests that a seasonally ex
ited thermo
line mode of 
oupled variability plays an a
tiverole in the seasonal 
y
le in the tropi
al Atlanti
.Se
ondly - Why do inter-annual SST �u
tuations dominate over seasonal �u
tuations in the 
entral-easternPa
i�
 while the opposite is true in the Atlanti
? Is it be
ause, unlike in the Pa
i�
, the Bjerknes me
hanisma
ts primarily on seasonal time s
ales in the Atlanti
? Like in the Pa
i�
, the dynami
 pro
ess to whi
h thedevelopment of the equatorial 
old tongue is attributed is anomalous verti
al adve
tion due to anomalousEkman pumping and its asso
iated Ekman feedba
k me
hanism (Mit
hell and Walla
e, 1992; Chang andPhilander, 1994). An in-phase relationship between seasonal APE and Atl3 SST �u
tuations suggestshowever that the large annual in
rease in the intensity of 
ooling due to verti
al adve
tion is not purelya lo
ally for
ed phenomena, but is largely due to the horizontal redistribution of warm surfa
e waters in166
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ale 
hanges in wind for
ing. The results obtained in Chapters 3 and 5 point to thefa
t that the Bjerknes feedba
k me
hanism, whi
h only operates on inter-annual times
ales in the Pa
i�
,is in fa
t seasonally a
tive in the Atlanti
. Unlike in the Pa
i�
 where from an o
eani
 perspe
tive a newme
hanism is introdu
ed at inter-annual times
ales in the form of basin wide thermo
line depth adjustment,this is not the 
ase in the Atlanti
 as the largest APE 
hanges o

ur seasonally. The di�eren
e in thetime-s
ale of the largest SST �u
tuations between the Pa
i�
 and Atlanti
 basins is therefore attributedto the fa
t in the Pa
i�
 the Bjerknes feedba
k and its asso
iated delayed negative feedba
k me
hanismoperates on inter-annual time-s
ales whereas in the Atlanti
 it operates seasonally.Thirdly - Can inter-annual SST variability in the 
entral-eastern equatorial Atlanti
 be explained in termsof a modulation of seasonally a
tive 
oupled variability and, if so, what fa
tors are responsible for themodulation of seasonally a
tive pro
esses? This question is addressed in Chapters 3 and 6 where the role ofo
ean dynami
s within the zonal mode has been assessed from an energeti
s perspe
tive. Inter-annual SSTvariability in the 
entral-eastern Atlanti
 
orrelated with anomalous thermo
line depth variability appearsto be largely due to a modi�
ation of the dynami
 o
ean pro
esses whi
h regulate eastern-
entral basinSST seasonally. In this regard the zonal mode is unlike ENSO where this pro
ess operates on inter-annualtimes
ales and is dynami
ally distin
t from the dominant pro
ess operating on seasonal times
ales. Seasonalmodulations in the timing and intensity of the seasonally ex
ited Bjerknes feedba
k between April and Julyare seen as being the primary 
ause of anomalous SST variability asso
iated with the zonal mode. Thisperspe
tive on variability asso
iated with the zonal mode a

ounts for di�eren
es between ENSO and thezonal mode mentioned in Chapter 2.� Firstly, the weaker, less 
onsistent, anomalous wind-SST relationship observed in the Atlanti
 in
omparison to the Pa
i�
. As an inter-annual modulation of the seasonally ex
ited Bjerknes feedba
k,a
tive in the Atlanti
 between the months of April and July, Atl3 SST and western basin zonal windstress anomalies are only strongly related during these months. Atl3 SST anomalies whi
h o

uroutside of this season are more likely to be the result of remote atmospheri
 for
ing or a di�erentlo
al air-sea intera
tion pro
ess.� Se
ondly, the fa
t that the Atlanti
 has more high frequen
y variability (shorter events) with larger
ontributions at seasonal time s
ales. This di�eren
e is attributed to the fa
t that 
oupled variabilityasso
iated with the zonal mode is due to a modulation of seasonally a
tive variability while thatasso
iated with ENSO is due to a natural mode of variability operating on inter-annual time s
ales.� Thirdly, the zonal mode and ENSO exhibit very di�erent relationships with the seasonal 
y
le, SSTanomalies asso
iated with ENSO events peak in boreal winter, while those asso
iated with the zonalmode peak in boreal summer. Interpreting the zonal mode as an inter-annual modulation of theseasonally a
tive thermo
line mode whi
h operates in the Atlanti
 during boreal summer monthsa

ounts for this di�eren
e.Anomalous tropi
al Atlanti
 BPE appears to be a possible fa
tor promoting the anomalous evolution of theBjerknes feedba
k whi
h is seasonally ex
ited. However, the relationship between APE and BPE anomalies isin
onsistent implying that atmospheri
 variability asso
iated with remote atmospheri
 for
ing or sto
hasti
ityof the atmosphere may play a more important role in modulating the timing and intensity of the seasonallyex
ited Bjerknes feedba
k.
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CHAPTER 7. SUMMARY OF CONCLUSIONS AND OUTLOOK 168Finally - What is the role of o
ean memory within 
entral-eastern equatorial Atlanti
 SST variability?In Chapters 5 and 6, an investigation into the energeti
s of seasonal and inter-annual, equatorial andtropi
al Atlanti
 variability has shed light on the role of the delayed, negative, o
ean memory feedba
kme
hanism within equatorial Atlanti
 
oupled variability at both seasonal and inter-annual times
ales. Aswith the Bjerknes feedba
k, a delayed, negative, o
ean memory feedba
k me
hanism, similar to the negativefeedba
k me
hanism operating inter-annually in the Pa
i�
, is seen to a
t primarily on seasonal times
alesin the Atlanti
. Transient indu
ed 
hanges in surfa
e 
urrents, asso
iated with the delayed response ofthe tropi
al Atlanti
 to seasonal 
hanges in wind stress for
ing, a�e
t the ability of the wind to do workon the o
ean between August-O
tober. This delayed, negative, o
ean memory feedba
k me
hanism isasso
iated with the de
ay of the Bjerknes feedba
k that is seasonally ex
ited between April and July aspart of a seasonally a
tive thermo
line mode. From the APE-wind power perspe
tive this negative feedba
kme
hanism is seen in the form of transient indu
ed 
hanges in surfa
e 
urrents, asso
iated with the delayedresponse of the tropi
al Atlanti
 to seasonal 
hanges in wind stress for
ing, whi
h a�e
t the ability of thewind to do work on the o
ean. As seen inter-annually in the Pa
i�
, this seasonally a
tive delayed negativefeedba
k is also asso
iated with a re
harge of equatorial zonal mean heat 
ontent (a de
rease in BPE) inresponse to the intensi�
ation of the easterly trades due to the redistribution of mass between 
ertain regionso� the equator and the equatorial band. While the APE-wind power perspe
tive does not 
on�i
t with there
harge/dis
harge of equatorial zonal mean heat 
ontent perspe
tive it points to the importan
e of thethe o
ean wave propagation pro
ess and the asso
iated 
hanges in surfa
e 
urrents in the phase-transitionme
hanism.In terms of inter-annual variability, the delayed negative feedba
k me
hanism is seen as largely being as-so
iated with inter-annual modulations of the seasonally a
tive delayed, negative feedba
k response. Theo
ean memory me
hanism therefore appears to operate on mu
h shorter time s
ales than in the Pa
i�
. Theanalysis 
ondu
ted in 
hapter 6 suggests that inter-annual variability in SST asso
iated with the zonal mode
an largely be regarded as inter-annual modulations of the seasonally ex
ited Bjerknes feedba
k and its as-so
iated thermo
line mode. While an ampli�ed (suppressed) seasonally ex
ited Bjerknes feedba
k betweenApril-July leads to the growth of anomalous 
onditions, the seasonally a
tive de
ay me
hanism asso
iatedwith the delayed de
eleration of surfa
e 
urrents between August-O
tober is also ampli�ed (suppressed)thereby a
ting to damp the anomalies.The analysis undertaken within this thesis has fo
used on the o
eani
 
omponent of tropi
al Atlanti
 
oupledo
ean-atmosphere variability. As mentioned in the introdu
tory 
hapter (Chapter 1), this o
eani
 fo
us ismotivated by the fa
t that it is o
ean dynami
s (as the slow time s
ale and sour
e of os
illatory behaviour)that usually provides predi
tability in the tropi
al 
oupled system. Although the atmospheri
 in�uen
ehas been assessed within this thesis in terms of surfa
e wind 
hanges that are 
orrelated with SST andAPE 
hanges, this limited approa
h is seen as one of the 
aveats of this study as the full atmospheri
response to seasonal and inter-annual �u
tuations in tropi
al Atlanti
 SST for
ing has not been expli
itlydiagnosed. In terms of the seasonal response of the atmosphere to seasonal tropi
al Atlanti
 SST 
hangeswe rely largely on invoking the results obtained by Okumura and Xie (2004). As mentioned in Chapter3, the sensitivity of the seasonal development of zonal winds in the western-
entral equatorial Atlanti
 tozonal SST gradients whi
h develop as a result of the seasonal development of the 
old tongue has beendemonstrated by Okumura and Xie (2004). Using an atmospheri
 general 
ir
ulation model Okumura andXie (2004) have demonstrated the sensitivity of the atmosphere to the rapid 
ooling of SSTs in the 
entral-
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CHAPTER 7. SUMMARY OF CONCLUSIONS AND OUTLOOK 169eastern equatorial Atlanti
. During June-July-August, equatorial easterlies in the western-
entral Atlanti
are greater in the 
ontrol simulation for
ed by the full seasonal 
y
le in global SST than in the simulationwhere equatorial Atlanti
 SST is held 
onstant in time from the 15 of April onwards. The response of theatmosphere to inter-annual SST anomalies has been assessed purely in terms of lag-lead zonal wind stressversus SST 
orrelations and the results established are 
onsistent with those obtained by Keenlyside andLatif (2007) based on observational data. Furthermore, studies employing atmospheri
 general 
ir
ulationsmodels indi
ate that the atmosphere, with a response in line with the Bjerknes feedba
k, is sensitive toequatorial Atlanti
 SST anomalies (Chang et al., 2000; Sutton et al., 2000). The se
ond 
aveat that shouldbe noted is that the APE evolution analysis 
ondu
ted within this thesis is based solely on the ROMS-TAtlsimulation.As seen in Chapters 3 and 5, the seasonal 
y
le in the tropi
al Atlanti
 is asso
iated with far larger 
hangesin the 
limatologi
al ba
kground state than in the Pa
i�
. The seasonal 
y
le in the Atlanti
 is so dominantthat it is able to strongly in�uen
e the evolution of its inter-annual variability. In late boreal spring/earlyboreal summer, the sudden growth of asymmetri
 
onditions about the equator a
ts to promote the seasonalex
itation of a Bjerknes feedba
k and its asso
iated thermo
line mode. However, by late austral summer,seasonal for
ing has managed to damp this thermo
line mode and re-establish more equatorially symmetri

onditions. The results obtained within Chapter 6 suggest that this large seasonal 
hange in the ba
kground
onditions of the 
oupled system a
ts to suppress the in�uen
e of remotely for
ed o
ean dynami
s within
oupled equatorially fo
used variability between January and April. During this period, weak surfa
e windsensure the de
oupling of subsurfa
e and surfa
e o
ean layers and in
rease the sensitivity to surfa
e heat �uxanomalies. As a result of these large seasonal 
hanges, inter-annual 
oupled variability involving remotelyfor
ed thermo
line depth variability does not appear to support a free os
illatory mode a
ting on inter-annualtime s
ales as in the Pa
i�
. Instead, inter-annual variability involving remotely for
ed thermo
line depthvariability appears to take the form of inter-annual modulations of a seasonally ex
ited Bjerknes feedba
kand its asso
iated thermo
line mode.The results obtained within this thesis suggest that the o
ean memory me
hanism operates on mu
h shortertime s
ales in the Atlanti
 than in the Pa
i�
: largely as inter-annual modulations of the seasonally a
tive,delayed, negative feedba
k response asso
iated with the seasonally ex
ited thermo
line mode. This �ndinghas important impli
ations for predi
tability. We spe
ulate that this di�eren
e between the two basins isdue to: �rstly, the smaller Atlanti
 basin size whi
h allows the thermo
line to adjust to seasonal 
hangesin wind for
ing supporting the presen
e of a seasonally ex
ited thermo
line mode - a phenomenon whi
his seasonally absent from the Pa
i�
; se
ondly, the fa
t that the seasonal 
y
le in the tropi
al Atlanti
 isasso
iated with far larger 
hanges in the 
limatologi
al ba
kground state than in the Pa
i�
. This viewof the zonal mode, as a modulation of the seasonally a
tive thermo
line mode, is 
onsistent with studiessuggesting the zonal mode is damped and noise driven (Latif and Barnett, 1995; Nobre et al., 2003; Illigand Dewitte, 2006; Kushnir et al., 2006; Keenlyside and Latif, 2007) as o
ean memory is not seen to playa role in sustaining 
oupled 
limate os
illations on inter-annual times
ales.This distin
t equatorial Atlanti
 behaviour has impli
ations for the predi
tability of inter-annual �u
tuationsasso
iated with the zonal mode. Results obtained in this thesis point to the need for future investigation ofthe pro
esses behind the anomalous evolution of the seasonally ex
ited Bjerknes feedba
k in the equatorialAtlanti
 between April and July.
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CHAPTER 7. SUMMARY OF CONCLUSIONS AND OUTLOOK 170The re
ent work of Lübbe
ke et al. (2010) suggests that inter-annual variability in the strength of theSouth Atlanti
 subtropi
al anti
y
lone plays a role in the development of anomalous 
entral-eastern basinequatorial Atlanti
 SSTs during boreal summer months. As mentioned in Chapter 2 the o

urren
e ofa boreal summer zonal mode event is often linked with the o

urren
e of a Benguela Niño/Niña in thepre
eding boreal spring months (Mar
h-April, Reason et al., 2006; Lübbe
ke et al., 2010). Lübbe
ke et al.(2010) refer to 
ombined zonal mode-Benguela Niño warm events as eastern tropi
al Atlanti
 Niños whi
hstart with a weakening of the south-east trades linked to �u
tuations in the strength of the South Atlanti
subtropi
al anti
y
lone. They suggest that the relaxed trades ex
ite eastward equatorial Kelvin waves whi
h�rst in�uen
e SSTs in the ABA region where the thermo
line out
rops in Mar
h/April and only later inJune/July does the seasonal shallowing of the thermo
line allow subsurfa
e anomalies to be re�e
ted inthe Atl3 SST �eld. In view of the results obtained in this thesis, the results obtained by Lübbe
ke et al.(2010) suggest that variability in the strength of the South Atlanti
 subtropi
al anti
y
lone is potentiallyan important sour
e of anomalous tropi
al Atlanti
 wind power in austral summer and boreal spring. Thisanomalous wind power 
ould in turn lead to anomalous APE values and hen
e the anomalous evolution ofthe seasonally ex
ited Bjerknes feedba
k as the 
old tongue develops during boreal summer months. Therelationship between variability in the strength of the South Atlanti
 subtropi
al anti
y
lone and wind workover the tropi
al Atlanti
 remains an important topi
 for future resear
h.The role of sto
hasti
 wind for
ing in the anomalous evolution of the seasonally ex
ited Bjerknes feedba
kand hen
e zonal mode events is another important fa
tor whi
h deserves further investigation. The resultsobtained by Marin et al. (2009) (who have 
ompared the development of the 
old tongue in the 
ontrastingyears of 2005 and 2006) suggest that wind bursts are the 
ause of inter-annual variability in the timing ofthe development of the 
old tongue. Di�eren
es between the two years were found by Marin et al. (2009)to be predominantly the result of a shift in the timing of the development of the 
old tongue. The tradewinds in the western Atlanti
 were stronger in April-May of 2005 than April-May 2006 and furthermore ananomalous intra-seasonal intensi�
ation of the southeastern trades in mid-May 2005 resulted in the rapidand early 
ooling of SSTs over a broad region extending from 20°W to the Afri
an Coast and from 6°S to theEquator. This study points to the ability of lo
al intra-seasonal wind stress variability in the Gulf of Guineato initiate the 
old tongue season (Marin et al., 2009). Furthermore, Foltz et al. (2003) have shown alink to exist between intra-seasonal wind bursts in the tropi
al Atlanti
 (10°N-10°S) and the Madden-JulianOs
illation.The role of remote ENSO for
ing in the development of zonal mode events is yet another key area forfuture resear
h. As dis
ussed in Chapter 2, the reason for the appearan
e of anomalously strong trades inthe western Atlanti
 in response to some El Niño events and not others is un
lear. Chang et al. (2006b)suggest that the development of anomalously strong trades in response to El Niño events may depend onthe nature of SST 
onditions prior to the El Niño event, sto
hasti
ity of the atmosphere and/or variabilityin the stru
ture and duration of the atmospheri
 heating asso
iated with individual El Niño events. Dueto the predi
tability asso
iated with ENSO, an improved understanding of the fa
tors whi
h lead to theappearan
e of anomalous trades in the western equatorial Atlanti
 in response to some ENSO events willpotentially enhan
e the predi
tability of zonal mode events.Finally, the de
ay of meridional mode events in April 
oin
ides with the onset period of zonal mode events.Servain et al. (1999, 2000) suggest that the zonal and meridional modes are related by the fa
t that they areboth a result of anomalous �u
tuations in the trade wind system asso
iated with latitudinal displa
ements
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CHAPTER 7. SUMMARY OF CONCLUSIONS AND OUTLOOK 171of the ITCZ. The relationship between these two modes remains a important area for future resear
h asan understanding of how 
onditions asso
iated with the de
ay of the meridional mode in boreal springwill impa
t on the development of zonal mode events in boreal summer represents a potential sour
e ofpredi
tability.



Univ
ers

ity
 of

 C
ap

e T
ow

n

Referen
es
Arakawa, A. and V. Lamb. 1977. �Computational design of the basi
 dynami
al pro
esses of the UCLAgeneral 
ir
ulation model.� Method Comput. Phys. 17:173�265.Barreiro, M., P. Chang, L. Ji, R. Saravanan, and A. Giannini. 2005. �Dynami
al elements of predi
tingboreal spring tropi
al Atlanti
 sea-surfa
e temperatures.� Dyn. Atmos. O
eans. 39:61�85.Battisti, D. S. 1988. �Dynami
s and thermodynami
s of a warming event in a 
oupled tropi
al atmosphere-o
ean model.� J. Atmos. S
i. 45:2889�2919.Battisti, D. S. and A. C. Hirst. 1989. �Interannual variability in a tropi
al atmosphere-o
ean model: In�uen
eof the basi
 state, o
ean geometry and nonlinearity.� J. Atmos. S
i. 46:1687�1712.Bjerknes, J. 1969. �Atmospheri
 tele
onne
tions from the equatorial Pa
i�
.� Mon. Weather Rev. 97:163�172.Bo

aletti, G., R. C. Pa
anowski, S. G. H. Philander, and A. V. Fedorov. 2004. �The Thermal Stru
ture ofthe Upper O
ean.� J. Phys. O
eanogr. 34:888�902.Boyer, D. C., H. J. Boyer, I. Fossen, and A. Kreiner. 2001. �Changes in abundan
e of the northern Benguelasardine sto
k during the de
ade 1990-2000, with 
omments on the relative importan
e of �shing and theenvironment.� S. Afr. J. Mar. S
i. 23:67�84.Brainerd, K. E. and M. C. Gregg. 1995. �Surfa
e mixed and mixing layer depths.� Deep-Sea Res.42A(9):1521�1543.Brandt, P., G. Caniaux, B. Bourlès, A. Lazar, M. Dengler, A. Funk, V. Hormann, H. Giordani, and F. Marin.2010. �Equatorial upper-o
ean dynami
s and their intera
tion with the West Afri
an monsoon.� Atmo-spheri
 S
ien
e Letters. In press.Brown, J. N. and A. V. Fedorov. 2010. �How mu
h energy is transferred from the winds to the thermo
lineon ENSO times
ales?� J. Climate. 23(6):1563�1580.Bunge, L. and A. J. Clarke. 2009. �Seasonal Propagation of Sea Level along the Equator in the Atlanti
.�J. Phys. O
eanogr. 39:1069�1073.Byrne, D. A., D. L. Witter, D. R. Watts, N. R. Pettigrew, C. M. Dun
ombe Rae, and S. BakerYeboah.2006. �Intero
ean heat and salt transports from the Agulhas Leakage: First results from ASTTEX.� InEos Trans. AGU, 87(36), O
ean S
i. Meet. Suppl., Abstra
t OS22C-03.172



Univ
ers

ity
 of

 C
ap

e T
ow

n

Cane, M. A. 1979. �The response of an equatorial o
ean to simple wind-stress patterns, I, Model formulationsand analyti
 results.� J. Marine. Res. 37:233�252.Cane, M. A. and D. W. Moore. 1981. �A Note on Low-Frequen
y Equatorial Basin Modes.� J. Phys.O
eanogr. 11:1578�1584.Carton, J. A., G. A. Chepurin, X. Cao, and B. S. Giese. 2000. �A Simple O
ean Data Assimilation analysisof the global upper o
ean 1950-1995 part I: Methodology.� J. Phys. O
eanogr. 30:294�309.Carton, J. A. and B. S. Giese. 2008. �A Reanalysis of O
ean Climate Using Simple O
ean Data Assimilation(SODA).� Mon. Weather Rev. 136:2999�3017.Carton, J. A. and B. Huang. 1994. �Warm events in the tropi
al Atlanti
.� J. Phys. O
eanogr. 24:888�903.Carton, J. A. and Z. X. Zhou. 1997. �Annual 
y
le of sea surfa
e temperature in the tropi
al Atlanti
O
ean.� J. Geophys. Res. 102:27813�27824.Chang, P. 1993. �Seasonal 
y
le of sea surfa
e temperature and mixed layer heat budget in the tropi
alPa
i�
 O
ean.� Geophys. Res. Letters. 20:2079�2082.Chang, P. 1994. �A study of seasonal 
y
le of sea surfa
e temperature in the tropi
al Pa
i�
 O
ean usingredu
ed gravity models.� J. Geophys. Res. 99:7725�7741.Chang, P., Y. Fang, R. Saravanan, L. Ji, and H. Seidel. 2006b. �The 
ause of the fragile relationship betweenthe Pa
i�
 El Ninõ and the Atlanti
 Ninõ.� Nature. 443:324�328.Chang, P. and G. Philander. 1994. �A 
oupled o
ean-atmosphere instability of relevan
e to the seasonal
y
le.� J. Atmos. S
i. 51:3627�3648.Chang, P., R. Saravanan, L. Ji, and G. C. Hegerl. 2000. �The E�e
t of Lo
al Sea Surfa
e Temperatures onAtmospheri
 Cir
ulation over the Tropi
al Atlanti
 Se
tor.� J. Climate. 13:2195�2216.Chang, P., T. Yamagata, P. S
hopf, S. K. Behera, J. Carton, W. S. Kessler, G. Meyers, T. Qu, F. S
hott,S. Shetye, and S.-P. Xie. 2006a. �Climate Flu
tuations of Tropi
al Coupled Systems - The Role of O
eanDynami
s.� J. Climate. 19:5122�5174.Chiang, J. C. H. and B. R. Lintner. 2005. �Me
hanisms of remote tropi
al surfa
e warming during El Niño.�J. Climate. 18:4130�4149.Chiang, J. C. H. and A. H. Sobel. 2002. �Tropi
al tropospheri
 temperature variations 
aused by ENSO andtheir in�uen
e on the remote tropi
al 
limate.� J. Climate. 15:2616�2631.Colberg, F., C. J. C. Reason, and K. Rodgers. 2004. �South Atlanti
 response to El Niño-Southern Os
illationindu
ed 
limate variability in an o
ean general 
ir
ulation model.� J. Geophys. Res. 109(C12), C12015,doi:10.1029/2004JC002301.DaSilva, A. M., C. C. Young, and S. Levitus. 1994. �Atlas of surfa
e marin data 1994, Vol. 1, Algorithmsand Pro
edures.� Te
h. rep., NOAA Atlas NESDIS 6, U.S. Department of Commer
e, 74pp.Dele
luse, P., J. Servain, C. Levy, K. Arpe, and L. Bengtsson. 1994. �On the 
onne
tion between the 1984Atlanti
 warm event and the 1982-1983 ENSO.� Tellus. 46A:448�464.173



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ding, H., N. S. Keenlyside, and M. Latif. 2009. �Seasonal 
y
le in the upper equatorial Atlanti
 O
ean.�J. Geophys. Res. 114(C9), C09016, doi:10.1029/2009JC005418.En�eld, D. B. and D. A. Mayer. 1997. �Tropi
al Atlanti
 SST variability and its relation to El Niño-SouthernOs
illation.� J. Geophys. Res. 102:929�945.Fedorov, A. V. 2007. �Net Energy Dissipation Rates in the Tropi
al O
ean and ENSO Dynami
s.� J. Climate.20:1108�1117.Fedorov, A. V., S. L. Harper, S. G. H. Philander, B. Winter, and A. Wittenberg. 2003. �How predi
table isEl Niño?� Bull. Amer. Meteor. So
. 84:911�919.Floren
hie, P., J. R. E. Lutjeharms, C. J. C. Reason, S. Masson, and M. Rouault. 2003. �Thesour
e of Benguela Niños in the South Atlanti
 O
ean.� Geophys. Res. Letters. 30(10), 1505,doi:10.1029/2003GL017172.Floren
hie, P., C. J. C. Reason, J. R. E. Lutjeharms, M. Rouault, C. Roy, and S. Masson. 2004. �Evolutionof Interannual Warm and Cold Events in the Southeast Atlanti
 O
ean.� J. Climate. 17:2318�2334.Foltz, G. R., S. A. Grodsky, J. A. Carton, and M. J. M
Phaden. 2003. �Seasonal mixed layer heat budgetof the tropi
al Atlanti
 O
ean.� J. Geophys. Res. 108(C5), 3146, doi:10.1029/2002JC001584.Frankignoul, C. and K. Hasselmann. 1977. �Sto
hasti
 
limate models. Part II: Appli
ation to SST anomaliesand thermo
line variability.� Tellus. 29:289�305.Fratantoni, D. M., W. E. Johns, T. L. Townsend, and H. E. Hurlburt. 2000. �Low-latitude 
ir
ulation andmass transport pathways in a model of the tropi
al Atlanti
 o
ean.� J. Phys. O
eanogr. 30:1944�1966.Gill, A. E. 1982. Atmosphere-O
ean Dynami
s. New York: A
ademi
 Press.Goddard, L. and S. G. H. Philander. 2000. �The energeti
s of El Niño and La Niña.� J. Climate. 13:1496�1516.Hayes, S. P., P. Chang, and M. J. M
Phaden. 1991. �Variability of the sea surfa
e temperature in theeastern equatorial Pa
i�
 during 1986-1988.� J. Geophys. Res. 96:10553�10566.Hirst, A. C. 1986. �Unstable and damped equatorial modes in simple 
oupled o
ean-atmosphere models.�J. Atmos. S
i. 43:606�632.Hisard, P. 1980. �Observation de réponses de type "El Niño" dans l'Atlantique tropi
al oriental, Golfe deGuinée.� O
eanol. A
ta. 3:69�78.Holliday, D. and M. E. M
Intyre. 1981. �On potential energy density in an in
ompressible strati�ed �uid.�J. Fluid. Me
h. 107:221�225.Huang, R. X. 1998. �Mixing and available potential energy in a Boussinesq o
ean.� J. Phys. O
eanogr.28:669�678.Illig, S. and B. Dewitte. 2006. �Lo
al Coupled Equatorial Variability versus Remote ENSO For
ing in anIntermediate Coupled Model of the Tropi
al Atlanti
.� J. Climate. 19:5227�5252.174



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ja
kett, D. R. and T. J. M
Dougall. 1995. �Minimal Adjustment of Hydrostati
 Pro�les to A
hieve Stati
Stability.� J. Atmos. O
ean. Te
h. 12:381�389.Jin, F. 1997. �An Equatorial O
ean Re
harge Paradigm for ENSO. Part I: Con
eptual Model.� J. Atmos.S
i. 54:811�829.Johns, W. E., T. N. Lee, R. C. Beardsley, J. Candela, R. Limeburner, and B. Castro. 1998. �Annual Cy
leand Variability of the North Brazil Current.� J. Phys. O
eanogr. 28:103�128.Kanamitsu, M., W. Ebisuzaki, J. Woollen, S.-K. Yang, J. J. Hnilo, M. Fiorino, and G. L. Potter. 2002.�NCEP-DOE AMIP-II Reanalysis (R-2).� Bull. Amer. Meteor. So
. 83:1631�1643.Katz, E. J. 1981. �Dynami
 topography of the sea surfa
e in the equatorial Atlanti
.� J. Marine. Res.39:53�63.Katz, E. L. 1987. �Seasonal response of the sea surfa
e to the wind in the equatorial Atlanti
.� J. Geophys.Res. 92:1885�1893.Keenlyside, N. S. and M. Latif. 2007. �Understanding Equatorial Atlanti
 Interannual Variability.� J. Climate.20:131�142.Klein, S.A. and D.L. Hartmann. 1993. �The seasonal 
y
le of low stratiform 
louds.� J. Climate. 6(8):1587�1606.Kondo, J. 1975. �Air-sea bulk transfer 
oe�
ients in diabati
 
onditions.� Boundary-Layer Meteorology9(1):91�112.Kraus, E. B. 1977. Modelling and Predi
tion of the Upper Layers of the O
ean. Oxford: Pergamon Press.Kushnir, Y., W. A. Robinson, P. Chang, and A. W. Robertson. 2006. �The Physi
al Basis for Predi
tingAtlanti
 Se
tor Seasonal-to-Interannual Climate Variability.� J. Climate. 19:5949�5970.Large, W. G., J. C. M
Williams, and S. C. Doney. 1994. �O
eani
 verti
al mixing: A review and a modelwith a nonlo
al boundary layer parameterization.� Rev. of Geophys. 32:363�403.Latif, M. and T. P. Barnett. 1995. �Intera
tions of the tropi
al o
eans.� J. Climate. 8:952�964.Latif, M. and A. Grötzner. 2000. �The equatorial Atlanti
 os
illation and its response to ENSO.� ClimateDynami
s. 16:213�218.Lee, S.-K. and G. T. Csanady. 1999. �Warm water formation and es
ape in the upper tropi
al Atlanti
O
ean 2. A numeri
al model study.� J. Geophys. Res. 104:29573�29590.Lo
arnini, R. A., A. V. Mishonov, J. I. Antonov, T. P. Boyer, and H. E. Gar
ia. 2006. �World O
ean Atlas2005, Volume 1: Temperature.� Te
h. rep., S. Levitus, Ed. NOAA Atlas NESDIS 61, U.S. Gov. PrintingO�
e, Washington, D.C., 182 pp.URL http://www.nod
.noaa.gov/OC5/indprod.html.Lorba
her, K., D. Dommenget, P.P. Niiler, and A. Kohl. 2006. �O
ean mixed layer depth: A subsurfa
eproxy of o
ean-atmosphere variability.� J. Geophys. Res. 111(C7), C07010, doi:10.1029/2003JC002157.175



Univ
ers

ity
 of

 C
ap

e T
ow

n

Lorenz, E. N. 1955. �Available potential energy and the maintenan
e of the general 
ir
ulation.� Tellus.7:157�167.Lübbe
ke, J. F., C. W. Böning, N. S. Keenlyside, and S. P. Xie. 2010. �On the 
onne
tion between Benguelaand Equatorial Atlanti
 Niños and the role of the South Atlanti
 Anti
y
lone.� J. Geophys. Res. in press.Lumpkin, R. and Z. Garra�o. 2005. �Evaluating the De
omposition of Tropi
al Atlanti
 Drifter Observa-tions.� J. Atmos. O
ean. Te
h. 22:1403�1415.Lumpkin, R. and S. L. Garzoli. 2005. �Near-surfa
e 
ir
ulation in the Tropi
al O
ean.� Deep-Sea Res.52:495�518.Mar
hesiello, P., L. Debreu, and X. Couvelard. 2009. �Spurious diapy
nal mixing in terrain-following 
oor-dinate models: The problem and a solution.� O
ean. Mod. 26:156�169.Mar
hesiello, P., J. C. M
Williams, and A. Sh
hepetkin. 2001. �Open boundary 
onditions for long-termintegration of regional o
eani
 models.� O
ean. Mod. 3:1�20.Marin, F., G. Caniaux, H. Giordani, B. Bourlés, Y. Gouriou, and E. Key. 2009. �Why Were Sea Surfa
eTemperatures so Di�erent in the Eastern Equatorial Atlanti
 in June 2005 and 2006?� J. Phys. O
eanogr.39:1416�1431.M
Creary, J. P. Jr. and P. Lu. 1994. �Intera
tion between the subtropi
al and the equatorial o
eans: Thesubtropi
al 
ell.� J. Phys. O
eanogr. 24:466�497.M
Phaden, M. J., A. J. Busala

hi, R. Cheney, J. Donguy, K. S. Gage, D. Halpern, M. Ji, P. Julian,G. Meyers, G. T. Mit
hum, P. P. Niiler, J. Pi
aut, R. W. Reynolds, N. Smith, and K. Takeu
hi. 1998.�The Tropi
al O
ean-Global Atmosphere observing system: A de
ade of progress.� J. Geophys. Res.103:14169�14240.Menkes, C.E.R., J.G. Vialard, S.G. Kennan, J.P. Boulanger, and G.V. Made
. 2006. �A modeling study ofthe impa
t of tropi
al instability waves on the heat budget of the eastern equatorial Pa
i�
.� J. Phys.O
eanogr. 36:847�865.Merle, J. 1980a. �Seasonal Heat Budget in the Equatorial Atlanti
 O
ean.� J. Phys. O
eanogr. 10:464�469.Merle, J. 1980b. �Variabilité thermique annuelle et interannuelle de l'o
éan Atlantique équatorial Est.L'hypothése d'un "El Niño" Atlantique.� O
eanol. A
ta. 3:209�220.Merle, J. and S. Arnault. 1985. �Seasonal variability of the dynami
 topography in the tropi
al Atlanti
O
ean.� J. Marine. Res. 43:267�288.Mit
hell, T. P. and J. M. Walla
e. 1992. �The annual 
y
le in equatorial 
onve
tion and sea surfa
e tem-perature.� J. Climate. 5:1140�1156.Molemaker, M. J. and J. C. M
Williams. 2010. �Lo
al balan
e and 
ross-s
ale �ux of available potentialenergy.� J. Fluid. Me
h. 645:295�314.
176



Univ
ers

ity
 of

 C
ap

e T
ow

n

Molines, J. M., B. Barnier, T. Pendu�, L. Brodeau, A.M. Treguier, S. Theetten, and G. Made
. 2006.�De�nition of the interannual experiment ORCA025-G70, 1958-2004.� Te
h. Rep. Report LEGI-DRA-2-11-2006, LEGI, 34pp.URL http://www.ifremer.fr/lpo/drakkarMurtugudde, R. G., J. Ballabrera-Poy, J. Beau
hamp, and A. J. Busala

hi. 2001. �Relationship be-tween zonal and meridional modes in the tropi
al Atlanti
.� Geophys. Res. Letters. 23(23):4463�4466,doi:10.1029/2001GL013407.Neelin, J. D. 1991. �The slow sea surfa
e temperature mode and the fast-wave limit: Analyti
 theory fortropi
al interannual os
illations and experiments in a hybrid 
oupled model.� J. Atmos. S
i. 48:584�606.Neelin, J. D., D. S. Battisti, A. C. Hirst, F. Jin, Y. Wakata, T. Yamagata, and S. E. Zebiak. 1998. �ENSOtheory.� J. Geophys. Res. 103(C7):14261�14290.Nobre, P., S. E. Zebiak, and B. P. Kirtman. 2003. �Lo
al and remote sour
es of tropi
al atlanti
 variabilityas inferred from the results of a hybrid o
ean-atmosphere 
oupled model.� Geophys. Res. Letters. 30(5),8008, doi:10.1029/2002GL015785.Okumura, Y. and S.-P. Xie. 2004. �Intera
tion of the Atlanti
 Equatorial Cold Tongue and the Afri
anMonsoon.� J. Climate. 17:3589�3602.Okumura, Y. and S.-P. Xie. 2006. �Some overlooked features of tropi
al Atlanti
 
limate leading to a newNiño-like phenomenon.� J. Climate. 19:5859�5874.Okumura, Y., S.-P. Xie, A. Numaguti, and Y. Tanimoto. 2001. �Tropi
al Atlanti
 air-sea intera
tion and itsin�uen
e on the NAO.� Geophys. Res. Letters. 28:1507�1510.Oort, A. H., S. C. As
her, S. Levitus, and J. P. Peixoto. 1989. �New estimates of the available potentialenergy in the world o
ean.� J. Geophys. Res. 94:3187�3200.du Penhoat, Y. and A. M. Treguier. 1985. �The seasonal linear response of the tropi
al Atlanti
 o
ean.�J. Phys. O
eanogr. 15:316�329.Penven, P., P. Mar
hesiello, L. Debreu, and J. Lefèvre. 2008. �Software tools for pre- and post-pro
essingof o
eani
 regional simulations.� Environmental Modelling & Software. 23:660�662.Peter, A., M. Le Hena�, Y. Penhoat Y. du Penhoat, C.E. Menkes, F. Marin, J. Vialard, G. Caniaux, andA. Lazar. 2006. �A model study of the seasonal mixed layer heat budget in the equatorial Atlanti
.�J. Geophys. Res. 111, C06014, doi:10.1029/2005JC003157.Philander, S. G. H. 1990. El Niño, La Niña, and the Southern Os
illation. San Diego: A
ademi
 Press In
.Philander, S. G. H., D. Gu, D Halpern, G Lambert, N.-C. Lau, T. Li, and R. C. Pa
anowski. 1996. �Whythe ITCZ Is Mostly North of the Equator?� J. Climate. 9:2958�2972.Philander, S. G. H. and R. C. Pa
anowski. 1981. �Response of equatorial o
eans to periodi
 for
ing.�J. Geophys. Res. 86:1903�1916. 177



Univ
ers

ity
 of

 C
ap

e T
ow

n

Philander, S. G. H. and R. C. Pa
anowski. 1986a. �A model of the seasonal 
y
le in the tropi
al Atlanti
O
ean.� J. Geophys. Res. 91:14192�14206.Philander, S. G. H. and R. C. Pa
anowski. 1986b. �The mass and heat budgets in a model of the tropi
alAtlanti
.� J. Geophys. Res. 91:14212�14220.Rayner, N. A., D. E. Parker, E. B. Horton, C. K. Folland, L. V. Alexander, D. P. Rowell, E. C. Kent, andA Kaplan. 2003. �Global analyses of sea surfa
e temperature, sea i
e, and night marine air temperaturesin
e the late nineteenth 
entury.� J. Geophys. Res. 108(D14), 4407, doi:10.1029/2002JD002670.Reason, C.J.C., P. Floren
hie, M. Rouault, and J. Veit
h. 2006. �In�uen
es of Large S
ale Climate Modes andAgulhas System Variability on the BCLME Region.� In Benguela - Predi
ting a Large Marine E
osystem,Vere Shannon, Gotthilf Hempel, Paola Malanotte-Rizzoli, Coleen Moloney, and John Woods, eds., vol. 14of Large Marine E
osystems, pages 223 � 238, Elsevier.Reid, R., B. Elliot, and D. Olson. 1981. �Available potential energy: A 
lari�
ation.� J. Phys. O
eanogr.11:15�29.Rio, H-M., P. S
hae�er, G. Moreaux, J-M. Lemoine, and E. Bronner. 2009. �A new Mean Dynami
 Topog-raphy 
omputed over the global o
ean from GRACE data, altimetry and in-situ measurements.�, poster
ommuni
ation at O
eanObs09 symposium 21-25 September 2009 Veni
e.URL http://www.aviso.o
eanobs.
om/fileadmin/do
uments/data/produ
ts/auxiliary/MDT_Cnes-CLS09_poster_O
eanobs09.pdfRouault, M., P. Floren
hie, N. Fau
hereau, and C. J. C. Reason. 2003. �South East tropi
al Atlanti
 warmevents and southern Afri
an rainfall.� Geophys. Res. Letters. 30(5), 8009, doi:10.1029/2002GL014840.Rouault, M., S. Illig, C. Bartholomae, C. J. C. Reason, and A. Bentamy. 2007. �Propagation and origin ofwarm anomalies in the Angola Benguela upwelling system in 2001.� J. Marine. Sys. 68:473�488.Rouault, M., J. Servain, C. J. C. Reason, B. Bourlès, M. J. Rouault, and N. Fau
hereau. 2009. �Extension ofPIRATA in the tropi
al South-East Atlanti
: an initial one-year experiment.� Afr. J. Mar. S
i. 31:63�71.Rowell, D. P. 1998. �Assessing Potential Seasonal Predi
tability with an Ensemble of Multide
adal GCMSimulations.� J. Climate. 11:109�120.Ruiz-Barradas, A., J. A. Carton, and S. Nigam. 2000. �Stru
ture of interannual-to-de
adal 
limate variabilityin the tropi
al Atlanti
 se
tor.� J. Climate. 13:3285�3297.S
houten, M. W., R. P. Matano, and T. P. Strub. 2005. �A des
ription of the seasonal 
y
le of the equatorialAtlanti
 from altimeter data.� Deep-Sea Res. 52:477�493.Seager, R., S.E. Zebiak, and M.A. Cane. 1988. �A model of the tropi
al Pa
i�
 sea surfa
e temperature
limatology.� J. Geophys. Res. 93(C2):1265�1280.Servain, J., H. L. Ayina, and H. Roquet. 2000. �The relationship between the simulated 
limati
 variabilitymodes of the tropi
al Atlanti
.� Int. J. Climatol. 20:939�953.Servain, J., A. Busala

hi, M. M
Phaden, A. Moura, G. Reverdin, M. Vianna, and S. Zebiak. 1998. �A PilotResear
h Moored Array in the Tropi
al Atlanti
 (PIRATA).� Bull. Amer. Meteor. So
. 79:2019�2031.178



Univ
ers

ity
 of

 C
ap

e T
ow

n

Servain, J., J. Pi
aut, and J. Merle. 1982. �Eviden
e of remote for
ing in the equatorial Atlanti
 O
ean.�J. Phys. O
eanogr. 12:457�463.Servain, J., I. Wainer, J. P. M
Creary, and A. Dessier. 1999. �Relationship between the equatorial andmeridional modes of 
limati
 variability in the tropi
al Atlanti
.� Geophys. Res. Letters. 26(4):485�488,doi:10.1029/1999GL900014.Shannon, L. V., A. J. Boyd, G. B. Brundrit, and J. Taunton-Clark. 1986. �On the existen
e of an El Niño-typephenomenon in the Benguela system.� J. Marine. Sys. 44:495�520.Sh
hepetkin, A. and J. M
Williams. 1998. �Quasi-Monotone Adve
tion S
hemes Based on Expli
it Lo
allyAdaptive Dissipation.� Mon. Weather Rev. 126:1541�1580.Sh
hepetkin, A. and J. M
Williams. 2003. �A method for 
omputing horizontal pressure-gradientfor
e in an o
eani
 model with a nonaligned verti
al 
oordinate.� J. Geophys. Res. 108(C3), 3090,doi:10.1029/2001JC001047.Sh
hepetkin, A. and J. M
Williams. 2005. �The regional o
eani
 modeling system (ROMS):a split-expli
it,free-surfa
e, topography-following-
oordinate o
eani
 model.� O
ean. Mod. 9:347�404.Song, Y. and D. Haidvogel. 1994. �A semi-impli
it o
ean 
ir
ulation model using a generalized topographyfollowing 
oordinate system.� J. Comput. Phys. 115:228�244.Sterl, A. and W. Hazeleger. 2003. �Coupled variability and air-sea intera
tion in the South Atlanti
 O
ean.�Climate Dynami
s. 21:559�571.Suarez, M. J. and P. S. S
hopf. 1988. �A delayed a
tion os
illator for ENSO .� J. Atmos. S
i. 45:3283�3287.Sutton, R. T., S. P. Jewson, and D. P. Rowell. 2000. �The elements of 
limate variability in the tropi
alAtlanti
 region.� J. Climate. 13:3261�3284.Swenson, M. S. and D. V. Hansen. 1999. �Tropi
al Pa
i�
 O
ean Mixed Layer Heat Budget: The Pa
i�
Cold Tongue.� J. Phys. O
eanogr. 29:69�81.Tanimoto, Y. and S.-P. Xie. 2002. �Inter-hemispheri
 de
adal variations in SST, surfa
e wind, heat �ux and
loud 
over over the Atlanti
 O
ean.� J. Meteor. So
. Japan. 80:1199�1219.Trenberth, K. E., G. W. Branstator, D. Karoly, A. Kumar, N-C. Lau, and C. Ropelewski. 1998. �Progressduring TOGA in understanding and modeling global tele
onne
tions asso
iated with tropi
al sea surfa
etemperatures.� J. Geophys. Res. 103(C7):14291�14324, doi:10.1029/97JC01444.Vau
lair, F. and Y. du Penhoat. 2001. �Interannual variability of the upper layer of the tropi
al Atlanti
O
ean from in situ data between 1979 and 1999.� Climate Dynami
s. 17:527�546.Vau
lair, F., Y. du Penhoat, and G. Reverdin. 2004. �Heat and Mass Budgets of the Warm Upper Layer ofthe Tropi
al Atlanti
 O
ean in 1979-99.� J. Phys. O
eanogr. 34:903�919.Vialard, J. and P. Dele
luse. 1998a. �An OGCM Study for the TOGA De
ade. Part I: Role of Salinity in thePhysi
s of the Western Pa
i�
 Fresh Pool.� J. Phys. O
eanogr. 28:1071�1088.179



Univ
ers

ity
 of

 C
ap

e T
ow

n

Vialard, J. and P. Dele
luse. 1998b. �An OGCM study for the TOGA de
ade. Part II: Barrier-layer formationand variability.� J. Phys. O
eanogr. 28:1089�1106.Walla
e, J. M., E. M. Rasmusson, T. P. Mit
hell, V. E. Kousky, E. S. Sara
hik, and H. von Stor
h. 1998.�On the stru
ture and evolution of ENSO-related 
limate variability in the tropi
al Pa
i�
: Lessons fromTOGA.� J. Geophys. Res. 103(C7):14241�14259, doi:10.1029/97JC02905.Wang, C. and D. B. En�eld. 2001. �The tropi
al Western Hemisphere warm pool.� Geophys. Res. Letters.28(8):1635�1638, doi:10.1029/2000GL011763.Wang, W. and M. J. M
Phaden. 1999. �The Surfa
e-Layer Heat Balan
e in the Equatorial Pa
i�
 O
ean.Part I: Mean Seasonal Cy
le.� J. Phys. O
eanogr. 29:1812�1931.Weijer, W., W. P. M. De Ruijter, A. Sterl, and S. S. Drijfhout. 2002. �Response of the Atlanti
 overturning
ir
ulation to South Atlanti
 sour
es of buoyan
y.� Global and Planetary Change. 34(3-4):293�311.Weingartner, T. J. and R. H. Weisberg. 1991. �A Des
ription of the Annual Cy
le in Sea Surfa
e Temperatureand Upper O
ean Heat in the Equatorial Atlanti
.� J. Phys. O
eanogr. 21:83�96.Winters, K. B., P. N. Lombard, J. J. Riley, and E. A. D'Asaro. 1995. �Available potential energy and mixingin density-strati�ed �uids.� J. Fluid. Me
h. 289:115�128.Xie, S.-P. and J. A. Carton. 2004. �Tropi
al Atlanti
 variability: Patterns, me
hanisms, and impa
ts.� EarthClimate: The O
ean-Atmosphere Intera
tion, Geophys. Monogr. 147:121�142.Xie, S.-P. and S. G. H. Philander. 1994. �A 
oupled o
ean-atmosphere model of relevan
e to the ITCZ inthe eastern Pa
i�
.� Tellus. 46A:340�350.Yu, L., X. Jin, and R. A. Weller. 2006. �Role of net surfa
e heat �ux in seasonal variations of sea surfa
etemperature in the tropi
al Atlanti
 O
ean.� J. Climate. 19:6153�6169.Yu, X. and M.J. M
Phaden. 1999. �Seasonal Variability in the Equatorial Pa
i�
.� J. Phys. O
eanogr.29:925�947.Zebiak, S. E. 1993. �Air-sea intera
tion in the equatorial Atlanti
 region.� J. Climate. 6:1567�1586.Zebiak, S. E. and M. Cane. 1987. �A model El Niño-Southern Os
illation.� Mon. Weather Rev. 115:2262�2278.

180



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix A
ORCA Figures

I



Univ
ers

ity
 of

 C
ap

e T
ow

n

APPENDIX A. ORCA FIGURES II
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(f)Figure A.1: Variability in the verti
al density pro�le estimated by horizontally averaging the monthly meandensity �eld within the 
hosen domain: (a) the equatorial Pa
i�
 (5°N-5°S 130°E-85°W), (b) the equatorialAtlanti
 (3°S-3°N 60°W-15°E), (
) the tropi
al Pa
i�
 (8°N-8°S 130°E-85°W), (d) the tropi
al Atlanti
 (8°S-8°N 60°W-15°E), (e) the extended tropi
al Pa
i�
 (15°N-15°S 130°E-85°W), and (f) the extended tropi
alAtlanti
 (15°S-15°N 60°W-15°E). Seasonal variability in the verti
al density pro�le is overlayed on the totalspread of verti
al density pro�les between 1958-2004 shown in 
yan. Depth (m) is represented on the y-axisand density (kgm-3) on the x-axis. Monthly density �elds are derived from the monthly ORCA temperatureand salinity �elds.
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APPENDIX A. ORCA FIGURES III
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Figure A.2: Seasonal 
hanges in equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE obtained usingEquation 3.3, APE and BPE obtained using Equation 3.2, as well as seasonal 
hanges in the Mass of thisdomain. Mass, BPE and APE values have been normalised. Values 
al
ulated using ORCA data.
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APPENDIX A. ORCA FIGURES IV
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Figure A.3: A 
omparison between total Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE variability. SST and APE values were 
al
ulated using ORCA data. The 
orrelationbetween ea
h SST index and APE values (r) is give on ea
h �gure, together with the required 
orrelationvalue for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST andAPE values have been normalised and detrended.
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Figure A.4: A 
omparison between total Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)APE variability. SST and APE values were 
al
ulated using ORCA data. The 
orrelation between theAtl3 SST index and APE values (r) is give on ea
h �gure, together with the required 
orrelation value forsigni�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST and APE valueshave been normalised and detrended.
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APPENDIX A. ORCA FIGURES V
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Figure A.5: A 
omparison between total and 
limatologi
al equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m)APE values. APE values were 
al
ulated using ORCA data and have been detrended.

58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04
1

2

3

4

5

6
x 10

16

Year

ORCA APE
ORCA APE Clim

Figure A.6: A 
omparison between total and 
limatologi
al equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m)APE values. APE values were 
al
ulated using ORCA data and have been detrended.
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APPENDIX A. ORCA FIGURES VI
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(b)Figure A.7: (a) Equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE versus tropi
al Pa
i�
 (15°N-15°S130°E-85°W 0-400m) APE. (b) Equatorial Atlanti
 (3°S-3°N 60°W-15°E 0-400m) APE versus tropi
al At-lanti
 (8°S-8°N 60°W-15°E 0-400m) APE. APE values where 
al
ulated using ORCA data.
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Figure A.8: A 
omparison between inter-annual Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE anomalies. SST and APE anomalies where 
al
ulated using ORCA data.The 
orrelation between anomalies in ea
h SST index and APE (r) is give on ea
h �gure, together withthe required 
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees offreedom (r*). SST and APE values have been normalised as well as detrended.



Univ
ers

ity
 of

 C
ap

e T
ow

n

APPENDIX A. ORCA FIGURES VII
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Figure A.9: A 
omparison between 
limatologi
al Niño 3.4 SST, Niño 3 SST and equatorial Pa
i�
 (5°N-5°S 130°E-85°W 0-400m) APE. SST and APE values where 
al
ulated using ORCA data. The 
orrelationbetween ea
h SST index and APE values (r) is give on ea
h �gure, together with the required 
orrelationvalue for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*). SST andAPE values have been normalised.
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Figure A.10: A 
omparison between 
limatologi
al Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E0-400m) APE. SST and APE values where 
al
ulated using ORCA data. The 
orrelation between theAtl3 SST index and equatorial Atlanti
 APE values (r) is give on ea
h �gure, together with the required
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*).SST and APE values have been normalised.
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APPENDIX A. ORCA FIGURES VIII
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Figure A.11: A 
omparison between inter-annual Atl3 SST and equatorial Atlanti
 (3°S-3°N 60°W-15°E0-400m) APE anomalies. SST and APE anomalies where 
al
ulated using ORCA data. The 
orrelationbetween anomalies in ea
h SST index and APE (r) is given on ea
h �gure, together with the required
orrelation value for signi�
an
e at the 95% level taking into a

ount the e�e
tive degrees of freedom (r*).SST and APE values have been normalised as well as detrended.
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Figure A.12: The seasonal dependen
e in 
orrelations between Atl3 SST and equatorial Atlanti
 APEanomalies. SST and APE anomalies where 
al
ulated using ORCA data. Positive 
orrelations are 
ontouredin solid lines and negative 
orrelations in dashed lines. Correlations signi�
ant above the 95 per
entile areshaded in grey.
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Appendix B
Surfa
e Layer Heat Budget
The mean temperature, T̄ , within a surfa
e layer of depth h(t,x,y) is de�ned as:

T̄ =
1

h

ˆ 0

−h
Tdz (B.1)

T̄ h =

ˆ 0

−h
TdzTaking the time derivative of Equation B.1 gives us:

∂Th

∂t
=

∂
´ 0
−h Tdz

∂t

h
∂T

∂t
+

∂h

∂t
T =

ˆ 0

−h

∂T

∂t
dz +

∂h

∂t
Tz=−h

h
∂T

∂t
=

ˆ 0

−h

∂T

∂t
dz +

∂h

∂t
Tz=−h −

∂h

∂t
T

∂T̄

∂t
=

1

h

ˆ 0

−h

∂T

∂t
dz

︸ ︷︷ ︸

RHS1

−
1

h

∂h

∂t
(T̄ − Tz=−h)

︸ ︷︷ ︸

RHS2

(B.2)
∂T̄

∂t
=

1

h

ˆ 0

−h

∂T

∂t
dz

︸ ︷︷ ︸

RHS1

−
1

h

∂h

∂t
(T̄ − Tz=−h)

︸ ︷︷ ︸

RHS2

(B.3)
Tz=−h is the temperature at the base of the 
hosen surfa
e layer. As expressed by Equation B.3 
hangesin the mean temperature of this layer are for
ed by the temperature evolution equation (Equation B.4)verti
ally integrated over this surfa
e layer (Equation B.3, RHS1) and the entrainment of water into thesurfa
e layer from below (Equation B.3, RHS2). Where the temperature evolution equation (Equation B.4),is given by:

∂T

∂t
= −~u · ∇T + ∇ ·

(

Kth
∂T

∂x
+ Kth

∂T

∂y
+ Ktv

∂T

∂z

)

+ Q (B.4)
= −~u · ∇T + Kth∇

2T horiz +
∂

∂z
(Ktv

∂T

∂z
) + QIX
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APPENDIX B. SURFACE LAYER HEAT BUDGET X
Kth represents the horizontal temperature di�usion 
oe�
ient, Ktv the verti
al temperature di�usion 
o-e�
ient and Q any additional sour
e term, whi
h in this 
ase takes the form of subsurfa
e heating due thepenetration of the solar radiative �ux Q = qs

ρoCp
df
dz (qs the surfa
e solar radiative �ux and f(z) the fra
tionof solar radiation rea
hing depth z).Substituting Equation B.4 into B.3:

∂T̄

∂t
=

1

h

ˆ

0

−h

{

−~u · ∇T + K∇2

thT +
∂

∂z
(Ktv

∂T

∂z
) +

qs

ρoCp

df

dz

}

dz −
1

h

∂h

∂t
(T̄ − Tz=−h) (B.5)

= −
1

h

ˆ 0

−h

~u · ∇Tdz

︸ ︷︷ ︸

A

+
1

h

ˆ 0

−h

Kth∇
2Tdz

︸ ︷︷ ︸

Dh

+
1

h

ˆ 0

−h

∂

∂z
(Ktv

∂T

∂z
)dz

︸ ︷︷ ︸

Dv

+
1

h

ˆ 0

−h

qs

ρoCp

df

dz
dz

︸ ︷︷ ︸

Q

−
1

h

∂h

∂t
(T̄ − Tz=−h)

︸ ︷︷ ︸

ETerm A represents the role of adve
tive pro
esses, and 
an be split into it's x , y and z 
omponents.
−

1

h

ˆ 0

−h
~u · ∇Tdz

︸ ︷︷ ︸

A

= −
1

h

ˆ 0

−h
u

∂T

∂x
dz

︸ ︷︷ ︸

Ax

−
1

h

ˆ 0

−h
v
∂T

∂y
dz

︸ ︷︷ ︸

Ay

−
1

h

ˆ 0

−h
w

∂T

∂z
dz

︸ ︷︷ ︸

Az

(B.6)Term Dh represents di�usive pro
esses in the horizontal and term Dv the di�usive pro
esses in the verti
al. Toseparate out the surfa
e heat �ux for
ing a

ording to the surfa
e boundary 
ondition imposed (Ktv
∂T
∂z )z=0 =

q∗
ρoCp , Dv may be de
omposed further.

1

h

ˆ 0

−h

∂

∂z
(Ktv

∂T

∂z
)dz

︸ ︷︷ ︸

Dv

=
1

h
(Ktv

∂T

∂z
)z=0 −

1

h
(Ktv

∂T

∂z
)z=−h

=
q∗

hρoCp
︸ ︷︷ ︸

RHS1

−
1

h
(Ktv

∂T

∂z
)z=−h

︸ ︷︷ ︸

RHS2

(B.7)
q∗ is the non penetrative part of the surfa
e heat �ux 
onsisting of the net long-wave radiative �ux, thelatent heat �ux and the sensible heat �ux 
omponents, ρo is the referen
e density and Cp the spe
i�
 heat
apa
ity. Dv 
an then be dissolved. Firstly by 
ombining the surfa
e heat �ux for
ing term (RHS1) withthe for
ing term Q whi
h represents heating due to the penetration of the solar radiative �ux:

1

h

ˆ 0

−h

qs

ρoCp

df

dz
dz

︸ ︷︷ ︸

Q

+
q∗

hρoCp
=

qsfz=0

hρoCp
−

qsfz=−h

hρoCp
+

q∗
hρoCp

=
q∗ + qs(1 − fz=−h)

hρoCp
︸ ︷︷ ︸

F

(B.8)Se
ondly by 
ombining the term representing di�usion at the base of the layer (RHS2) with term E whi
hrepresents the entrainment of water into the surfa
e layer from below. Creating term B an umbrella termfor ex
hanges with underlying water other then verti
al adve
tion (Vialard and Dele
luse, 1998a).
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APPENDIX B. SURFACE LAYER HEAT BUDGET XI
−

1

h

∂h

∂t
(T̄ − T−h)

︸ ︷︷ ︸

E

+
1

h
(Ktv

∂T

∂z
)z=−h = −

1

h

{
∂h

∂t
(T̄ − Tz=−h) − (Ktv

∂T

∂z
)z=−h

}

︸ ︷︷ ︸

B

(B.9)The evolution equation may �nally be written as:
∂T̄

∂t
= −

1

h

ˆ 0

−h

u
∂T

∂x
dz

︸ ︷︷ ︸

Ax

−
1

h

ˆ 0

−h

v
∂T

∂y
dz

︸ ︷︷ ︸

Ay

−
1

h

ˆ 0

−h

w
∂T

∂z
dz

︸ ︷︷ ︸

Az

+
1

h

ˆ 0

−h

Kth∇
2Tdz

︸ ︷︷ ︸

Dh

−
1

h

{
∂h

∂t
(T̄ − Tz=−h) − (Ktv

∂T

∂z
)z=−h

}

︸ ︷︷ ︸

B

+
q∗ + qs(1 − fz=−h)

hρoCp
︸ ︷︷ ︸

F

(B.10)
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Appendix C
Ekman Transport
As in Gill (1982) (pp 325) a fri
tional term, −r

−→
UE, may be in
luded into the horizontal transport equationsfor an Ekman layer:

∂UE

∂t
−fVE = −rUE +

τx

ρ
(C.1)

∂VE

∂t
+fUE = −rVE +

τy

ρ
(C.2)Steady state is assumed so terms ∂UE

∂t and ∂VE

∂t are dropped.
UE = −

rVE

f
+

τy

ρf
(C.3)

VE =
rUE

f
−

τx

ρf
(C.4)To obtain Equation 5.3, for the zonal Ekman transport, UE, Equation C.4 is substituted into Equation C.3.

UE = −
r
(

rUE

f − τx

ρf

)

f
+

τy

ρf

UE = −
r2UE

f2
+

rτx

ρf2
+

τy

ρf

UE +
r2UE

f2
=

rτx

ρf2
+

τy

ρf

UE

(

1 +
r2

f2

)

=
rτx

ρf2
+

τy

ρf

UE =

rτx

ρf2

1 + r2

f2

+

τy

ρf

1 + r2

f2

UE =
rτx

ρf2
+

rτx

ρr2
+

τy

ρf
+

τyf

ρr2

UE =
rτx

ρ(f2 + r2)
+

τyf

ρf2
+

τyf

ρr2

UE =
rτx

ρ(f2 + r2)
+

τyf

ρ(f2 + r2)
(C.5)XII
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APPENDIX C. EKMAN TRANSPORT XIIITo obtain Equation 5.4, for the meridional Ekman transport, VE, Equation C.3 is substituted into EquationC.4.
VE =

r
(

− rVE

f +
τy

ρf

)

f
−

τx

ρf

VE = −
r2VE

f2
+

rτy

ρf2
−

τx

ρf

VE +
r2VE

f2
=

rτy

ρf2
−

τx

ρf

VE

(

1 +
r2

f2

)

=
rτy

ρf2
−

τx

ρf

VE =

rτy

ρf2

1 + r2

f2

−

τx

ρf

1 + r2

f2

VE =
rτy

ρf2
+

rτy

ρr2
−

τx

ρf
−

fτx

ρr2

VE =
rτy

ρ(f2 + r2)
−

τxf

ρf2
−

fτx

ρr2

VE =
rτy

ρ(f2 + r2)
−

τxf

ρ(f2 + r2)

VE =
rτy − τxf

ρ(f2 + r2)
(C.6)To obtain Equation 5.2 for the verti
al Ekman velo
ity, W E, at the base of the Ekman layer, the 
ontinuityequation ∂u

∂x + ∂v
∂y + ∂w

∂z = 0 is verti
ally integrated over the depth of the Ekman layer:
ˆ 0

−h
(
∂u

∂x
+

∂v

∂y
+

∂w

∂z
)dz = 0

∂UE

∂x
+

∂VE

∂y
+Wz=0 − Wz=−h = 0

Wz=−h =
∂UE

∂x
+

∂VE

∂y

WE =
∂UE

∂x
+

∂VE

∂y
(C.7)Where z=-h is the depth of the Ekman layer and the verti
al velo
ity at the surfa
e Wz=0 is zero under therigid lid assumption.
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Appendix D
KE Evolution Equation
The Kineti
 Energy of a volume �lled with a hydrostati
 �uid is de�ned as:

KE =

˚

ρo

2
~v2dV (D.1)where ρo is the 
onstant referen
e density, and ~v = (u, v) the horizontal velo
ity �eld as verti
al velo
itiesdo not 
ontribute to KE under the hydrostati
 assumption. An evolution equation for KE is derived bytaking the time derivative of Equation D.1:

dKE

dt
=

d(
˝ ρo

2 ~v2dV )

dt

=

˚

ρo

2

∂~v2

∂t
dV +

˚

ρo

2
~v2 dV

∂t
(D.2)

˝ ρo

2 ~v2 dV
∂t = 0 assuming the integration volume is �xed in time.

dKE

dt
=

˚

ρo

2

∂~v2

∂t
dV

=

˚

ρo

2

(

~v ·
∂~v

∂t
+

∂~v

∂t
· ~v

)

dV

=

˚

ρo~v ·
∂~v

∂t
dV (D.3)The temporal evolution of KE is therefore equivalent to the inner produ
t of the horizontal momentumevolution equation and the horizontal velo
ity ve
tor. The horizontal momentum evolution equation being:

∂~v

∂t
= − ~u · ∇~v

︸ ︷︷ ︸

Am

−2Ω × ~v −
1

ρo
∇p

︸ ︷︷ ︸

Pm

+∇ · τ
︸ ︷︷ ︸

Dm

(D.4)where ~u = (u, v,w) represents the full three dimensional velo
ity �eld. τ is the vis
ous stress tensor
τ = Kmh

∂~v
∂x + Kmh

∂~v
∂y + Kmv

∂~v
∂z , where Kmh is the horizontal vis
osity 
oe�
ient and Kmv the verti
alvis
osity 
oe�
ient. Substituting Equation D.4 into Equation D.3:XIV
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APPENDIX D. KE EVOLUTION EQUATION XV
dKE

dt
=

˚

ρo~v ·

(

−~u · ∇~v − 2Ω × ~v −
1

ρo
∇p + ∇ · τ

)

dV

= −

˚

~u · ∇
(ρo

2
~v2
)

dV

︸ ︷︷ ︸

AKE

−

˚

~v · ∇pdV

︸ ︷︷ ︸

PKE

+

˚

ρo~v · ∇ · τdV

︸ ︷︷ ︸

DKE

(D.5)as ~u · ~v · ∇~v = ~u · 1
2(~v · ∇~v + ~v · ∇~v) = ~u · ∇1

2~v
2 and ~v · (2Ω × ~v) = 0.In this form, the temporal evolution of KE within a �uid volume is driven by three terms:

AKE - KE 
hanges due to the horizontal adve
tion of KE.
PKE - KE 
hanges due to horizontal pressure work.
DKE - KE 
hanges due to the 
ombined e�e
ts of the dissipation of KE within the domain anddi�usion of KE a
ross the surfa
es of the volume.Ea
h term in the simulated horizontal momentum evolution equation (Equation D.4) has been saved as atwo day average. Using this output, the KE balan
e is 
al
ulated in the form given by Equation D.5. InEquation D.5, term:AKE - is obtained based on two day averages of the horizontal velo
ity �eld, ~v, multiplied by two dayaverages of term Am in Equation D.4 (the horizontal momentum adve
tion term).PKE - is obtained based on two day averages of the horizontal velo
ity �eld, ~v, multiplied by two dayaverages of term Pm in Equation D.4 (the horizontal pressure gradient term).DKE - is obtained based on two day averages of the horizontal velo
ity �eld, ~v, multiplied by two dayaverages of term Dm in Equation D.4 (the horizontal momentum dissipation term).The referen
e density value used is, ρo = 1025kgm−3, whi
h is 
onsistent with the referen
e density spe
i�edfor the TAtl-ROMS simulation. The balan
e of terms a
hieved for Equation D.5 is depi
ted in Figure D.1.However the KE evolution equation in the form given by Equation D.5 does not resolve the ex
hange of energybetween KE and APE within the 
hosen domain. To a
quire the buoyan
y power term (Φapk =

˝

gρ̃wdV ),the ex
hange term with the APE evolution equation, verti
al dynami
s need to be in
luded. The hydrostati
equation ∂p
∂z = −ρg is therefore in
orporated into Equation D.5. The hydrostati
 equation is multiplied bythe verti
al velo
ity 
omponent w

(
∂p
∂z = −ρg

) and 
onsidering that −w ∂p
∂z −gρw = 0 these terms are thenadded to Equation D.5.

dKE

dt
= −

˚

~u · ∇

“

ρo

2
~v

2

”

dV −

˚

~v · ∇pdV −

˚

w
∂p

∂z
dV −

˚

gρwdV +

˚

ρo~v · ∇ · τdV

= −

˚

~u · ∇

“ρo

2
~v

2

”

dV −

˚

~u · ∇pdV −

˚

ρgwdV +

˚

ρo∇ · (~v · τ )dV −

˚

ρo∇~v · τdV (D.6)Density is then de
omposed into, ρ∗(z, t), the verti
al density pro�le asso
iated with the hydrostati
allybalan
ed density pro�le of the minimum PE rest state/BPE, and ρ̃(~x, t), perturbations from this referen
estate, ρ = ρ∗(z, t)+ ρ̃(~x, t). Similarly, the pressure �eld maybe be de
onstru
ted into p = p∗(z, t)+ p̃(~x, t),
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APPENDIX D. KE EVOLUTION EQUATION XVI
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Figure D.1: Balan
e of terms for the KE evolution equation in the form given by Equation D.5, assessedover the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dKE/dt represents the a
tual rate of
hange of KE where as derived dKE/dt represents the rate of 
hange of the KE estimated by balan
ingthe terms within Equation D.5. A 14 day running mean has been applied to the time series to smooth outthe high frequen
y variability.where p∗(z, t) is the pressure �eld in whi
h all pressure surfa
es are level and in hydrostati
 balan
e with
ρ∗(z, t) (∂p∗

∂z = −ρ∗g). Substituting ρ = ρ∗(z, t) + ρ̃(~x, t) and p = p∗(z, t) + p̃(~x, t) into ˝ ρgwdVand ˝ ~u · ∇pdV respe
tively, it be
omes apparent that these two terms may be rewritten as, −˝ ~u ·

∇ (p∗ + p̃) dV −
˝

(ρ∗ + ρ̃) gwdV = −
˝

~u · ∇p̃dV −
˝

ρ̃gwdV , 
onsidering −
˝

~v · ∇p∗dV = 0.Invoking the 
ontinuity equation ∇ · ~u = 0

dKE

dt
= −

˚

∇ ·

“ρo

2
~v

2
~u

”

dV −

˚

∇ · (p̃~u)dV −

˚

ρ̃gwdV +

˚

ρo∇ · (~v · τ )dV −

˚

ρo∇~v · τdV (D.7)Invoking the divergen
e theorem:
dKE

dt
= −

˛ (ρo

2
~v2~u
)

· n̂dS −

˛

(p̃~u) · n̂dS −

˚

ρ̃gwdV

+ρo

˛

(~v · τ) · n̂dS − ρo

˚

∇~v · τdV (D.8)Assuming that the di�usion of KE through the surfa
es of the domain is negligible with the ex
eption of thesurfa
e z=0, ρo

¸

(~u · τ) · n̂dS =
˜

z=0 ~v · τz=0dS. A further assumption is that τz=0 = (ρoKmv
d~v
dz )z=0 ≈ τswhere τs is the surfa
e wind stress. The surfa
e wind stress τs 
an be de
omposed into it's x (τx

s ) and y(τy
s ) 
omponents τs = τx

s + τy
s , where τx

s = ρoKmv
du
dz |z=0 and τy

s = ρoKmv
dv
dz |z=0 .This brings us to the �nal form of the KE evolution equation used here:
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APPENDIX D. KE EVOLUTION EQUATION XVII
dKE

dt
= −

˛ (ρo

2
~v2~u
)

· n̂dS

︸ ︷︷ ︸

Φka

−

˛

(p̃~u) · n̂dS

︸ ︷︷ ︸

Φpw

−

˚

ρ̃gwdV

︸ ︷︷ ︸

Φapk

+

¨

z=0
~v · τsdS

︸ ︷︷ ︸

Φww

−

˚

ρo

(

Kmh(
∂~v

∂x
·
∂~v

∂x
) + Kmh(

∂~v

∂y
·
∂~v

∂y
) + Kmv(

∂~v

∂z
·
∂~v

∂z
)

)

dV

︸ ︷︷ ︸

Φss

(D.9)In this form, the temporal evolution of KE within a �uid volume is driven by �ve terms:
Φka -the adve
tion of KE a
ross the surfa
es of the volume.
Φpw -pressure work a
ross the surfa
es of the volume (Winters et al., 1995).
Φapk -the buoyan
y power term whi
h is a reversible ex
hange term with the APE evolution equation(Equation 5.29).
Φww -work done by the wind stress a
ting on surfa
e 
urrents (Goddard and Philander, 2000).
Φss -work done by shear stresses of horizontal �ows within the domain (Winters et al., 1995).Having obtained an adequate balan
e between terms for Equation D.5 (Figure D.1), following the methodoutlined below, these terms are then modi�ed to obtain the KE evolution terms in their �nal form as givenby Equation D.9:
Φapk - the buoyan
y power term is 
al
ulated by based on two day averages of verti
al velo
ity, w,multiplied by perturbation density values, ρ̃, whi
h have been 
al
ulated based two day averagesof temperature and salinity a

ording to the linear equation of state given by Equation 5.9.
Φpw - pressure work a
ross the surfa
es of the volume is 
al
ulated by adding the buoyan
y powerterm to the PKE term of Equation D.5, as gρ̃w = −w ∂p̃

∂z and as it has been shown in thederivation of Equation D.9 −
¸

(p̃~u) · n̂dS = −
˝

∇· (p̃~u)dV = −
˝

~u ·∇p̃dV = −
˝

~v ·∇p̃dV −
˝

w ∂p̃
∂z

dV =

−
˝

~v · ∇pdV −
˝

w ∂p̃
∂z

dV as −˝ ~v · ∇p∗dV = 0.
Φka - the adve
tion of KE a
ross the surfa
es of the volume is the equivalent of term AKE inEquation D.5.
Φww - the work done by the wind stress a
ting on surfa
e 
urrents is 
al
ulated based on two dayaverages of the x (τx) and y (τy) 
omponents of the wind stress used to for
e the simulationmultiplied by two day averages of the x (u) and y (v) velo
ity 
omponents.
Φss - the work done by shear stresses of horizontal �ows within the domain is 
al
ulated as thedi�eren
e between term DKE in Equation D.5 and the wind work term, Φww.The balan
e of terms a
hieved for the KE evolution equation in its �nal form (Equation D.9) is depi
ted inFigure D.2.



Univ
ers

ity
 of

 C
ap

e T
ow

n

APPENDIX D. KE EVOLUTION EQUATION XVIII
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Figure D.2: Balan
e of terms for the KE evolution equation in the form given by Equation D.9, assessedover the equatorial Atlanti
 domain (3°S-3°N 60°W-15°E 0-400m). dKE/dt represents the a
tual rate of
hange of KE where as derived dKE/dt represents the rate of 
hange of the KE estimated by balan
ingthe terms within Equation D.9. A 14 day running mean has been applied to the time series to smooth outthe high frequen
y variability.
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Appendix E
List of A
ronyms
Listed as they appear in the text.NRF - National Resear
h FoundationCNRS - Fren
h National Centre for S
ienti�
 Resear
hCHPC - The Centre for High Performan
e ComputingLPO - Laboratoire de Physique des O
eansENSO - El Niño Southern Os
illationSST - Sea Surfa
e TemperatureWES - Wind-Evaporation-SSTSLP - Sea Level PressureCOADS - Comprehensive O
ean-Atmosphere Data SetROMS - Regional O
ean Modelling SystemAPE - Available Potential EnergySSH - Sea Surfa
e HeightITCZ - Inter Tropi
al Convergen
e ZoneSTC - SubTropi
al CellMOC - Meridional Over-turning Cir
ulationSEC - South Equatorial CurrentNBC - North Brazil CurrentEUC - Equatorial Under CurrentNECC - North Equatorial Counter CurrentNEC - North Equatorial CurrentNEUC - North Equatorial Under Current XIX
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APPENDIX E. LIST OF ACRONYMS XXSEUC - South Equatorial Under CurrentGC - Guinea CurrentAC - Angola CurrentBC - Brazil CurrentNEUC - North Equatorial Under CurrentsSEUC - South Equatorial Under CurrentsNBUC - North Brazil Under CurrentABF - Angola�Benguela FrontPIRATA - Pilot Resear
h Moored Array in the Tropi
al Atlanti
ABA - Angola Benguela AreaEOF - Empiri
al Orthogonal Fun
tionNAO - North Atlanti
 Os
illationPE - Potential EnergySODA - Simple O
ean Data AssimilationWOA05 - World O
ean Atlas 2005BPE - Ba
kground Potential EnergyECMWF - European Center for Medium Range Weather Fore
astROMS-TAtl - Regional O
ean Modelling System Tropi
al Atlanti
 SimulationKPP - K-Pro�le PlanetaryNCEP - National Center of Environmental Predi
tionNCAR - National Center for Atmospheri
 Resear
hSML - Surfa
e Mixed LayerSSL - SubSurfa
e LayerKE - Kineti
 Energy




