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Equator ia l Pacific Dynamics: 
Latera l Mixing and Tropical Instabi l i ty Waves 

by 
Luciano Ponzi Pezzi 

This thesis presents a study focused on two main aspects of the equatorial PaciRc dynamics: 
One is the parameterization of lateral mixing and its impact in numerical simulations of the 
equatorial PaciEc ocean. The other is the Tropical Instability Wave (TIW) characteristics in 
eastern equatorial PaciSc region and the associated coupled ocean-atmosphere interactions. 
The main objectives of this research project are achieved using both model and sateUite 
observations. 

An ocean general circulation model (OGCM) is adapted to represent the tropical 
Pacific ocean. Experiments are performed to assess the impact of the form of lateral mixing 
of momentum and tracers on the state of an equatorial ocean. It is found that the large-
scale structure of both the velocity and temperature fields are very sensitive to the imposed 
parameterization of lateral mixing in the model. With uniform values for the viscosity and 
diffusion coefEcient across the domain, a decrease in these coeScients increases the activity 
of TIW, resulting in an increase in the Sea Surface Temperature of the cold tongue, and thus 
overcoming the cold bias often found in ocean models of the equatorial Pacihc. However 
there is an associated increase in the strength of the Equatorial Under Current (EUC) to 
unrealistic levels. It is found that the strength of the EUC can be limited, whilst having 
httle affect on the TIW activity, by applying an enhanced level of mixing in the vicinity of 
the equator. This enhanced mixing is used to model the eEect of the observed interleaving 
of water masses across the equator. 

Descriptions of TIW variability characteristics in the tropical PaciBc ocean as function 
of the large scale chmate conditions and interannual variability, such as ENSO, are made 
based on satellite data. As others have found, the TIW ocean-atmosphere coupling is 
caused by atmospheric boundary layer (ABL) instabihty and mixing. Our observational 
results suggest that this mechanism of wind-SST coupled variabihty may occur not only 
during La Nina years, when TIWs are more active, but whenever the TIWs are active. 
There is evidence that the TIW activity increases when under strengthened wind stress 
conditions either in La Nina years or, 6^ onaZogy, when numerical simulations are carried 
out with stronger wind stress. 

The coupled ocean-atmosphere experiments, using a simplified ABL scheme, under 
diEerent coupUng strengths, suggests that this system is able to accurately simulate the TIW 
atmospheric imprints using a standard coupling coelEcient. The active couphng strength-
ening produces a negative feedback on the TIWs. The TIW activity tend to be reduced in 
both surface and sub-surface ocean. The experiments using active wind interaction simulate 
a cooler Cold Tongue region with anomalous values reaching -0.3°C in some equatorial re-
gions, when compared with the control (CTL) experiment. However, the mechanisms which 
fully explains the ABL eSects in the TIWs characteristics need to be further investigated. 
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Chapter 1 

Introduction 

1.1 Motivation 

One of the most studied and reasonably well understood climatic phenomena in the tropical 

Pacific oceanic region is the so called El Nino Southern Oscillation (ENSO). This is a natural 

and quasi-periodic coupled ocean-atmosphere phenomenon responsible for patterns of the 

global circulation which are related to anomalous chmatic phenomena in many continental 

regions around the globe (Philander, 1992). The oceamc part of this phenomenon is caused 

by changes in the surface winds over the tropical Pacific ocean. Under normal conditions, 

El Nino starts as a relaxation of these strong chmatological equatorial easterly winds that 

produce a strong upwelhng of cold water in the eastern PaciHc that moves westward. 

As a consequence of this wind relaxation, warm surface waters that have been pUed 

up in the western PaciGc move eastward. Conversely, La Nina is estabhshed by oceanic 

and atmospheric conditions generally opposite to those of El Nino, i.e. when ocean waters, 

cooler than average, spread in the central and eastern PaciRc ocean formed by stronger 

uppwelhng, caused by the easterly winds strengthening. 

Since the strong 1982-83 El Nino the scientihc community gave greater emphasis on the 

importance of the ENSO to the world climate and a big eEort was undertaken to improve 

the observational system in the tropical Pacihc ocean (McPhaden of., 1998). By the 

middle of the 1980's the Tropical Ocean-Global Atmosphere (TOGA) program was set up. 

This resulted in the development of an observing system to support seasonal to interannual 

1 
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climate studies focussed on understanding the detailed physics of both Warm Pool and 

Cold Tongue of the equatorial PaciGc. In support of TOGA the Tropical Atmosphere 

Ocean (TAO)^ array was implemented to collect in situ oceanographic and meteorological 

data (e.g., wind, SST and current velocities) and telemetering to shore in real-time via the 

Argos satellite system. 

The so caUed 'El Nino of the century' occurred in 1997-98 and it is illustrated in Fig-

ure 1.1. This episode has developed quite rapidly, from May to the end of 1997, as compared 

to previous intense events including the 1982-83 case. In the eastern PaciEc region, near 

the Ecuadorian and Peruvian coast, waters were warmer than normal reaching 4°C above 

climatological conditions in December of 1997 (as high as 29°C). As part of the ENSO 

cycle evolution, the trade winds rapidly returned to normal conditions in the eastern Pa-

cific around May 1998, allowing for upwelling of subsurface cold waters to appear, marking 

the end of the event in June 1998 and giving rise to La Nina of 1998-99. At this time, 

the scientiEc community was able to forecast and produce warnings some time in advance 

about the intensity and climate impacts produced, as well as monitoring in real time the 

event with TOGA/TAO data. This was the case in South America, where the Centre for 

Weather Forecast and Climate Studies (CPTEC/INPE) ^ supplied the Brazilian govern-

ment and decision makers with information about the ENSO development and associated 

climate impacts. The CPTEC mission is provide state of art numerical weather and climate 

forecasts for the Brazilian government and society as a whole. 

The tropical PaciGc basin plays a signiScant role in the global climate. For instance 

see, Ropelewski and Halpert (1987, 1989) for a good indication of the ENSO impacts in the 

precipitation and temperature over many regions in the world. A relatively small change 

in the SST can produce weather and chmate anomalies over several regions of the globe. 

Nowadays it is possible to forecast with some accuracy and quite well in advance both ENSO 

and its impacts in the temperature and precipitation anomalies in some regions, e.g. over 

North America (Ropelewski and Halpert, 1986, Barnston and Preisendorfer, 1987), Hawaii 

^The TAO array was renamed to TAO/TRITON array on 1 January 2000 since the Japan Marine 
Science and Technology Center (JAMSTEC) introduced a new ocean buoy measurement system 
called TRITON (Triangle Trans-Ocean Buoy Network) to replace ATLAS buoys in the western 
Paci&c. TOGA-TAO data Eire available at http://www.pmel.noaa.gov/tao/j8di8play 

^INPE stands for National Institute for Space Research and CPTBC is part of this insti-
tute. Information about CPTEC and forecasts for South America can be downloaded from 
http://www.cptec.inpe.br 

http://www.pmel.noaa.gov/tao/j8di8play
http://www.cptec.inpe.br
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Figure 1.1: SST and water temperature profile in the equatorial Pacific ocean. Jan-
uary 1997 Normal Conditions, (top panel), November 1997, El Nino mature phase 
(middle panel) and March 1998 El Nino's transition to La Nina (lower panel). The 
images show sea surface topography from TOPEX satellite, SST from NOAA AVHRR 
satellite sensor and sea temperature below the surface as measured by TAO moored 
buoys, illustrating how the thermocline is flattened out by La Nina . Red is 30°C, 
blue is 8°C. The thermocline is the border between the dark blue at the bottom and 
the cyan. Source: http://nsipp.gsfc.nasa.gov/enso. 

http://nsipp.gsfc.nasa.gov/enso
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and Alaska (Barnston and He, 1996), South America (Rao and Hada, 1990, Pezzi and 

Cavalcanti, 2001), Amazon region of South America (Souza et al., 2000) and south of Brazil 

(Pezzi ef aZ., 2001). Some ENSO impacts in the tropical ajid southern Africa, Australia 

and parts of India are reported also in Ropelewski and Halpert (1987) and Ropelewski and 

Halpert (1989). 

Focusing specifically on South America climate impacts, a warm (cold) ENSO phase 

can produce a drastic reduction (increase) in the amount of precipitation over the northeast 

of South America (Nordeste) and eastern part of Amazon region during their rainy season 

Ropelewski and Halpert (1987), Rao and Hada (1990), Souza et al. (2000). On the other 

hand, the southeast of South America can experience an accentuated increase (reduction) 

in the amount of precipitation. 

Extreme chmate Huctuations are observed to impact severely on natural resources, hu-

man life and the economies of several countries in the world. This is mainly true in the 

tropics since the range of weather extremes is not as large as in the extrartropics where 

the weather systems produce large variations in the pressure and temperature. However, in 

the tropics a shift in the precipitation can be devastating. Because of these impacts on the 

world climate caused by the tropical oceans and the possibility of seasonally forecasting the 

oceanic state in advance, there is a strong motivation and need to continue studying and 

understanding these subjects that are related to ocean, atmosphere with interactions both 

at large scales (global impacts) and at regional scales. 

The accuracy of numerical simulations depends of the ability of atmospheric and ocean 

models in capturing the essential physics of the phenomena. Models used for climate studies 

and seasonal forecast purposes lack in representing all physical processes affecting the ocean-

atmosphere interactions. For instance, coupled and forced models tend to exhibit a cold bias 

in the Cold Tongue region. This is a common problem found in Ocean Global Circulation 

Model (OGCM) in which the Cold Tongue is too cold and extending to far west. This might 

be partially caused by the misrepresentation of Tropical Instabihty Waves (TIWs) activity, 

which are known to transport significant amount of heat flux to the Equator (Hansen and 

Paul, 1984). The typical level of lateral mixing used in the models might be large enough 

to damp these wave activities. 
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The model deEciency in reproducing the major features in the tropical climatology 

might be attributed to a sub-grid scale processes misrepresentation as reported in Neelin 

(1992). Previous studies such as Maes et aZ. (1997) and Large et aZ. (2001) have suggested 

that small scale processes such as lateral mixing plays an important role in SST and large 

scale equatorial dynamics simulation. In addition, the mechanisms that control SST and 

the dynamics in the eastern Pacihc cold tongue region remain still unclear and need to be 

further understood. 

This thesis will focus on two main aspects of the equatorial Pacific dynamics: One is the 

parameterization of lateral mixing and its impact in the numerical simulations of the equa-

torial Pacific ocean. The other is the Tropical Instability Wave (TIW) characteristics in the 

eastern equatorial Pacihc region and the associated coupled ocean-atmosphere interactions. 

In the reminder of this chapter we introduce the study area, brieSy review lateral mixing, 

the main characteristics of TIWs and the associated coupled ocean-atmosphere interactions. 

This chapter hnishes outlining the aims of this project. More comprehensive reviews are 

provided in the introductory sections of each chapter. 

1.2 Study area 

The eastern tropical Pacific region is characterized, normally, by a tongue of cold water as 

shown in Figure 1.2, where temperature can vary over 10°C during its annual cycle. This 

pattern is maintained by the Walker Cell circulation, that consists of a large scale zonal 

and vertical atmospheric circulation with an ascending branch over the western PaciGc and 

a descending branch over the eastern Pacific, coinciding with the cool tongue region. The 

appearance of cool water (as shown in 1.2) extends from the west coast of South America 

westward along the equator. During March the water is warm in the eastern Pacihc and 

the SST is nearly symmetric about the equator, with cooler water at the equator as a result 

of equatorial upwelling. After April this upwelhng becomes stronger eind subsequently this 

cool water spreads over the southern hemisphere as a result of mixing processes. Using a 

coupled GCM, Xie (1996) has suggest that the equatorial PaciSc ocean has an annual mean 

climate asymmetry over eastern region caused by the American continental asymmetries. 
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Figure 1.2; Chmatological SST for the tropical Pacific, March (upper panel) and 
September (lower panel). SST data source: Reynolds and Smith (1994). 
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The SST annual cycle in this region is not very well represented in coupled model 

simulations because of the poor representation of the Cold Tongue/ITCZ complex system. 

The mechanisms governing the temperature and salinity field evolution in the oceanic cold 

tongue still need better understanding. These include mixing processes as well as oceanic 

interactions with the atmospheric boundary layer structure. This oceanic region clearly has 

an inHuence over the climate in the continents surrounding it as well as remote impacts on 

the tropical Atlantic, South America (Moura and Shukla, 1981, Nobre and Shukla, 1996, 

Pezzi and Cavalcanti, 2001) and northwest Africa (FoUand oZ., 1986). 

Many efforts have been done by the scientihc community to better understand the 

climate in this region and its teleconnections with the global climate. For instance, the 

importance of the east PaciGc has increasingly being recognized. A speciSc project for this 

area, the Eastern PaciHc Investigation of Climate Processes (EPIC)^, was scheduled for 

the years 1998-2004 to investigate the chmate and the coupled ocean-atmosphere system by 

modelhng and observational studies. It is believed that the extensive marine stratus deck off 

the west coast of South America act to reflect a large fraction of the incident solar radiation, 

which would otherwise be absorbed by the ocean consequently cooling the oceein. This 

reinforces the cross-equatorial contrast in SST and intensifies the cross-equatorial Hadley 

cell circulation (Philander et al, 1996, Ma et al, 1996). A better understanding of the 

eastern Pacific ocean-atmosphere couphng and the Cold Tongue temperature regulating 

mechanisms such as TIWs would beneht the numerical parameterizations improvement, 

basing their developments on the physics evolved in these processes. 

1.3 Background 

1.3.1 L a t e r a l mix ing 

Small scale physical processes and eddy activities have to be parameterized in numerical 

models since they are not explicitly resolved due to the limitations in grid resolution. Ac-

^EPIC is a process study sponsored by NSF and NOAA under t he US CLIVAR, more information 
can be obtained from http://www.atmo8.waghington.edu/gcg/EPIC/ 
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cording to Garrett (2003) and Richards and Edwards (2003), the sub-grid scale processes 

such as lateral mixing needs to be observed and understood so their effects can be repre-

sented based on physical reasoning. 

Nevertheless, due to our lack of understanding, the eddy eSects are included in most of 

the numerical models in a diffusive manner by setting values for division coeGicients, such 

as 

. ^ 

"W.' 

where K is the property being mixed, A/, is the diSusion coefficient, is the velocity Geld 

and 2/i is the direction. The magnitude of the lateral mixing coeSicient (v4/t) is, somewhat, 

related to the horizontal grid resolution used in the simulation since it is used for numerical 

stability reasons. The diffusion value is much larger than molecular viscosity and Richards 

(1998) has suggested that an effective diffusion value is on the order of 1.0 x 10^ m^s"^, 

large enough to affect the dynamics of the system. 

Some attempts have been made to base lateral mixing parameterizations on physics 

reasoning. For instance. Banks (1997), Richards and Banks (2002) and Richards and Ed-

wards (2003) have suggested that the interleaving of water masses in producing meridional 

Huxes of tracers and momentum also plays a role in the lateral mixing and in some way this 

phenomenon might be considered in the parameterizations. Interleaving is a process which 

produces alternate layers in the vertical of two water masses, with the layering brought 

about by differential lateral advection. Up to now, the mechanism responsible for the in-

terleaving formation is still not clear. Richards and Edwards (2003) suggests that inertial 

instability is the prime mechanism for the formation of the interleaving, i.e. caused by 

the shear instability. The secondary candidate is that the interleaving of water masses is 

formed by double-diffusive Suxes. However, observations alone can not be used to distin-

guish between the two mechanisms so that theoretical studies should be done in parallel to 

observations in order to understand both processes. 

Some previous studies have demonstrated that lateral mixing parameterizations can play 

a crucial role in the numerical results. Banks (1997) studied the eEects of lateral mixing 

and intrusive features with a simplified 2-D model. Maes oZ. (1997) demonstrated the 
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importance of the lateral mixing using the OPA OGCM (Madec et aA, 1998) in the Tropical 

PaciSc basin. In that study, the sensitivity of the model simulation to the magnitude of 

the momentum and diffusivity coeSicients is assessed by varying the coeSicients by three 

orders of magnitude. The lateral mixing coe@cients used are 1 x m^s"^, 1 x 10̂  m^s^^ 

and 1 X 10^ m^s"^. Both Banks (1997) and Maes oA (1997) have suggested that the 

strength of the Equatorial Under Current (BUG) increased when the eddy dissipation was 

decreased with an associated change in the vertical mixing. Maes of. (1997) has shown 

that in some regions where they used small horizontal coefBcients the vertical mixing was 

increased as well as the vertical shear. As a consequence changes in the vertical structure of 

the equatorial current systems were produced. They postulated that lateral mixing plays an 

important role in the model solution since a change in the lateral mixing (one parameter) 

characteristics will affect the model's behavior (multi-parameter) changing the role of others 

parameters, e.g. in the EUC regime and in the vertical mixing. 

Even with the improvements made in the knowledge of lateral mixing eSects in equatorial 

simulations, a number of problems still remain. Increasing the horizontal resolution (from 

1/2° to 1/4°) and decreasing the lateral mixing is not the solution to a better representation 

of equatorial dynamics since the model tends to simulate an excessive strong undercurrent 

as it is shown in Chapter 2 and Pezzi and Richards (2003). 

Some recent studies have investigated the orientation of the mixing tensor such as hor-

izontal mixing versus isopycnal mixing. Lengaigne of. (2003) have tested both orienta-

tions in a OGCM, Guilyardi et oZ. (2001) in a coupled GCM (CGCM) and Megann and 

New (2001) in an primitive equation isopycnal coordinate model. All studies have suggested 

that isopycnal mixing of the tracers (temperature and salinity) tend to improve the tropical 

thermocline representation while mixing momentum along isopycnic surfaces improves the 

equatorial current structures (Lengaigne of., 2003). This topic is further explored in 

Chapter 2. 

1.3.2 Tropical Instability Waves 

Oceanic characteris t ics 

Legeckis waves, nowadays called Tropical Instability Waves are oceanic long waves. 



I n t r o d u c t i o n C h a p t e r 1 

They were Srst observed in the Atlantic by Duing e( oZ. (1975) and using environmental 

geostationary infrared satellites over the Equatorial Pacific by Legeckis (1977). They are 

generated over the eastern equatorial Pacific Ocean (Figure 3.1) and propagate westward 

up to the mid Pacific basin with a zonal wavelength ranging from 700 to 2000 Km, period 

from 20 to 40 days and phase speed from 20 to 80 cm s"^ westward approximately (Qiao 

and Weisberg, 1995). 

In recent years a number of research programs have highlighted the importance of study-

ing TIWs by numerical models and observations. A project named Tropical Instability 

Waves Experiment (TIWE) was initiated in the boreal spring 1990 aiming to understeind 

the effects of these waves in the near-surface mass, momentum, heat and energy instabilities. 

During this project observed data have been collected &om arrays of moored instrumenta-

tion, shipboard hydrographic mapping and lagrangian drifter tracking as described in Qiao 

and Weisberg (1995) and Qiao and Weisberg (1998). Also, TIWs have been studied in the 

EPIC and the TOGA project (McPhaden et a(., 1998). 

The generation and propagation of the observed TIWs are associated with the SST 

front produced by the low temperatures of the South Equatorial Current (SEC) and up-

weUed waters within eastern equatorial region. These cooler waters contrast with those 

relatively warm waters from the PaciEc west advected by the North E^quatorial Countercur-

rent (NECC). This region has a marked latitudinal SST gradient and during La Nina years 

the temperature and hence density difference between the cold tongue and the surrounding 

waters is greater. 

These waves grow north of E]quator exhibiting their maxima variability around 2°N 

where the meridional SST gradient is highest and propagate westward &om the vicinity of 

the Galapagos Islands reaching a maximum around 120°W and then decay. Latitudinally, 

the wave activity is decreased on the Equator and increased again further south, around 

2°S. TIWs are important mechanisms in the equatorial Cold Tongue momentum and heat 

balance and salt transport (Hansen and Paul, 1984, Bryden and Brady, 1989, Swenson 

and Hansen, 1999, Vialard oA, 2003a). They are also important for the biological life 

associated with this frontal region (Flament aZ., 1996, Strutton a/., 2001, Menkes ef oZ., 

2002) where a high concentration of marine life occurs. 

10 
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The TrWs energetic and generation mechanisms are not fully understood and there is 

much debate still going on. Using an OGCM resembling the tropical Pacihc ocean Masina 

and Philander (1999) and Masina aZ. (1999) have suggested that waves Eire generated by 

two distinct instability processes that occur in different latitudes. North of the equator the 

waves have barochnic instabilities as the energy source while barotropic instabihty prevails 

at the equator. Their results suggest that the meridional shear between the northern branch 

of the SBC and EUC is barotropically unstable and stronger than those between the SEC 

and NECC. These results are in agreement with those found by Yu aZ. (1995). Using 

a linearized 2 ^ layer ocean model they have shown results suggesting that the meridional 

asymmetries of TIWs are due to asymmetries in the two branches of the South Equatorial 

Current (SEC) and of the equatorial SST front, and not due to the presence of the NECC. 

Baturin and Niiler (1997) have investigated the energetics of the currents associated 

with the TIW activity using satelhte data collected by the Advanced Very High Resolution 

Radiometer (AVHRR) sensor, drifting buoys and current meter mooring (TOGA-TAO) at 

110°W and 140°W. They have analyzed periods of strong and weak instabilities activities. 

In the location of 140°W the main activity is in October when both SEC and NECC become 

stronger and the eddy kinetic and potential energy generation are larger. At 110°W the 

energy production is present during all periods, without signiEcant differences between 

periods of high and low TIW activity. They have also suggested that TIWs might interact 

with the atmosphere, with the wind gaining energy &om the instability waves. 

Flament et of. (1996) and Kennan and Flament (2000) have investigated a tropical 

vortex using data collected from the TIWE. They analyzed a tropical vortex confined in 

the upper thermocline, between 2° to 6°N and 142° to 136°W, using superimposed data 

collected by an array of conductivity-temperature-depth (CTD), acoustic doppler current 

prohler (ADCP) and satelhte-tracked buoy. Away from the equator this vortex drifted along 

the shear layer between SEC and NECC advecting cold, saline, equatorial water northward 

and warmer, fresher tropical water southward. 

The influence of the Galapagos Island on TIWs was studied by Brentnall (1999) using a 

set of numerical results. He has shown that TIWs are more active when the Galapagos are 

present in the experiments, compared with experiments when the islands are absent. The 

main reason for this is the intensiScation of a pair of barotropically unstable zonal jets in 
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the northern and southern flanks of the islands. 

Ocean-atmosphere interactions 

TIWs are oceanic phenomena originating from the equatorial current system shear and 

water masses diff'erences. They are not caused by the surface wind action. However, there is 

a signal of TIW activity in the lower atmosphere, within the Atmospheric Boundary Layer 

(ABL). Recently, Liu et al. (2000) have shown, reinforcing Hayes et al. (1989) and Wallace 

et al. (1989) previous findings, that over warm water the air mixing is increased because 

the buoyancy of the air is increased thus reducing the wind shear in the boundary layer and 

producing stronger winds at the surface. The TIW atmospheric imprints induced by the 

SST changes penetrates the whole depth of the ABL as shown by Hashizume et al. (2002) 

using atmospheric soundings. The surface wind response to the SST gradients can be seen 

in Figure 1.3a. 

now loow 
—• 2.0 m / s 

150W 140W 130W 120W now 100* 

Figure 1.3; Vector wind anomalies (white arrows) are superimposed on the color 
images of SST anomalies (a), and water vapor anomalies (b), for 11 September 1999, 
based on filtered data (After Liu et al. (2000)). 

As the wind moves over these SST anomalies it is accelerated over warm SST anomalies 

and decelerated over cold anomalies producing centers of convergence and divergence at 

maximum SST gradient regions. The convergence maximum (minimum) also coincide with 
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the water vapor maximum (miuimum), where convergence (divergence) feeds (withdraws) 

the water vapor up in the atmosphere increasing (decreasing) the instability in this air 

column, shown in Figure 1.3b. Based on their findings Liu et al. (2000) suggest that the 

modiHcation of the surface winds are due to the ABL stabihty changes, re-enforcing Wallace 

oZ. (1989) and Hayes a/. (1989). A more comprehensive review about this topic is given 

in Chapters 3 and 4. 

1.4 Aims 

A number of important issues concerning the equatorial Pacific dynamics relating to lat-

eral mixing and TIWs have been identified and need further study. The main issues are 

summarized in the following paragraphs. 

The models are not perfect in simulating all oceanic phenomena because they have 

physical and numerical hmitations. The small scale processes, such as lateral mixing, have 

impacts on the large scale dynamics of the equatorial ocean. Lateral mixing of momentum 

and tracers are not exphcitly solved and parameterizations need to be improved considering 

also the physics evolved in the process. This point is considered further in Chapter 2, where 

diEerent lateral mixing parameterizations are tested. 

TIWs exhibit a clear interannual variabihty, being more active during La Nina years. 

Their dependence on other large scale chmatic phenomena, such as ENSO, require further 

study and understanding. Some of the TIWs characteristics as function of the large scale 

climate characteristics are investigated here. The majority of TIWs observational studies 

have focused on one single TIW season. Attempts to extend previous studies by analyz-

ing the TIWs seasonahty are made in Chapter 3 using high resolution satelhte data and 

numerical modelling experiments in Chapter 2. 

Recently the TIW eEect in the atmosphere, via mainly ABL stability modulations, has 

been weU studied by means of high resolution satelhte data and numerical models. However, 

there is still a need to understand the TIWs interactions with the ABL vertical structure 

as well as to explore whether these atmospheric TlW-induced signals can retroact onto the 

TIW oceanic characteristics. Attempts are made in Chapter 4 to investigate, under an 
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oce&n-atmosphere coupled perspective, the ABL eEects in TIWs characteristics. 

The main objectives to be addressed in this project are as follows: 

# To study the sensitivity of both the mean state and TIW activity of the equatorial 

PaciHc to the strength and form of the lateral mixing parameterization. 

8 To determine annual and interannual TIWs characteristics and their dependence of 

the other large scale chmatic phenomena such as ENSO, using satellite data. 

e To study the coupled oceanic interactions with the Atmospheric Boundary Layer and 

determine the possible feedbacks in the TIWs characteristics. 

The main objectives of this research project are achieved using a variety of diSerent 

methods, as rejected in the structure of the rest of the thesis. In Chapter 2, the role 

of the form and strength of lateral mixing in numerical simulations of the oceanic mean 

state, energetics and TIWs generation is investigated. In Chapter 3, the TIWs interannual 

variability under the large scale climate perspective, such as ENSO phenomena, using high 

resolution satellite observations is examined. In Chapter 4, the TIW ocean-atmosphere 

coupling and associated feedbacks are examined. This thesis finishes by the Chapter 5 

where a succinct reminder of what has been achieved is presented followed by suggestions 

of some future directions. 
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Chapter 2 

Lateral mixing and equatorial 
dynamics 

2.1 Introduction 

Ocean models are used in a range of studies of the equatorial Pacific; from studies of the 

basic dynamics, thermodynamics and circulation of the ocean to seasonal prediction of 

ENSO events. The models used vary from very simple and idealized models up to those 

using complex formulations such as Ocean General Circulation Model (OGCM). However, 

OGCMs have numerical and physical limitations in simulating all ocean processes. The 

lack of ability of coupled models to reproduce major features of the tropical climatology 

may be attributed to a sensitivity to sub-grid scale processes as suggested by Neelin (1992). 

Because of limitations of spatial resolution, physical processes that are not explicitly resolved 

have to be parameterized, usually by assuming that small scale processes act in a diffusive 

manner. The magnitude of the associated diffusion coeScients for a given horizontal grid 

resolution is often chosen, somewhat arbitrarily, solely for reasons of numerical stability 

(Delecluse, 1994). Previous studies, however, have demonstrated that mixing processes can 

play a crucial role in the dynamics and thermodynamics of numerical simulations. Ideally 

a parameterization scheme should be based on sound physical reasoning. This is often not 

the case because of our lack of understanding of the physical processes involved on mixing 

diEerent water masses, such as interleaving and internal waves. However, something we can 

do is to investigate the sensitivity of the system to the form of the imposed parameterization 

scheme, in order to ascertain the robustness of conclusions drawn from modelling studio. 
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Lateral mixing plays a important role in determining the sea surface temperature (SST) 

in the equatorial PaciHc as showed by Stockdale oZ. (1993) in a model inter-comparison. 

Maes oJ. (1997) demonstrated the importance of horizontal mixing using the OPA OGCM 

(Madec et aZ., 1998) in the tropical Pacific basin by assessing the model sensitivity to a varia-

tion of two orders of magnitude in the eddy viscosity and diffusivity coeSicients. They state 

that there is a non-linear interplay between horizontal and vertical mixing of the model 

solution since a change in the lateral mixing (one parameter) characteristics aEects the be-

havior of the model (multi-parameter) by changing the role of others parameters, e.g. in the 

Equatorial Under Current (EUC) regime and in vertical mixing. When the eddy dissipation 

is decreased both the strength of the EUC and the SST in the cold tongue are increased. 

The sensitivity of the system to the orientation of mixing was investigated in Lengaigne 

aZ. (2003). They found that the upper part of EUC is deepened and the strength of the 

South Equatorial Current (SEC) increased for the equatorial PaciEc and Atlantic oceans. 

However, when mixing of both tracers and momentum along isopycnic surfaces is allowed, 

they find that the strength of EUC and SEC are simulated more realistically when com-

pared with observations. They argue that the extra equatorial circulation is improved when 

tracer is mixed along isopycnic surfaces compared with when both tracers and momentum 

are mixed along horizontal surfaces. Based on their findings Lengaigne of. (2003) sug-

gested that for a better representation of tropical circulation in climate models, isopycnic 

mixing for tracers and momentum must be considered (see also Megann and New (2001) 

who use an isopycnic coordinate model). 

Some of the above studies have assumed that the viscosity and di^usion coe@cients Eire 

constant across the whole of the model domain. In a region as variable as the tropical/extra-

tropical PaciGc it would be surprising if this were to be the case. One process that has the 

potential of impacting on the larger scale dynamics of the region is the interleaving of water 

masses across the equator (see Richards and Banks (2002)). The interleaving is conGned to 

a few degrees either side of the equator. Richards (1998) argues that the elective diSusion 

is of order 1.0 x 10^ m^s"^, large enough to aEect the dynamics of the system (c.f. Maes 

aZ. (1997)) and indeed shown to do so in idealized studies such as Banks (1997) and 

Richards and EMwards (2003). 

Another feature of the equatorial PaciGc is the presence of Tropical Instability Waves 
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(TIWs) on the eastern side of the PaciHc (e.g. Legeckis (1977), Chelton aZ. (2000)), which 

contribute to the heat budget of the cold tongue. The energetics of the TIW activity haa 

been analyzed in an OGCM by Masina aZ. (1999) at a fixed value of viscosity and tracer 

diffusion coefficients. The waves are aSected by the prescribed mixing pareimeteriziation, 

however, the sensitivity of the wave activity to the form of the mixing parameterization 

needs to be ascertained. 

The purpose of this chapter is to investigate the sensitivity of both the mean state and 

TIW activity of the equatorial PaciEc to the strength and form of the mixing parameteriza-

tion. This investigation should be viewed as an extension of the work of Maes aZ. (1997) 

and Lengaigne aZ. (2003). We choose, however, to study the sensitivity of the system 

in a rectangular domain with idealized forcing to simpli^ the interpretation of the results. 

The rest of the chapter is organized as foUow. In Section 2.2 the model configuration, pa-

rameterization and experimental setup are described. In Section 2.3 the model sensitivity 

to the magnitude, orientation, grid resolution and form of the mixing are analyzed. The 

meridional heat transport is analyzed in Section 2.4, model energetics is investigated in Sec-

tion 2.5 and the effects on TIW characteristics are considered in Section 2.6. A summary 

and conclusions are presented in Section 2.8. 

2.2 Model configuration and experiments performed 

OPA is a numerical ocean general circulation model (OGCM) designed for oceanic studies 

and its interactions with other components of the climate system i.e. atmosphere, sea-ice 

and biogeochemical tracers. This model has been used in many fields of oceanographic and 

climatic research and an extensive reference list of OPA applications can be found in Madec 

aZ. (1998). 

The variables are distributed on a three dimensional Arakawa C type grid using pre-

scribed horizontal (Z) levels. This OGCM solves the primitive equations following Bryan 

(1969) as referred in Madec et oZ. (1998) with a large variety of physical options and the 

prognostic variables are the three dimensional velocity Eeld and thermohaline variables. A 

leapfrog three-level centered time differencing scheme is used for non-diAisive processes. 
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The Hrst time step of this three level scheme when starting from an ocean at rest is a for-

ward step. The numerical techniques used to solve the primitive equations are based on 

the centered second order hnite diEerence approximation. A fuU description with all model 

formulations can be found in Madec aZ. (1998). A brief description of the model and 

configurations are presented as Appendix A and B. 

For this study the model is configured in a rectangular equatorial domain, without 

bottom topography. The domain covers a region extending from 31°S to 31°N and 120° in 

longitude (arbitrarily referred to as 1° to 120°, from west to east) resembhng the tropical 

Pacific ocean. All lateral boundaries are closed using no-slip conditions. The model grid 

is stretched within the equatorial region and over the westernmost region of the domain to 

better resolve the equatorial current system and the western boundary currents, respectively, 

when a coarse grid resolution is used. We choose to use two grid resolutions. For the 

coarser of the two, the grid spacing in the meridional direction is 1/2° between 5°S and 

5°N, increasing to 2° by 10°S(10°N). The zonal grid spacing is 1/2° at the western boundary 

increasing to 1° by longitude 10°, and remaining at this grid spacing over the rest of model 

domain. The line grid resolution version has 1/4° in the zonal direction covering all the 

domain and in the meridional direction it has 1/4° within the equatorial region extending 

from 5°S to 5°N increasing to 1° towards the northern and southern boundaries. There 

are 31 levels in the vertical, with the highest resolution of approximately 10 meters in the 

top 150 meters. Below this depth the resolution decreases down to 500 meters near the 

ocean bottom at 5000 meters depth, for both coarse and Sne grid resolutions. Vertical 

mixing is computed using a prognostic turbulent kinetic energy (TKE) equation (Blanke 

and Delecluse, 1993). The majority of the results presented here are &om experiments using 

the 6ne grid resolution. Wis compare the results of experiments with the hne and coarse 

grid resolution to give an indication of the effects of grid resolution. 

All experiments are forced by Hellerman and Rosenstein (1983) climatology, zonally 

averaged monthly mean wind stress over the Pacihc ocean basin mapped onto the model 

domain. Temperature and salinity are initiahzed A-om zonally averaged values Levitus and 

Boyer (1994) and the ocean starts from rest. Sea Surface Temperature (SST) and Sea 

Surface Salinity (SSS) are restored towards zonally averaged cHmatological observations 

(Levitus and Boyer, 1994). The results are analyzed after the 4*^ year of integration when 
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the upper ocean solutions have reached a statistically quasi-steady state. 

The experiments carried out with the fine resolution model are shown in Table 2.1 and 

they are spht in two groups according to the lateral mixing orientation applied. In the 

Grst group, four experiments have tracers and momentum mixed along horizontal (HOR) 

surfaces and in the second group tracers and momentum are mixed along isopycnic surfaces 

(ITM). The momentum and tracer di&isivity are set to be the same and are referred for 

simplicity as 4̂/̂ . In this study different diffusion regimes are imposed to each experiment 

with the eddy viscosity and di^usivity coeGicients varying from high to low values. In the 

first three regimes, the A/, used is 4.0 x 10^m^s"\ 2.0 x lO^m^s"^ and 4.0 x 10^ m^s^^, 

respectively. 

SFC Name ^ ^ 2 ; 

HOR 
Hor301 4.0 x 10^ 21.85 63.13 15.49 1.89 

HOR Hor302 2.0 X 10^ 21.72 88.14 22.30 4.33 HOR 
Hor303 4.0 X 10^ 22.01 133.53 34.80 19.17 

HOR 

Hor304 4.0 X 10^ + 2.0 X 10^ 21.99 81.20 23.10 9.18 

ITM 
Itm301 4.0 X 10^ 21.42 83.81 24.84 4.26 

ITM Itm302 2.0 X 10^ 21.60 97.34 28.38 8.65 ITM 
Itm303 4.0 X 10^ 21.92 130.38 38.89 25.19 

ITM 

Itm304 4.0 X 10^ + 2.0 X 10^ 21.71 86.10 26.63 16.10 

Table 2.1: Description of the numerical experiments performed, where the columns 
represents: Lateral mixing orientation (HOR means horizontal mixing and ITM isopy-
cnal mixing for tracers and momentum), experiment names, mixing coe&cients (A/^, 
units are in m^s"^), averaged over the Cold Tongue region (°C) extending from 
6°N to 6°S and 90° to 119° of longitude, EUC maximum value (cm s"^), mean (MKE) 
and eddy kinetic energy (EKE) averaged zonaUy over the whole domain, from 8°N to 
8°S and over the top 270m (units are m^s"^). 

In the fourth regime a parameterization based on a representation of interleaving is 

applied. Our knowledge and understanding of interleaving in the equatorial PaciHc is still 

far from complete, as stated by Richards (1998), and, because of relatively high levels of 

mixing and limited vertical resolution, interleaving is not represented in OGCMs. In the 

equatorial PaciEc, the hresher water to the north of the equator and the salty water to 

the south are often observed to interleave. The intrusive features (layers) generated in the 

frontal region between these two water masses can have a meridional scale of 0(100 Km) 

and a vertical scale of 0(10 m) as shown in Richards and Banks (2002). 
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Richards and Edwards (2003) consider ways of parameterizing the effects of interleaving 

in OGCMs. As they remark, the most appropriate form for the parameterization depends 

on the physical mechanism for the formation of the layers and the controls limiting layer 

growth. Here, ag a first step in accessing the importance of interleaving on the large scale 

dynamics of the equatorial ocean, we will assume that the interleaving acts in a diSusive 

manner on the large scale. E^stimates of an elective lateral diffusion coeGicient caused 

by interleaving are of 0(10^ m^s"^), according with McPhaden (1985) and Richards and 

Banks (2002). A rationale for increasing the lateral mixing in the vicinity of the equator is 

assumed. The choice of the functional form for the meridional dependence of the enhanced 

mixing is somewhat arbitrary. We require a function that reduces to zero away from the 

equator (a Gaussian has this property) and that the lateral diSusion coefEcient can be 

written as 

• ^ h — ^0 "I" (2.1) 

where Ao is a constant background digusion coefhcient (here taken to be 4.0 x lO^m^s"^) 

and AofW represents the eAFect of interleaving on the large scale helds of velocity and treicers. 

The effect of interleaving is chosen to be maximum on the equator decreasing away &om 

the equator on a length scale of Z/ (with Z, = 2° of latitude). The dependency of 

on the state of the ocean depends very much of the assumptions made for the processes 

controlling the interleaving (see Richards (1998)). However we can estimate to be of 

order 0(1.0 x 10^ m^s"^). Here we will set — 2.0 x 10^ m^s"^. 

Name S t d f j i d x CT 

ItmSOl 4.0 x 10^ 0.16 29 
Itm302 2.0 X 10^ 0.30 23 
ItmSOS 4.0 x 10'̂  0.43 24 
Itm304 4.0 X 10^ + 2.0 X 10^ 0.43 23 

Table 2.2: Table showing diagnostics statistics. First column are experiment names 
and second are the lateral mixing coe&cients used in the experiments, units are 
m^s"^. Third column, maximum standard deviations at 4°N along of all model domain 
(units are in °C). Fourth column is showing the maximum wave propagation speed 

obtained with Radon Transform (units are in cm s"^). 

Table 2.1 hsts not only the experimental details but also, for comparison, a number of 
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model diagnostics: area averaged Sea Surface Temperature (5'5'7^) within the cold tongue 

region, extending from 6°N to 6°S and 90° to 119° of longitude, and the mean (MKE) and 

eddy kinetic energy (EKE) zonally averaged over the whole domain, from 8°N to 8°S and 

over the top 270m. The results presented in both Tables 2.1 and 2.2 are discussed later. 

2.3 Mean State Analysis 

2.3.1 T h e equa to r i a l c u r r e n t s y s t e m 

The zonal component of the annual mean velocity between 10°S and 10°N of latitude in 

the eastern region of the basin at 97° longitude is shown in Figure 2.1 for varying and 

mixing orientation. All model experiments are able to reproduce the gross features of the 

equatorial current system (see Wyrtki and Kilonsky (1984) for a rough comparison); the 

two (northern and southern) branches of the South Equatorial Current (SEC) in the upper 

ocean flowing westward, the EUC Sowing eastward with its maximum at the equator and 

the North Equatorial Counter Current (NECC) between 6°N and 8°N (refer to Table 2.1 

for the maximum values of the EUC). 

The current magnitudes simulated are overestimated when compared with observations 

shown in Wyrtki and Kilonsky (1984). They have shown a mid Pacific annual mean cross-

section for the period April 1979 to March 1980. The EUC maximum speed is around 55 

cm s"^ and the core 140 meters depth, approximately. 

The model equatorial current system is found to be very sensitive to the level and form 

of lateral mixing. Decreasing the magnitude of the lateral mixing coeGicient by one order of 

magnitude increases the strength of the EUC by 100% (Figure 2.1a-d) with the EUC being 

narrower with lower values of diSusivity. Likewise, the strength of the SEC and NECC 

increase with decreasing with an associated deepening of both currents. 

Figure 2.2 shows the and plotted for all lateral mixing coefficients used 

in the experiments. It should be noted that the additional mixing experiments (with 

given by Equation 2.1) are plotted using an abscissa value of yl/, = 2.4 x 10^ m^s^^. We note 

two points A-om the general behavior of the system. The first is that although the is 
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Figure 2.1: Vertical section at 97° of longitude of the zonal velocity component, u, 
for the fine grid resolution experiments. Left column shows the experiments where 
tracer and momentum are mixed along horizontal surfaces (HOR), and right column 
tracer and momentum being mixed along isopycnals (ITM). Ah is the lateral mixing 
coefficient applied on the experiments. Units are in cm 
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greatest for the lowest value of ^4/, there is not a monotonic increase with decreasing for 

all series of experiments. The second is that, perhaps reassuring, the points tend to cluster 

for the lowest value of for and In other words, the characteristics of the 

model become less dependent on the formulism of lateral mixing and grid spacing at small 

values of diffusivity. 

With regards to the kinetic energy of the system we see, ag expected, an increase in the 

mean kinetic energy (MKE) and eddy kinetic energy (EKE) when yl/, is decreased (see Table 

2.1). It is worth noting that the vertical transport was not found to vary signiAcantly as the 

lateral mixing coe@cients are varied, by analyzing the annual zonal mean of the meridional 

overturning circulation between 10°N and 10°S. According to (Maes 1997), this is a 

convenient way to quantify the impact of the lateral mixing on the meridional circulation 

and its link to the vertical circulation. However, our results are in contrast to Maes ef aZ. 

(1997) who find that the strength of the meridional ceU decreases as the lateral mixing 

coeGicients are decreased, caused by an associated increase in the vertical mixing. In our 

case the only signiEcant change is a modest increase of around 10% in the vertical transport 

when the enhanced mixing is applied. The precise reason why we see a smaller variation in 

the strength of the meridional ceH with the value of lateral mixing is unclear, but presumably 

is related to a smaller variation in vertical mixing. 

2.3.2 M i x i n g o r i en t a t i on 

In general, the experiments with the mixing of tracers and momentum (ITM) along isopycnic 

surfaces produce stronger currents, increasing the EUC velocity and both north and south 

branches of the SEC and also a better dehned NECC compared with experiments when 

tracers and momentum are mixed horizontally (HOR) (see in Figure 2.1 and Table 2.1). 

We End, in accord with Lengaigne aZ. (2003), that rotating mixing to be along isopycnic 

surfaces reduces the elective diapycnal diEusion. This gives stronger density gradients, 

producing a tighter pycnocline accelerating the equatorial current system. 

However the diSerences between experiments with diSerent mixing orientation are de-

pendent on both the level of mixing and the numerical grid. For instance the percentage 

increase of the gain from horizontal to isopycnic mixing is 31%, 10% and -2%, 
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Figure 2.2: Gross properties of the model solutions: [a] SST averaged over the cold 
tongue region (extending from 6°N to 6°S and 90° to 119° of longitude) plotted against 

for all experiments; [b] E'C/Cmoi plotted against for all experiments. Note that 
symbols plotted at A/, = 2.4 x 10^ m^s"^ correspond to t h e additional lateral mixing 
experiments 
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for Ah = 4.0 X 10^ Ah = 2.0 x 10^ and Ah = 4.0 x 10^ respectively. 

Note that the EUC with isopycnic diffusion slows down slightly (compared to horizontal 

diffusion) for the low diffusion case. We also note that the differences in the SST of the cold 

tongue, SSTc for horizontal and isopycnic mixing and with Ah = 2.0 x 10^ m^s'^ is 0.4°C 

for the coarse grid experiments but only 0.1°C for the fine grid experiments. 

2.3.3 E n h a n c e d equa to r i a l mix ing 

The results of the experiments with enhanced mixing restricted to a few degrees either side 

of the equator show that the system is sensitive to such mixing, where here we are taking 

the enhanced mixing to be representative of the interleaving of water masses. Solutions with 

enhanced equatorial mixing (see Figure 2.Id and h) are somewhat intermediary between 

those with moderate and low (but constant) diffusion. For instance the enhanced equatorial 

mixing keeps the core speed of the EUC to a modest value, whilst the speed of the flow away 

the equator (e.q. the NECC) is now similar to that of the low diffusion case (see Table 2.1). 

The MKE of the enhanced mixing case is similar to that with a constant — 2 X 10^ 

m^s~^. This is not so for the EKE which has significantly higher values for the enhanced 

mixing case. The characteristics of the eddy field will be discussed further in Section 2.5. 

The strength of the EUC with enhanced equatorial mixing is consistent with the speed 

we could expect with a constant diffusivity coefficient (see Figure 2.2b). However the average 

SST of the cold tongue region, SSTc, is elevated above that for the equivalent constant Ah 

case, by as much as 0.5°C of the experiment with the coarse grid and isopycnic mixing 

(Table 2.1). Although the raise in the average SST is smaller for the other experiments, 

locally there are similar 0(0.5°C) increases over an appreciable area in all experiments. 

This increased value of SSTc is brought about by the enhanced tropical instability wave 

activity allowed by the reduced levels of diffusion away from the equator (see Section 2.6). 

2.4 Meridional Heat Transport 

A primary condition for an OGCM be a good tool to couple with an atmospheric model 

is its capacity to represent the equatorial thermal structure since the surface layers will 
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have a strong impact on the atmospheric circulation, e.g the ENSO phenomenon. The 

ocean-atmosphere system is a large heat engine where the sun is the main source of energy. 

A great part of this incoming heat is redistributed in the ocean by the wind generated 

currents, transient systems and the thermohaline circulation. 

Here we will consider the integrated meridional heat flux across a zonal section (r -

longitude vs z - depth) of the basin, given by 

(2-2) 

where, a; extends over the whole longitudinal domain, z extends from surface down to 

270 m depth, MjifTrot is the total meridional heat transport, n the meridional velocity, ^ 

potential temperature, the mean sea water density (taken to be 1000 kg m"^) and 

is the speciSc heat capacity, (4093 Jkg"^ ° K"^). The diffusive heat Gux is not analyzed. 

The contributions by the time mean and eddy components of the flow can be calculated 

by decomposing f and T into their time mean and Euctuating components, respectively 

i.e. r — + r ' and ^ 0 and substituting in Equation 2.2. Thus mean and eddy 

components of the meridional heat transport are given by 

MjifTMeoM = y y (2.3) 

and 

MZf%cWy = m C p y yi ;Vdzcfz (2.4) 

respectively. 

The mean and eddy meridional heat fluxes using the fine grid resolution are shown in 

Figure 2.3, respectively. Similar characteristics are displayed by the coarse grid model (not 

shown). The analysis is done for the largest, smallest diEusivity coefRcients and additional 

mixing experiments, namely 4̂/̂  = 4.0 x 10^ m^s"^, ^4/. = 4.0 x 10^ m^s"^ and A/, = 2.0 x 10^ 

m^s"^ -I- 4.0 X 10^ m^s"^, respectively. The heat gained by the equatorial ocean at the sur-

face is transported poleward and the mean heat flux is larger in the northern hemisphere 

compared with that in the south. As shown in previous studies (Hastenrath, 1982, Phi-

lander, 1990), the Pacific ocean has a characteristic of poleward heat transport because 

the meridional equatorial currents are composed of a strong divergence in the surface layers 
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and subsurface convergence underneath, moving warm surface waters poleward while colder 

waters return equatorward, mainly within the thermocline region (Philander, 1990). 
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Figure 2.3: Meridional Heat Transport (units are 10^^ Watts) for the Gne grid resolu-
tion experiments. HOR, mixing tracer and momentum along horizontal surface and 
ITM mixing tracer and momentum along isopycnal surface: solid line, — 4.0 x 10^ 
m^s"^; dashed line, = 4.0 x 10^ m^s"^; dashed-dot line, Additional mixing exper-
iment. Units are 10^^ Watts. 

The mean meridional heat Hux in the experiments performed with the fine grid resolution 

using different mixing coefEcients show small differences between them (Figures 2.3 a and c). 

There is an asymmetry in the heat Eux with the region of no net meridional Bux located at 

3°S. The largest differences between the experiments are located between 0 and 5°N in the 

region where the TIWs occur, and for the high diffusion case around 10°N with tracers and 

momentum being mixed along horizontal surfaces. The high diffusivity horizontal mixing 

experiment shows a single peak in the mean heat flux occurring around 10°N. As the lateral 
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mixing coefEcient is decreased the mean heat Hux is increased within the TIW region giving 

a second peak. 

As the difTusivity is increased the eddy heat transport, which Suxes heat down gradient 

towards the equator is reduced as the eddies (and TIWs) are damped (Figures 2.4b and d). 

This eSect is strongest with horizontal mixing when .A/, = 4.0 x 10^ m^s"^, with the eddy 

transport almost completely damped out. The maximum difference in eddy heat Sux be-

tween the highest and lowest diffusion cases reaches almost 0.4 PW. There is corresponding 

change in the amplitude of the mean heat Hux. Generally the eddy heat Guxes are larger 

for the isopycnic mixing cases with the diEerence between horizontal and isopycnic mixing 

being reduced as the diSusion coefEcient is reduced. The magnitude of the eddy 6ux peaks 

at around 4°N and 4°S with indications of a secondary peak (or at least shoulder) forming 

closer to the equator as the diffusivity is reduced. 

2.5 Energetics 

2.5.1 Kinetic Energy Distribution 

In an eEort to understand and evaluate the energetics of the mean state and transients 

generated in the numerical experiments a kinetic energy analysis is performed. Analogous 

to the heat Eux analysis, we divide the total kinetic energy, TiTf, into the time mean kinetic 

energy, and eddy kinetic energy, Thus, 

(2.5) 

where 

and 

= ^/)(^/^ + f'^) (2-6) 

In this case, the time mean is taken over the last year of the experiments. 
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Figure 2.4 shows a vertical section of the kinetic energy in the eastern part of the domain 

at 97° of longitude. Shaded areas represent A'm, while jfg is represented by solid lines. The 

Kg indicates the region where the energy of the eddies (here associated with TIW activity) 

are located while the jiTm represents the energy structure of the mean How. The analysis 

is performed in the Hrst 270 meters of depth since the major eddy activity is conAned 

within this depth. In all cases the most energetic region is between approximately 6°S 

and 6°N and is where the strongest gradients in the equatorial currents and temperature 

occur. The most energetic regions of the mean state are where the EUC and SEC north 

and south branches are located. fTm is increased when the diffusivity is reduced, following 

the same pattern as the EUC and SEC velocity and also showing largest values for the 

experiments performed with the 6ne grid resolution as shown in Figure 2.4 when compared 

with the coarse resolution ones (not shown). The distribution of has a maximum at 

the surface and &om there the energy decreases splitting downwards into two energetic 

branches. One goes down between the EUC and southern SEC branch in a region of strong 

shear between these two currents. The northern branch of A'e is shghtly more energetic 

than the southern and is in the region between the EUC and SEC northern branch. For a 

given division coefBcient both the mean and eddy kinetic energy are greatest when tracers 

and momentum are mixed along isopycnals (Figures 2.4e to h), following the same pattern 

as the current speed. For instance when A/, = 2.0 x 10^ m^s"^ (Figure 2.4f) is twice 

as large (having a maximum of 50 m^s"^) when compared with the horizontal mixing on 

Figure 2.4b (maximum of 25 

There is a marked change in the distribution of eddy kinetic energy as the diSusion 

coefficient is reduced to yl/, = 4.0 x 10^ (Figures 2.4c and g). At higher values of there 

are maxima in either side of the equator (the greater being towards the north). For 

the lowest value of there is now an intense maximum centered on the equator with 

subsurface maxima to the north and south. With enhanced mixing close to the equator 

(Figure 2.4d and h) the equatorial maximum in A'e is eradicated, but the northerly and 

southerly subsurface maxima remain. In this case, the level of eddy activity away from the 

equator is actually increased and more widely spread when compared to that for a constant 

A/t = 2.0 X 10^ m^s"^ (Figures 2.4b and f). It might be consequence of the lower mixing 

used away from the equator. 
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Figure 2.4: Mean Kinetic Energy (MKE) shaded and Eddy Kinetic Energy (EKE) 
for the fine model grid resolution experiments. Horizontal mixing for tracers and 
momentum (HOR) are shown in the left column and isopycnal mixing (ITM) in the 
right column. Units are m^s~^ 
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2.5.2 E n e r g y t r a n s f o r m a t i o n analys is 

Strong current shear and temperature gradients occur within the tropical Paci6c region and 

as a consequence TIW's are generated in this region. However the generating mechanism 

for these waves is not completely understood and is still under discussion by the scientific 

community. Barotropic instability, initiated by the shear between the EUC and SEC, also 

between the EUC and NECC is attributed as an important mechanism for TIW generation 

(Luther and Johnson, 1990, Qiao and Weisberg, 1998). However these waves have other 

processes contributing to their generation, such as baroclinic instability, as argued by Luther 

and Johnson (1990) and Masina et al. (1999), acting as a trigger mechanism further north 

and south of equator. 

In this section we analyze the energetics of the model experiments simulated using 

different mixing regimes. To analyze the influence and energy source of the equatorial 

waves the barotropic and baroclinic production terms of the eddy kinetic energy equation 

are computed, following a similar approach used by Masina aZ. (1999). For the sake of 

brevity only the dominant terms in the eddy kinetic energy equation will be discussed here. 

The full equations can be found in Masina et al. (1999). 

The eddy kinetic energy equation is 

^ + n . + % , + u ' . VAT, + = 

— u' • Vp' + po[—VL • ( —u' • Vu) — u ' • (iw'uz 

+ u ' • ( u ' • V u ' ) + u ' • {W'VL') 

+ ^h(u ' • V^u') + u' • z)z\ (2-7) 

where is the eddy kinetic energy, u = ux+i;y, the horizontal velocity vector, and V is the 

horizontal divergence. The terms on the left hand side of (Equation 2.7) represent the local 

tendency, and horizontal and vertical advection of by the t ime mean and Huctuating Sow, 

respectively. The first term on the right hand side of (Equation 2.7) represents the pressure 

work divergence done by the eddies that tend to redistribute the kinetic energy spatially. 

The second and third terms are the barotropic energy conversion terms between the mean 
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How and eddies through deformation work. The fourth and fifth represent the divergence 

of jiTe by the Huctuating velocity field. The two last terms represent the horizontal and 

vertical eddy dissipation. Calculation of the various terms is made from a time series of 

instantaneous fields taken every 6ve days with the time mean (given by an overbar) taken as 

the annual average. The conversion of mean kinetic energy into eddy kinetic energy occurs 

when the horizontal or vertical deformation work terms in (Equation 2.7) are positive, 

respectively. The horizontal deformation term of (Equation 2.7) is known as barotropic 

conversion whilst the vertical term is Kelvin-Helmholtz conversion. 

Assuming the hydrostatic approximation, the eddy divergence pressure Hux, u' - Vp' in 

(Equation 2.7) can be written as (c.f. Masina oL (1999)) 

- V y = — V - ( u ^ ) — (wy)z — (2.8) 

The last term on the right hand side represents the conversion of mean available potential 

energy to eddy kinetic energy, A'e, i G eddy kinetic energy is gained through the vertical 

deformation work. This term is known as the baroclinic conversion term and we restrict 

the baroclinic analysis to this term. 

We End the dominant production terms in (Equation 2.7) are — i n and — 

(see Equation 2.8). Hereafter these terms are referred as the barotropic and baroclinic con-

version terms, respectively. The other horizontal deformation work terms, e.g. — 

are smaller than the barotropic term and they are not considered here. 

Horizontal sections at 5 meters depth (the upper level of the model) (Figure 2.5) show 

that there are three primary regions of eddy kinetic energy production. When A/, = 2.0 x 

10^ m^s"^ (Figure 2.5a), the barotropic conversion shows a maximum in the equatorial 

region and is related to the conversion of mean flow kinetic energy into eddy energy due 

to the meridional current shear. The magnitude and spatial distribution of the barotropic 

conversion are sensitive to the mixing scheme applied. As the mixing coeSicient is decreased 

the barotropic conversion is increased as a consequence of the increase on the current shear 

(see for instance Figure 2.1). In the case where low mixing is used (Figure 2.5b), there is 

a considerable increase (more than a factor of two) in the production of by barotropic 

conversion in the equatorial region as the EUC strengthens and tightens. For low there 

is a secondary maximum of energy occurring just north of 4°N. This secondary maximum 
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is due to the stronger current shear between the SEC and NECC. 

For the enhanced equatorial mixing case (Figure 2.5c) the pattern is digerent &om either 

the high or low diSusion cases. The enhanced mixing suppresses the barotropic conversion 

on the equator, with an oE-equator region of high values of conversion centered on 3°N (i.e. 

southward of that for low diffusion and somewhat to the west). 

On the other hand, the pattern of the time mean baroclinic conversion term is relatively 

insensitive to the level of lateral mixing. Barochnic conversion is strongest in the region 

where TIWs originate, just north (between 2°N and 5°N) and south (2°S and 5°S) of the 

equator. Note that the maximum value of the baroclinic conversion term is actually highest 

for = 2.0 X 10^ m^s"^ (Figure 2.5d). There is a strong interplay between the vertical 

and horizontal shear and the barotropic and baroclinic production of eddy kinetic energy. 

The pattern and strength of the barotropic and baroclinic conversion terms with = 

2.0 X 10^ m^s"^ are comparable to those found by Masina aZ. (1999) in their experiments 

using a more realistic model domain and constant wind forcing. Here we And, however, 

that the production of eddy kinetic energy (particularly that brought about by barotropic 

Instability) is very sensitive to the level and form of lateral mixing. 

The vertical distribution of the time mean barotropic and baroclinic conversion terms 

in the eastern part of the domain (97° longitude) is presented in Figure 2.6. Overall, the 

changes in the patterns of barotropic and baroclinic conversion with respect to the level 

of lateral mixing are similar to those at the surface. But note that the maxima in values 

are generally subsurface between 40 to 60 m depth. The barotropic conversion is primarily 

produced by the shear between the EUC and the northern and southern limbs of the SEC. 

An exception is the surface maximum in barotropic conversion brought about by the shear 

between the SEC and NECC for low values of lateral mixing. The other noteworthy feature 

is the much greater depth penetration of the barotropic conversion when the lateral mixing 

is low close to the equator. 

The energy conversion terms are shown as a function of time and depth in Figure 2.7. 

In each case we have averaged the conversion term over the 90° to 110° longitudinal band 

and between 8°S and 8°N. The general form of the baroclinic conversion term changes little 

as the lateral mixing is varied, it reaches a maximum around October with a secondary 
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Figure 2.5: Horizontal sections at 5 meters depth of the time mean barotropic con-
version term [a-c] and time mean baroclinic conversion t e rm [d-f]. Experiments using 
A/; = 2.0 X 10^ m^s"^, = 4.0 x 10^ m^s^^ and additional mixing respectively. The 
units are in 
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Figure 2.6: Vertical sections at 97° longitude of the time mean barotropic conversion 
term [a-c] and time mean baroclinic conversion term [d-f]. Experiments using Ah = 
2.0 X 10^ Ah = 4.0 x 10^ m^s"^ and additional mixing respectively. The units 
are in ijWm~^. Shaded regions show the zonal velocity component, units are in cm/s. 
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maximum around March. Both maxima are around 40m depth. Decreasing the lateral 

mixing coeSicient has a tendency to shift both maxima by about a month earher in the 

year, with an increase in the secondary maximum, and a slight reduction in the depth for 

which the term is positive. Interestingly, the secondary maximum has its largest value for 

the enhanced mixing case. 

There are major changes to the barotropic conversion term. Again the major activity 

is around 40m depth. However, with = 2.0 x lO^m^s"^ the levels of the barotropic term 

are generally low except towards the end of the year, with the barotropic term peaking 

after the barochnic term. With 4̂/̂  = 4.0 x lO^m^s"^ there is enhanced barotropic activity 

from the middle of June onwards, with a maximum before that of the baroclinic term, 

continuing through to April the next year, while for the enhanced mixing case the levels 

of barotropic activity are much reduced. The times with enhanced levels of baroclinic 

conversion correspond with times with high TIW activity. A more detailed analysis of the 

seasonality and spectral characteristics of the TIWs is done in the next section. 

2.6 TIWs response to lateral mixing 

In this section the characteristics of the model generated TIWs are examined as a function of 

the lateral mixing imposed in the model experiments. A comprehensive review of TIWs are 

shown in Chapters 3 and 4. The model is able to capture the basic observed characteristics 

of TIW activity and their seasonality. The waves in the model experiments are present 

between 2°N - 4°N and 2°S - 4°S within the eastern part of the domain and exhibit a 

weU defined cusp-shaped wave pattern (not shown), typically extending &om 70° to 120° 

of longitude. The most active model-generated TIWs are located north of the equator, 

coincident with the region of high levels of eddy kinetic and baroclinic conversion (see 

Section 2.5). 

Here we examine the model TIW activity using time series of SST at 4°N during the last 

year of integration. To isolate and enhance the signal of the westward propagating features 

(TIW) a high-pass 2-D digital hlter is apphed. The digital filter used takes into account 

wavelength and period (see Cipollini af. (2001) for Elter details). In our case, TIWs are 

considered all oscillations with zonal wavelength ranging from 5° to 25° of longitude and 
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Figure 2.7: Time-depth sections of barotropic [a-c] and baroclinic [d-f] conversion 
terms, averaged over the 90° to 110° longitudinal band and between 8°S and 8°N. 
Experiments using = 2 x 10^ m^s'^ (upper panels), = 4 x 10^ m^s"^ (middle 
panels) and additional mixing (lower panels), respectively. The units are in 

period ranging from 10 to 60 days. 

2.6.1 TIW activity 

The resultant high-pass SST data are showed in Figure 2.8 as a HovmoUer (time-longitude) 

diagram for the Ene grid resolution experiments when tracers and momentum are mixed 

along isopycnal surfaces. The TIW can be clearly identified in the time-longitude plots as 

westward propagating features whose amplitudes are modulated on seasonal time scale: the 
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most energetic period being the second half of the year and extending to the beginning of 

the following year. The properties of the TIWs are very sensitive, as is the mean state, to 

the level and orientation of the lateral mixing (Figure 2.8). 

Itm 301 Ah=4000 m^/s SST at 4°N Itm 302 Ah=2000 m7s SST at 4°N 

20 40 60 80 100 

Itm 303 Ah=400 m^/s SST at 4°N 

I 

20 40 60 80 100 

Itm 304 Ah=400+2000 n f / s SST at 4"N 

Figure 2.8: Filtered SST, displaying TIWs, at 4°N as a function of time (y-direction) 
and longitude (x-direction), for the fine model grid resolution experiments mixing 
tracers and momentum along isopycnal surfaces. Top left Ah = 4.0 x 10^ m^s~\ top 
right Ah = 2.0 x 10^ m^s"^ , bottom left Ah = 4.0 x 10^ m^s"^ and bottom right 
enhanced lateral mixing (Add) experiment, respectively. Units are °C. 

Experiments using horizontal mixing for tracers and momentum tend to damp out the 

TIW activity (not shown) when compared with isopycnal mixing. Additionally, the waves 

are more intense and confined to the eastern part of the domain when both tracers and 

momentum are mixed along isopycnal surfaces. A large diffusivity tends to damp the wave 

activity producing more organized propagation patterns as well as confining the waves to 

the eastern portion of the domain, as showed in Figure 2.8 upper left panel. The experiment 

with Ah — 4.0 x lO^m^s"^ produces the waves with smallest intensity (see Figure 4.6), with a 

maximum value of the standard deviation of 0.16 °C, compared with the other experiments 
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shown. As the mixing coefficient is decreased the waves become more energetic and their 

behavior more chaotic. For example consider the experiment with Ah = 4.0 x 10̂  m^s~^ 

(Figure 2.8, lower left panel). The TIW variability is increased over the full width of the 

domain, compared to experiments with a higher diffusivity, with the standard deviation 

reaching a maximum of 0.43°C (see Table 2.2 ) in the eastern part of the domain. However, 

note that the experiment with enhanced equatorial mixing produces waves which are slightly 

more energetic, but more confined to the eastern part of the domain, compared with the 

waves produced with lower mixing. 

As mentioned in Section 2.5, there are changes to the seasonality of the TIW as a 

function of the mixing scheme. With a lower lateral mixing coefficient the TIWs tend to 

occur during the whole year as shown in the Figure 2.8, lower left panel. However, TIWs in 

the case with enhanced equatorial mixing have a seasonal cycle similar to the experiment 

using Ah = 2.0 x lO^m^s^^, displaying two periods in the year with large activity and one 

intermediate period in the middle of the year with less activity. 

4x10 m /s 

2x10 m /s 

4x10 m /s 

60 
Longitude 

120 

Figure 2.9: Filtered SST variance at 4°N for the fine model grid resolution experiments 
mixing tracers and momentum along isopycnal surfaces. Dash-dotted line is the 
experiment using Ah = 4.0 x 10^ m^s^\ dotted line is Ah = 2.0 x 10^ m^s~^ , dashed 
line is Ah = 4.0 x 10^ m^s~^ and solid line is the enhanced lateral mixing (Add) 
experiment, respectively. The units are °C. 

In order to provide an objective estimate of the TIW propagation speed we apply a 

2-D Radon Transform (RT) to the high-pass data shown in Figure 2.8. See Challenor et al. 

(2001) for a comprehensive description and application of the 2-D Radon Transform to 

satellite oceanographic data. The RT gives the strength of the signal as a function 'slope' 

or wave speed. This method is to mathematically define the technique used to measure 

speed by hand. When the line is perpendicular to the alignment of crests and troughs of 
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the TIW, the projection will have the maximum variance (i.e. maximum energy). Thus 

to find their direction of travel in the time-longitude diagram (which is their velocity) the 

elevation angle of the perpendicular to that region which gives the maximum TIW variance 

is determined. 

The normalised RT power as a function of wave speed is shown in Figure 2.10. The wave 

speed which has the greatest power is given in Table 2.2 for each experiment. This wave 

speed is taken as the propagation speed, ct, of the TIWs. The TIW propagation speed is 

highest, Ct =29 cm s~^, for the case with the highest value of Ah (4.0x lO^m^s^^). For lower 

values of A^, ct is approximately 24 cm s^^ (the differences between these three experiments 

is probably not significant). However, for the lowest value of Ah (4.0 x lO^m^s"^) there is 

a distinct secondary peak in the wave speed at around 40 cm s~^. The enhanced mixing 

case also has secondary peak, but less distinct, around the same wave speed and also lower 

speed values (20 cm/s). These slower moving waves are discernable in the time-longitude 

plots in the lower panels of Figure 2.8. Similar waves can be seen in the upper panels, but 

with an amplitude such that they do not show up in the RT analysis. 

Wave Speed from 8cP to 120° of longitude 

4x10 m /s 

2x10^ m^/s 

4x10 m /s 

10 20 30 40 50 
Wave Speed (cm/s) 

Figure 2.10: Wave speed obtained with Radon Transform calculated from SST at 4°N 
for the fine model grid resolution experiments mixing tracers and momentum along 
isopycnal surfaces. Dash-dotted line is the experiment using Ah = 4.0 x 10^ m^s^\ 
dotted line is Ah = 2.0 x 10^ m^s"^ , dashed line is Ah = 4.0 x 10^ m^s~^ and solid 
line is the enhanced lateral mixing (Add) experiment, respectively. The units are cm 
C.-1 
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2.7 TIWs response to wind 

In previous section we have demonstrated that lateral mixing plays a crucial role on equato-

rial dynamics simulation. Here we extend our wave variability analysis by means of studying 

the impacts of wind strength eSects on TIW. 

The philosophy behind the work presented in this section is to evaluate if the model 

results extend and support some trends veriGed on the observations (discussed in the Chap-

ter 3) related to TIW variability as a function of the large scale climatic conditions, including 

phenomena such as ENSO. 

Due to computing time reasons, four experiments are performed using the low spatial 

resolution model. Three of them only differ on the zonal wind strength forcing. The fourth 

experiment uses the enhanced equatorial mixing parameterization (shown in Section 2.2). 

The experiments descriptions are tabulated in Table 2.3. 

The control experiment (Itm802) is forced by Hellerman and Rosenstein (1983) zonaHy 

averaged monthly mean wind stress (7}̂ ) over the Pacihc ocean basin, seasonally varying. 

In the second experiment (ItmSOl) 7}̂  is decreased by a factor of 0.5 and in the third 

(Itm803) Ta; is increased by a factor of 1.5. The fourth experiment performed (Itm804) 

uses the same strengthened wind forcing than Itm803 but with enhanced equatorial mixing 

parameterization. 

The Table 2.3 lists the experimental details and also a number of diagnostics: SSTc av-

eraged over the Cold Tongue region (same region dehned in Section 2.2), 5'ECmaa; 

and jVECCTyioa; maxima current speed values (cm s"^). 

Before investigating the wind forcing effects on TIW characteristic simulations, we 

briefly analyze the mean state main characteristics of the different experiments when either 

distinct large scale wind forcing or enhanced lateral mixing parameterization are apphed. 

The main equatorial current features found in these simulations are similar to those 

shown in the previous experiments, e.g. Figure 2.1. The simulations reveal a direct relation 

of the equatorial ocean circulation to the wind forcing strength. However, the EUC exhibits 

a non-hnear behavior as function of the wind stress magnitude applied to the simulations. 
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Name Tx EU Crnax 

ItmSOl 2.0 X 10^ Tx *0.5 25.8 52 -30 3 

Itm802 2.0 X 10^ Tx * 1.0 23.4 94 -45 5 

Itm803 2.0 X 10^ Tx * 1.5 21.0 103 -50 6 
Itm804 4.0 X 10^ + 2.0 X 10^ Tx * 1.5 21.5 92 -50 13 

Table 2.3: Description of the numerical experiments performed using diEerent wind 
strength and some diagnostics, where the columns represent: Experiment names, 
mixing coefficients ( m^s"^). Zonal wind forcing strategy, SST averaged over the 
Cold Tongue region extending from 6°N to 6°S and 90° to 119° of longitude (unit is 
°C), EUC maximum value, SEC maximum value and NECC maximum value. Speed 
current units are cm s"^. 

The EUC increases its speed from a maximum of 56 cm s"^ under reduced winds experiments 

to over 110 cm s"^ when stronger wind forcing is applied in the simulation, see for instance 

Table 2.3 where the values are displayed. The EUC is deepened also reaching 270 meters 

depth. The equatorial current system is sensitive to the large scale phenomena such as 

ENSO, where the EUC has shut down during 1982-83 El Nino episode as shown by Firing 

et aZ. (1983) and almost completely shut down at 140°W during 1997-98 El Nino episode 

in Seidel and Ciese (1999) simulations. A second feature highlighted from the mean state 

analysis is that the SEC is made deeper, wider and faster when stronger winds are used. 

Opposite features of this current are seen in the experiment using weaker wind forcing. 

Overall NECC speed is underestimated, this current is weaker and almost completely 

shut down when the model is forced by reduced wind stresses, as shown in Table 2.3. 

Although, in the enhanced mixing experiment, NECC is well developed and stronger when 

compared with previous experiments. This experiment shows similarities of the equatorial 

current structure with those performed by Brentnall (1999) using a realistic OGCM forcing 

and conGguration. In his equatorial simulations, despite the current magnitudes being 

smaller than ours, the SEC, EUC and NECC northern branch structure are comparable. 

Under normal conditions the strong equatorial easterly winds produce a strong upwelhng 

of cold water in the eastern Pacific that moves westward. Plots of mean SST (not shown 

here) show that the upwelHng on the eastern tropical Pacific and the extent of the cold 

tongue are largely affected by the mean wind condition, used in each specihc experiment. 

Under the weaker wind conditions the Cold Tongue, taken to be delimited by the 25°C 

isotherm, does extend to around 75° while when under stronger winds it extends 35°, 
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further west. These features are also represented on the Table 2.3 where the Cold Tongue 

area averaged temperature varies by 5°C when comparing the experiments forced by weaker 

and stronger winds. The Cold Tongue occurs at 2° width either side of the equator, with 

weaker winds, against 5° approximately when the winds are double the strength at 100° of 

longitude. 

The depth-latitude section at 97° of longitude (not shown) suggests that both and 

maxima tend to increase as the equatorial currents are accelerated by the wind forcing 

strengthening (see methodology in Section 2.5). The TiTg is spht in two branches either 

side of equator coincident with the SEC north and southern branches, near the EUC shear 

regions. 

Overall, there is a signiScant increase in the eddy kinetic energy of the two bands either 

side of the equator when the experiment is forced by stronger winds. It is worth noting 

that the experiment using enhanced equatorial mixing has its jiTg energy levels enlarged 

when compared with itm803, on either sides of equator. The increasing eddy kinetic energy 

might be related to the current shear increase. These two regions of deep eddy activity are 

coincident with the TIW activity region as mentioned previously on Section 2.5. 

Based on their instability analysis Luther and Johnson (1990) have found a peak of eddy 

potential energy production in the thermocline below NECC, suggesting these instabilities 

are confined to a small latitude-depth range to the production region. In our simulation a 

secondary peak of close to the surface and towards 5°N occurs in Itm804. That is where 

SEC northern branch and NECC shear region are simulated in this experiment. 

2.7.1 TIW activity 

In this section the wave variability and some of their spectral characteristics are analyzed. 

TIW are visible in the raw SST held (Figure 2.11) but as done before the SST time series 

located at 4°N are filtered and retained only the high variability component. The 2-D FIR 

digital Alter is set with the same parameters as in Section 2.6. 

The plots comparison, in Figure 2.11, reveals signihcant diSerences in the TIWs char-

acteristics simulated by each experiment. Overall, the waves are more active and faster 
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Figure 2.11: Filtered SST, displaying TIWs, at 4°N as a function of time (y-direction) 
and longitude (x-direction), for the fine model grid resolution experiments using dif-
ferent r strength. Units are °C. 

when the wind forcing is increased. It is worth noting that TIWs are an oceanic phenom-

ena and their generation sources are caused by the equatorial current shear and meridional 

temperature gradient. 

Thus, as the wind used on this experiments are modifying the mean state and conse-

quently the energetics characteristics, the result of it is revealed in the TIWs behavior and 

characteristics. For instance, the TIWs exhibit low variability when weaker wind is used, 

as low as 0.05°C, shown in the Figures 2.11 and 2.12. This simulation also exhibit the 

slower waves propagation speed. The dominant phase speed (op) is approximately 37 cm 

s"l, calculated from the longitude-time plots showed in Figure 2.11. 

Both TIW variability and phase speed are increased when the wind forcing is strength-
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Name STD CT A r 
ItmSOl 0.04 37 7.4 50.3 
ltm802 0.4 55 7.4 33.2 
Itm803 1.4 59 12.3 34.8 
Itm804 1.0 61 12.3 33.2 

Table 2.4: Table displaying the dominant TIW spectral characteristics at 4°N. STD 
is the maximum standard deviation (°C), (in cm s^^) is calculated by applying 
Radon Transform (RT) on the TMI Hovmdller diagrams (Figure 2.11). A is in degrees 
and r is in days. 

ened, with values reaching 0.4°C and 55 cm in experiment Itm802, and 1.4°C and 59 

cm in experiment Itm803, as shown in Table 2.4 and Figure 2.12. The maximum TIW 

activity is slightly decreased when equatorial mixing is enhanced (Itm804) compared with 

the experiment using stronger winds (Itm803). However, this experiment exhibits larger 

TIW variability in the inner domain, westward of the peak region extending from 85° to 

105° of longitude. This larger wave activity in the inner domain produced by the enhanced 

mixing might be playing a role in limiting the strength of the EUC and raising the Cold 

Tongue SST. 

It will be done an analogy between the results produced here and by analyzing the TIWs 

interannual variability as function of the large scale climatic conditions and interannual 

variability such as ENSO phenomena in Chapter 3. 

2.8 Summary and Conclusions 

The model equatorial current system is found to be very sensitive to the level and form of 

lateral mixing. Both the mean currents and wave activity become more energetic as the 

magnitude of the lateral mixing coefficient is decreased. Here we find that decreasing the 

magnitude of the lateral mixing coefRcient by one order of magnitude increases the strength 

of the EUC by 100% with the EUC being narrower with lower values of diffusivity. There 

is an associated order of magnitude increase in the level of eddy kinetic energy. 

As others have found, if the lateral mixing is orientated along isopycnic surfaces then 

there is, in general, a speeding up of the current system and a better defined NBCC. 
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Figure 2.12: SST standard deviation at 4°N for the fine model grid resolution exper-
iments. 

However these differences are dependent on the grid and level of mixing. With the lowest 

value of the lateral mixing coefficient we consider, the results in terms of the strength of the 

EUC and the SST in the cold tongue region, are less dependent on either the formulism of 

lateral mixing or the grid spacing (see Table 1 and Figure 2). This points to some sort of 

numerical convergence and independence of the way sub-grid scale (non-resolved) processes 

are treated with modest grid resolution. However it should be noted that there is a 30% 

increase in the EKE going from horizontal to isopycnic mixing (Table 1) with the lowest 

value of the lateral mixing coefficient we consider. 

A major conclusion from the results using a conventional constant value for the lateral 

mixing coefficient is that, regardless of the level of mixing or its orientation, the model 

equatorial ocean cannot be made comparable to observations (with the caveat that we are 
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considering an idealized geometry and forcing). Decreasing the mixing increases the cold 

tongue SST but produces unrealistically strong currents. Our solution to this dilemma is to 

invoke enhanced mixing close to the equator, which limits the strength of the EUC whilst 

little aSecting the TIW activity and hence the cold tongue SST (see Figure 2). The physical 

rationale we put forward for this enhanced mixing is the effect of the observed interleaving 

of water masses in producing a meridional flux of tracers and momentum (Richards and 

Banks, 2002, Richards and Edwards, 2003). 

We End that both the barotropic and baroclinic energy conversion terms are important 

for the production of TIWs. The relative role of each and timing of these conversion terms 

changes as the level of imposed mixing changes. At low levels of lateral mixing, barotropic 

instabihty is found to dominate the production of total eddy energy. Including enhanced 

mixing at the equator reduces this barotropic production, but surprisingly increases the 

baroclinic production away from the equator. 

Experiments using horizontal mixing for tracers and momentum tend to damp out the 

TIW activity (not shown) when compared with isopycnal mixing. Additionally, the waves 

are more intense and conhned to the eastern part of the domain when both tracers and 

momentum are mixed along isopycnic surfaces. 

As the mixing coefficient is decreased the TTWs become more energetic and their be-

havior more chaotic, with reduced seasonality. A large diSusivity tends to damp the wave 

activity producing more organized propagation patterns as well as confining the waves to 

the eastern portion of the domain (Figure 2.8). The changes to the calculated phase speed 

of the waves (around 24-29 cm/s) with changes to the lateral mixing are probably not sig-

nihcant. However, it is noteworthy, that as the mixing coeSicient is reduced a second set of 

waves with a faster phase speed (around 40 cm/s) becomes more discernable. 

Overall, kinetic energy levels tend to increase as a consequence of the wind forcing 

strengthening. That is the probable reason why TIW have larger activity during La 

Niiia years as shown in the literature and further discussed in Chapter 3. Wavelength does 

not shown a linear relationship with the wind strength but it tends to be increased as the 

wind increases. TIWs activities and wave propagation speed are increased as the wind is 

strengthened, as shown by our experiments. 
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The sensitivity of the How in the equatorieil ocean to lateral mixing we have here means 

that the form and action of that mixing needs a careful examination. It is not the case that 

simply increasing a model's resolution will lead to better results if the physics of the model 

itself are deficient. Here we have identihed interleaving as having a significant eSect on both 

the mean properties of the ocean and the TIW activity. It is unlikely, in the near future, 

that OGCM used in chmate studies wiU have the required vertical resolution (order Im) in 

order to properly resolve the interleaving. We therefore have to resort to parameterizing 

its effect. Here we have used a relatively crude parameterization and more investigation 

relatively responsible mixing process need to be done. 
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Chapter 3 

TIWs and their interannual 
variability 

3.1 Introduction 

The central and eastern PaciEc, within the tropical region, are dominated by a distinct 

annual cycle that is driven by the seasonal variation in solar radiation due to the earth-sun 

distance and the semi-annual cycle in solar decHnation, when the sun is directly overhead 

twice per year (Mitchell and Wallace, 1992). There is a warm season around March and April 

when the Cold Tongue is conGned to the upwelling region near the South American coast. 

This cold tongue is most pronounced from August to October at the peak of cold season 

when it cein extend as far as 130°W. During this period the maximum SST is observed to be 

meridionally asymmetric and the farthest northward of the Southern Hemisphere easterly 

trade winds. The mean currents in the equatorial region also exhibit seasonal variations. 

The SEC (Halpern a/., 1988, Qiao and Weisberg, 1995) is strongest during the northern 

hemispheric summer and weakened in the spring when the meridional gradients are small 

and when the southeast trades are relatively weak (Philander af., 1987). 

TIWs occur during the cold season as mesoscale perturbations of currents and tem-

perature in the upper equatorial ocean and play a significant role in the mean balances 

of momentum, heat and energy as shown previously in Chapter 2. TIWs can be seen as 

cusp shaped distortions of SST fronts as Erst showed by Legeckis (1977) and recently by 

many others studies, such as Plament aZ. (1996), Chelton ef of. (2000), Liu o!. (2000), 
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Figure 3.1: Figure displaying TIW imprints in various fields. SST derived from 
TMI satellite on 8 October 1998, top panel. Middle panel same but for Chlorophyll 
derived from Seawifs and bottom panel are sea-level anomalies (SLA) derived from 
TOPEX/POSEIDON. (Courtesy of Dr. Jerome Vialard) 
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Menkes oL (2002), Thum o/. (2002). 

These waves have clear imprints in other variables, as shown in the Figure 3.1, such 

as Sea Surface High (SSH) (Pohto oL, 2000, 2001) and Chlorophyll (Strutton aZ., 

2001). The instabihty season typically extends &om the boreal summer to the beginning 

of the winter in the Pacific ocean (Baturin and Niiler, 1997). Figure 3.1 shows that the 

equatorial cold tongue is separated by crests and troughs &om the NECC warmer waters 

by sharp fronts. The SST gradient in this front can be as abrupt as approximately 2°C/Km 

aa suggested by Kennan and Flament (2000) and Menkes et a/. (2002). The energy source 

for the generation of TIWs invoke the shear between EUC-SEC and SEC-NECC as shown 

in the Chapter 2 and Magina aA (1999). 

Some studies have shown TIW north of the equator associated with anticyclonic eddies 

of three dimensional structures. Hansen and Paul (1984) have mentioned these features 

and Flament aZ. (1996) have sampled them using drifters, both studies in the Pacific 

ocean. Recently, Menkes oZ. (2002), have shown the ejects of an Atlantic ocean tropical 

vortex in the tracer circulation &elds such aa temperature, salinity and biological nutrients. 

Cold equatorial waters, which are nutrient and biologically rich are equatorially upwelled, 

advected north and downward forming sharp fronts across the frontal boundary. The mixing 

caused by these waves also redistribute nutrients and dissolved gages, thus aEecting the 

biological productivity in the equatorial regions. 

AUen aZ. (1995), Lawrence oZ. (1998) and Benestad oZ. (2001) have shown that 

systematic TIW phase shifting is hnked with events in the wind. For instance, Allen oZ. 

(1995) have performed numerical experiments by forcing a model without the intraseasonal 

component in the windstress. They found that the TIW lost all phase correspondence com-

pared with a control experiment, where the ocean is forced by observed daily windstress. 

Lawrence aZ. (1998) have suggested that Rossby waves, remotely wind forced, can in-

fluence TIW characteristics such as phase and phase speed. Both Lawrence aZ. (1998) 

and Benestad e( oZ. (2001) also suggest that TIW may be modified by remote sub-seasonal 

forcing in the Pacific west through Kelvin waves, excited by Westerly Wind Bursts (WWB). 

The TIW exhibit a marked interannual variability. They are more active during La 

Nina years when the equatorial trades and cold tongue are stronger and the meridional 
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gradients sharper. On the other hand, these waves are less active during El Nino years when 

the SST gradient is reduced by the weakened cold tongue. Although this point has been 

addressed by other authors e.g. Baturin and Niiler (1997) and Contreras (2002), there is 

still ample scope to further explore TIW variabihty using both observational and modelling 

approaches. 

In this chapter the TIW interannual variability, their relation and dependence on other 

large scale chmatic phenomenon such as ENSO is presented. A high resolution temporal 

series of satellite data from 1998 up to 2002 is analyzed. These data have higher spatia-time 

resolution compared with the data used by Contreras (2002). The aim is to further extend 

the period of previous studies which have used these satellite data since some of them 

have focused only on the 1999 TIW season, e.g. Chelton oZ. (2000), Liu ef aZ. (2000), 

Hashizume aZ. (2001), Thum oZ. (2002). In order to complement the TIW variability 

analysis we compare some observational results with OGCM simulations which have used 

different wind stress strengthening and lateral mixing parameterizations (see Section 2.7.1). 

This chapter is organized as follow. Section 3.2 describes the radiometer, scatterometer 

and altimeter satellite sensors and data from which SST, wind and sea level heights time 

series are derived. Section 3.3 briefly describes the Pacihc oceanic and atmospheric climatic 

conditions during the period of our analysis. Section 3.4 analyzes the variability found in 

the satellite data and TIW spectral characteristics. In Section 3.5 we discuss the results 

and summarize the main Endings. 

3.2 Satellite data 

3.2.1 TMI SST data 

The Tropical Rainfall Measuring Mission (TRMM) satellite has been operational since 28 

November 1997 with its orbit ranging between 35° north and 35° south of equator, allowing 

TRMM to fly over a given position on the Earth's surface at a different local time each day. 

The TRMM orbit is circular with an altitude of 350 km and an inclination of 35° to the 

equator. The orbit period is approximately 96 minutes. 
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The satellite carries the TRMM Microwave Imager (TMI) which is a multi-frequency 

microwave radiometer. TMI operates in five frequency channels which are: 10.65, 19.35, 

21.235, 37.0 and 85 GHz. The horizontal resolution ranges from 5 km (at 85 GHz) to 45 

Km (at 10.65 GHz). Microwave radiation is emitted by the Earth's surface and by water 

droplets within clouds. However, when layers of large ice particles are present in upper 

cloud regions (characteristics of heavy rainfall systems) microwave radiation tends to be 

scattered. The Ave frequencies of the TMI are chosen to discriminate among these process, 

thus revealing the likelihood of rainfall. 

The products derived includes sea surface temperature, surface wind speeds derived 

using two diEerent radiometer channels, atmospheric water vapor, liquid cloud water and 

precipitation rates. TRMM is a joint program between the North America Space Agency 

(NASA) and the National Space Development Agency of Japan (NASDA). The TMI ra-

diometer counts are converted to temperature using a hnear relationship, as described in 

Nirala and Cracknell (2002). 

The SST^ data are provided as daily maps (separated into ascending and descending 

orbit segments), 3 day mean maps, weekly mean maps and monthly mean maps. The data 

are available from December 1997 to the present. All images cover a global region extending 

from 35°S to 35°N at a 'high' pixel resolution of 1/4° (25 km). In this chapter three day 

average data are analyzed starting on 1 January 1998 and Gnishing 31 December 2002. 

3.2.2 QuikScat wind data 

The wind data used in this analysis are derived from the microwave scatterometer QuikScat, 

which was launched on the QuikBird satellite in June 1999. The primary mission of 

QuikScat^ is to measure winds near the searsurface. QuikScat is the third in a series of 

NASA scatterometers that operate at Ku-band (i.e., a frequency near 14 GHz). QuikScat is 

essentially a radar device that transmits electromagnetic pulses down to the Earth's surface 

and then measures the power that is scattered back to the instrument. This backscattered 

^Data and information can be downloaded from Remote Sensing Systems (RSS) at 
http://www.remss.com/tnu 

^More information can be downloaded &om Jet Propulsion Laboratory (JPL/NASA) at 
http://winds.jpl.na8a.gov/mis8ions/quikscat/quikindex.html 
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power is a meaaure of surface roughness. 

For water surfaces, the surface roughness is highly correlated with the near-surface 

wind speed and direction. Hence, wind speed and direction at a height of 10 meters over 

the ocean surface are retrieved from measurements of the QuikScat backscattered power. 

The instrument provides wind measurements with 25 km resolution over a single 1600 km 

swath that is then smoothed and interpolated in order to obtain 3-day averages on a 1/2° 

grid resolution. The data spans the period from the beginning of July 1999 to the end of 

November 2002. 

3.2.3 Topex/Poseidon SSH data 

Radar altimeter on board the satellite permanently transmit signals at high frequency (over 

1700 pulses per second) to Earth, and receive the echo from the sea surface. This is analyzed 

to derive a precise measurement of the round-trip time between the satellite and the sea 

surface. The time measurement, scaled by the speed of light (at which electromagnetic waves 

travel), yields a range measurement. By averaging the estimates over a second, this produces 

a very accurate measurement of the sateUite-to-ocean range. However, as electromagnetic 

waves travel through the atmosphere, they can be decelerated by atmospheric water vapor 

or by atmosphere ionization. The ultimate aim is to measure sea level relative to a terrestrial 

reference frame. This requires independent measurements of the satellite orbital trajectory, 

i.e. exact latitude, longitude and altitude coordinates. 

The Topex/Poseidon (T/P) satellite, Hies at an altitude of 1330 km, on an orbit inchned 

at 66° to the Earth's polar axis; this is why it can cover only up to 66° North and South. 

The satellite passes over the same ground position approximately every ten days, uniformly 

sampling the Earth's surface. The sea surface height (SSH) is one of the T / P derived 

data and it is the range at a given instant from the sea surface to a reference elhpsoid. 

Since the sea depth is not known accurately everywhere, this reference provides accurate, 

homogeneous measurements. The sea level is simply the diEerence between the satellite 

height and the altimetric range. 

The along-track T / P data used here are the same used in Cipollini et al. (1997), Chal-

lenor aZ. (2001) and recently by Killworth a/. (2003), where a detailed description 
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can be found. The original T / P data were obtained from Geophysical Data Records &om 

AVISO. A set of standard corrections for orbit errors, atmospheric delays, tides and sea 

state eSects has been applied by Cipollini ef aZ. (1997). The SSH anomahes are computed 

relative to the 1993-1995 mean high proGle in each location along the tracks and interpo-

lated to a regular 1° latitude x 1° longitude x 1 cycle grid. As shown in Cipollini aZ. 

(1997) the re-mapping reduces the instrument and correction errors but preserving the large 

scale signal in the data. 

In this study T / P information is compared with TMI data. In order to have both data 

sets on the same time and grid resolutions, T / P is spatially re-binned into 1/4° grid and 

temporally &om 1 cycle mean (9.92 days) to 3-days mean. T / P data spans the period from 

the beginning of January 1998 to the end of May 2002. This corresponds to 193 full 10-day 

repeat cycles, from cycle 195 to 357, 4 years and 5 months. 

3.3 Climate diagnostics 

The climate in the tropical Pacific region since from the end of 90's decade to 2002 has been 

characterized by a sequence of ENSO episodes and they are briefly described by analyzing 

some diagnostic chmatic indexes 

The normahzed Southern Oscillation Index (SOI) is calculated based on the difference 

of the normahzed Sea Level Pressure (SLP) measured at Tahiti and Darwin, i.e. S07 = 

In general, the SOI time series correspond very well with changes 

in ocean temperatures across the eastern tropical Pacihc. The negative phase of the SOI 

represents below-normal air pressure at Tahiti and above-normal air pressure at Darwin. 

Prolonged periods of negative SOI values coincide with abnormally warm ocean waters 

across the eastern tropical Pacific typical of El Nino episodes. Conversely, positive SOI 

values coincide with abnormally cold ocean waters across the eastern tropical Pacihc typical 

of La Nina episodes. The SST anomaly indexes are averaged over the areas speciEed in 

Figure 3.2. The base period used to calculate the monthly Nino region anomalies is 1971-

2000. 

^Both index values and a comprehensive description of them can be found at Climate Prediction 
Center (CPC/NCEP/NOAA) website, http://www.cpc.ncep.noaa.gov/data/indice8/index.htnil 
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Table 3.1 shows a zonal wind magnitude index at surface averaged over the west (140°E-

180°W), central (175°W-140°W) and eaat (135°W-120°W) PaciSc ocean along the Equator. 

The index is calculated based on the area averaged data from QuikScat time series. The 

period spans from 1999 to 2002. During La Nina years, e.g 1999 and 2000, the zonal wind 

component is stronger in the west and central PaciGc. Conversely, during El Nino year 

(2002) the trade winds are relaxed as shown in Table 3.1. 

Year 140°E-180°W 175°W-140°W 135°W-120°W ENSOp,^.,, 
1999 -3.84 -7.01 -5.31 La Nina 
2000 -3.54 -6.38 -5.33 La Nifia 
2001 -1.70 -6.09 -5.81 Neutral 
2002 0.27 -5.30 -5.45 El Nino 

Table 3.1: Table displaying the a zonal wind magnitude index at surface, averaged 
over the west (140°E-180°W), central (175°W-140°W) and east (135°W-120°W) Pa-
ciSc ocean along the Equator. Units are in ms"^. 

The strongest ENSO of the last century was in 1997-1998 when an El Nino episode 

occurred as shown by the normalized Southern Oscillation Index (SOI) and the SST in 

Figure 3.2. From the middle of 1998 up to the end of 2001, the situation reversed and in 

1999 a well defined La Nina episode wag configured in the tropical Pacific. During this 

period colder waters than normal were over the equatorial eastern and central Pacific. The 

subsequent years, 2000 and 2001, the trade winds have weakened (Table 3.1) and a situation 

varying from slight cooling to normal (see SST at Nino3.4 in Figure 3.2) of the equatorial 

waters was established in the Pacific. During the year 2002 this situation reversed and an 

El Nino wag established again in the equatorial region though somewhat weaker than the 

1997-1998 episode. 

3.4 TIWs variability from observed data 

3.4.1 SST variability 

Figure 3.3 shows the longitude-time plot of SST at different latitudes, ranging from the 

Equator to 4°N. Westward-propagating waves are apparent in the plots even without filter-

ing. Note that the white strip on the equatorial plot is the Galapagos island. This hgure 
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Figure 3.2: Upper panel is the normalized Southern Oscillation Index (SOI) (Tahiti 
- Darwin) Sea Level Pressure. Lower panel are the SST anomalies averaged over the 
foUowing areag: Nino 1+2 (0-10°S)(90°W-80°W), Niiio 3 (5°N-5°S)(150°W-90°W), 
Nino 4 (5°N-5°S) (160°E-150°W) and Nino3.4 (5°N-5°S)(170-120°W). Baae period 
used to calculate the monthly Nino region anomalies is 1971-2000. SST index values 
are °C 
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clearly shows the seasonal cold tongue cycle most evident in the equatorial plot, with its 

coldest period being always in the second half of the year. Although weaker at this latitude, 

TIWs are still visible. Figure 3.3 shows the climatic characteristics previously described and 

shows TIW activity stronger during the La Nina years, with the season 1998-99 being the 

strongest TIW season. Also, the SST plots are showing that TIWs are more active at 1°N. 

Eq-SST 

MBS-

14DE180W140W100W 140E180W140W100W 140E180W140W100W 140E180W140W100W 140E180W140W100W 

Figure 3.3: Longitude time plot of SST derived f rom TMI. Row data. 

The wave signal can be highlighted to some extent with a different choice of color scale, 

but it is clear that filtering is more appropriate in order to properly isolate the waves from 

the variability due to other phenomena such as the seasonal cycle. In order to filter the 

data, the gaps in the longitude-time series are filled in by using the following approach. A 

successive, whenever necessary, 3x3 moving window mean is applied to the time-longitude 

data. It is generated a new longitude-time data without any gap which is used to fill the 

gaps in the original field. In most of the cases 3 interactions were enough to fill in all the 

gap& 
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The Hovmoller diagrams are then Eltered applying a westward-only 2-D Hnite impulse 

response (FIR) Elter, see CipoUini of. (2001) for more details about this Slter. The Glter is 

designed using prior knowledge of the approximate range of the period and wavelength of the 

waves. This information is set as input and restricts the filter output to a particular region 

of the frequency-wavelength spectrum. It has a 1/4 length size sample kernel, considering 

the number of points in time and longitude, passing 5° to 20° in the longitude and 10 to 

60 days in time. The filter is the same as that used in the Chapters 2 and 4 only differing 

here that it is westward-only, i.e. the pass-band is situated only in the westward quadrants 

in wavelength-frequency space. The filter eEectively removes any signal propagating to the 

east and the seasonal cycle. 

Figure 3.4 shows the SST time-longitude Eltered Helds based on Figure 3.3 data. The 

results suggest that TIW have their largest variabihty at 1°N and 2°N, decreasing away 

from this region. Northward, at 3°N and 4°N, TIWs are still visible from these plots 

but less intense. At the equator the waves are also visible, however, with larger intensity 

westward of the Galapagos islands. According to Brentnall (1999), from his numerical 

simulations performed with and without the Galapagos, the larger intensity westward of 

the Galapagos islands is caused by the SEC sphtting into a pair of barotropically unstable 

zonal jets originating at the northern and southern border when encountering the island. 

In order to quantify and compare the TIWs variability in space and time the statistical 

standard deviation based on the entire period available and extending from 180°W to 80°W 

is calculated. The top panel on the left hand side of Figure 3.5, shows the standard deviation 

performed for each latitude considering the entire period (1998-2002). This plot confirms 

that the maximum SST variability occurred at 1°N, extending longitudinally from 150°W 

to 90°W. 

The remaining plots in Figure 3.5 display the TIW interannual variability at differ-

ent latitudes and years The largest variability of the TIWs occurred during the years 

when abnormally cold ocean waters were across the eastern tropical Pacific, typical of La 

Nina episodes such as in 1998 and 1999. 

The TIW wave speed characteristics also exhibit a interannual variability as shown in 

^Note for a given year the wave season extends into the beginning of the next year. 

59 



T I W s a n d t h e i r i n t e r a n n u a l var iabi l i ty C h a p t e r 3 

Eq-SST 

i-
140E 180W 140W lOOW 140E 180W 140W 100W 140E ISOW MOW 100W 140E 180W 140W 100W 14QE180W140W100W 

Figure 3.4: Longitude time plot of SST derived from TMI. Filtered data. 

Table 3.2. TIW propagation speed (cy) calculation by applying a Radon Transform (see 

Section 2.6) for each year as a function of the latitude. Surprisingly the cy are higher 

during the 2001 season when the neutral condition were prevailing over the tropical Pacific 

basin, ct =61 cm s~^. However comparing the La Nina years, 1998 and 1999 episodes 

(Figure 3.2), with the beginning of 2002 El Niiio episode there is a evidence that besides 

a strong reduction in TIW activity there is also a reduction in TIW propagation speeds, 

where they are reduced by 10 cm s"^ approximately along of all latitudes between 1°N and 

4°N. 

Additionally, a spectral analysis is done by means of calculating the dominant wave-

length (A) and period (F) of TIWs, based on the filtered SST time-longitude data. These 

quantities are computed considering the whole period of available TMI SST data and shows 

that A is 12° and F is 34 days, approximately, at 1°N and 2°N, decreasing at other latitudes. 
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Figure 3.5: Longitude STD plot of SST derived from TMI. 

The values found for (A) and (P) are similar to the TIW spectral characteristics reported in 

the literature e.g Philander (1978), Wilson and Leetma (1988), Baturin and Niiler (1997) 

and Lawrence et al. (1998). 

These spectral characteristics exhibit an interannual variability as shown in Table 3.2. 

During the years of 1998 and 1999 the TIW have the larger values of A and F at 1 and 2°N, 

which are the latitudes where these waves have their largest amplitudes (Figure 3.5). The 

average A for La Niiia years is greater than in the El Nino year of 2002 suggesting that in 

years of stronger upwelling we observe larger wavelengths. This result is analogous with 

previous findings in 2.7.1 in a sense that longer wavelengths are found when strengthened 

wind stress is used to force the numerical experiments. 
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Year ct A F ENSOphase 

1998 55 11.7 33 La Nina 
1999 55 11.7 30 La Nifiia 
2000 50 8.2 33 La Niiia 
2001 61 9.3 21 Neutral 
2002 46 10.0 33 El Nino 

Table 3.2: Table displaying TIW spectral characteristics at 1°N, where the waves 
present their maximum variability, cy (in cm s^^) is calculated by applying Radon 
Transform (RT) on the TMI Hovmoller diagrams (Figure 3.4). A is in degrees and F 
is in days. 

3.4.2 Wind variability 

Eq - Wind Mag 

1998 1 
180W160WI40WI20Wr00W80W 180VV160VW40WI20VVI0OW6OW ie0WI60VW40ra20VVI00WS0W <80WI60WI40WI20WI00W80W 180VI'60\WOW20V|fOOVeOW 

Figure 3.6: Time-longitude plot of Wind magnitude derived from QuikScat. 

As previously mentioned the TIW have an atmospheric imprint with the signal propa-

gating into the ABL. Using a conjunction of the surface wind measurements derived from 
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QuikScat, TMI SST, in situ data and atmospheric radiosonde profile have allowed some ob-

servational studies such as Chelton et al. (2000), Liu et al. (2000), Hashizume et al. (2002), 

Thum et al. (2002) explore and investigate the TIW air-sea coupling mechanisms. Liu 

et al. (2000), Hashizume et al. (2001) have suggested that SST is in phase with meridional 

wind component but roughly out of phase (180°) with zonal wind component. Because the 

scatterometer infers winds from the roughness of the ocean surface, and the roughness is 

dictated by the difference between the wind and the surface current, scatterometer wind 

have the surface currents implicit in it (Kelly et al, 2001). Polito et al. (2001) has sug-

gested that the oceanic currents have a large impact on surface wind stresses measured by 

the scatterometer. They suggest that TIWs currents in this low-wind region introduce a 

significant bias in scatterometer vector wind measurement. 

Eq - Wind Mag 

1 8 0 V W 6 0 W 4 0 W I 2 0 W I O O W 8 0 W 1 8 0 M 6 0 W 4 0 W I 2 0 V W O O V V 8 0 W 1 6 O V V I 6 0 W 4 O W I 2 0 V V I 0 0 W 8 0 W 1 8 0 W I 6 0 V W 4 O W I 2 0 W I 0 0 W B 0 W 180VVG(mWW)V#20WD0Ve0W 

Figure 3.7: Time-longitude plot of Wind magnitude derived from QuikScat. 

Regardless of this fact raised by Polito et al. (2001), the TIW signals can be clearly 

seen from the QuikScat wind magnitude analyzed here. The purpose here is further extend 
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the annual and interannual analysis on the TIW atmospheric response to them and their 

behavior during the different phases of ENSO. 

Figure 3.6 shows the wind magnitude as a function of time-longitude. As shown in SST 

plots, the TIW also have a westward propagating signal and the wave signals are enhanced 

by filtering out the lower frequency component of the wind magnitude field as shown in 

Figure 3.7. 
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Figure 3.8: Longitude STD plot of wind magnitude derived from QuikScat. 

The standard deviation performed for each latitude considering the entire period (1999-

2002) is shown in Figure 3.8. This plot suggests that the maximum variability in the 

magnitude of the wind occurred during the 1999 TIW season, when La Nina was established. 

Spatially, the maximum tends to occur at the Equator and 1°N extending longitudinally 

from 90°W to 120°W, approximately. The wind magnitude variability at these latitudes are 
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due to the larger meridional wind component variability contribution, near the Equator. On 

the other hand, the zonal wind component tends to display a larger variability towards 2°N 

to 4°N and westward displaced compared with the meridional wind component, extending 

longitudinally from 160°W to 120°W, approximately. The meridional and zonal components 

analyzes are not shown. 
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Figure 3.9: Cross correlation between SST and wind magnitude performed at 12 
different locations displaying the time lag (a:-axis) and correlation coefficients {y-
axis). Dashed lines are the statistical significance threshold levels at 95 %. The 
locations are displayed on the top of each graphic. 

The CO-variability of westward propagating signals considering both SST and wind mag-

nitude are analyzed by means of calculating the cross-correlations between time series sam-

pled at different locations, as shown in Figure 3.9. SST and surface wind speed are appar-

ently in phase when the lag correlation in days is zero and roughly opposite phase (180° 
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approximately) around 12 days (with deviation of ± 3 days). We have found the most 

signiGcant correlations, at 95 % level, in the locations from 140°W to 120°W and 1°N to 

3°N which represents a region where TIWs are most active. 

These results reinforce the Wallace oZ. (1989) and Hayes a/. (1989) suggested 

mechanism which says that S8T is coupled with wind through the stability change in the 

atmospheric boundary layer, i.e. that buoyancy instability over a warm region of the TIW 

reduces vertical wind shear in the ABL. Our results also extend Liu oZ. (2000) where 

they have tested this hypothesis by analyzing just one TIW season during the second half 

of 1999, when a La Nina episode was estabhshed in the Pacific ocean. Since we are using the 

whole data period, without distinction of TIW levels of activity, the results are suggesting 

that this ocean-atmosphere coupling might be valid for any TIW season, independent if the 

season has or has not high wave activity. 

However, around 160°W the wind-SST coupling appears to be slightly shifted. Accord-

ing with Liu aZ. (2000) in this region and northwards of 3-4°N di&rent mechanisms may 

become important in governing the wind-SST coupling. Apparently, this is in contrast to 

Pohto aZ. (2001) who suggest that TIWs currents in the lower ABL region introduce a 

signiRcant bias in scatterometer vector wind measurement. If it was the case the ABL TIW 

imprint would be in phase with the oceanic signals since the waves are stiU active at this 

longitude. Wis wiD further discuss the TIW ocean-atmosphere coupling in the Chapter 4. 

3.4.3 He igh t var iabi l i ty 

Both SST and SSH exhibit a similar wave cusp shaped pattern when spatial 6elds are plotted 

(see for instance Figure 3.1), but here we restrict our objective analysis to zonal time series 

at 3.5°N and 4.5°N latitudes, because this is a common region with higher variability for 

both SST and SSH. The TIW imprints are evident in the sea surface height anomalies as 

shown by the plots in Figure 3.10. In the SSH anomaly fields the TIW exhibit their strongest 

westward propagating signal during 1998 and 1999, similar to the SST observations 

However, the TIWs imprint exhibit slightly diSerent spectral characteristics comparing 

both fields. In the SSH anomaly fields TIWs display a longer wavelength and larger period 

compared with TMI. The values are A=14.0 ° and r=31.5 days for SSH while A=12.2 ° and 
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r=27.6 days for SST. 
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Figure 3.10: Time-longitude plots of SST derived from TMI and SSH anomalies 
derived from T / P data. 

The westward propagating signals co-variability of both SST and SSH have been an-

alyzed by means of calculating the correlations between time series sampled at different 

locations as shown in Figure 3.11. The most significant correlations are found at 120°W 

near the region where SST present the largest variability (see Figure 3.5). The statistical 

analysis reveal clusters of few correlation coefficients at lags of 6, 9 and 12 days. These 

correlations are significant at 95 % level with maxima at 6 and 9 days. Apparently, they 

are more significant at 2°N and 3°N latitudes in the easternmost region sampled, at 120°W 

of longitude. Westernmost of this region there are some marginal correlations. 

These correlation plots are also suggesting two relevant aspects. One is that SST and 

SSH are 90° phase shifted, approximately. The other, is that heat might be meridionally 

(either north or southward) transported by the geostrophic currents causing the SST anoma-
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lies. As suggested by Polito et al. (2001), northwards (southwards) current associated with 

positive (negative) zonal SSH anomalies of TIWs transports cold (warm) waters outward 

(inward) of Cold Tongue region. This interpretation, they say, is in agreement with Flament 

et al. (1996) where they have mapped a TIW, SST and circulation, using high resolution 

observations. Our results re-enforce and extend Polito et al. (2001) findings since they have 

analyzed only one TIW season in 1996, when a weak La Nina episode was established in 

the Pacific ocean. We suggest that SST-SSH phase shift might occur independent of the 

TIW level of activity. 
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Figure 3.11: Cross correlation between SST and SSH anomalies performed at 12 
different locations displaying the time lag (x-axis) and correlation coefficients {y-
axis). Dashed lines are the statistical significance threshold levels at 95 %. The 
locations are displayed on the top of each graphic. 
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3.5 Summary and Conclusions 

Descriptions of TIW variability characteristics in the tropical Pacific ocean as function of 

the large scale climate conditions and interannual variability, such as ENSO, necessarily 

rely on the availability of long term time series data. 

This chapter has presented the TIW variability using four years of high resolution satel-

lite data. It is not a long time record when the intention is to study TIWs interannual 

variability and climatology. But this chapter does extend previous studies which have been, 

restricted to the analysis of TIWs in one season: particularly during La Nina episodes, e.g. 

Masina et a/. (1999), Chelton ef aZ. (2000), Kennan and Flament (2000), Wentz aZ. (2000), 

Liu ef oZ. (2000), Hashizume ef (2001) and Polito aZ. (2001). 

This study is based on available high-resolution SST and wind measurements made by 

two different types of microwave instruments Sying on board of two satellites to evaluate 

the annual and interannual TIW variability. Additional examinations are made by means 

of comparisons between SST and SSH using the T / P data. 

As others have found (Liu ef a/., 2000, Hashizume e( oA, 2001), the TIW ocean-

atmosphere coupling is caused by ABL instability and mixing. Our results suggest that 

this mechanism of wind-SST coupled variability may occur not only during La Nina years, 

when TIWs are more actives. 

The SST-SSH co-variability phase shift might occur independent of the TIW season 

activity. We extend Polito ef aZ. (2001) Endings since they have analyzed only one TIW 

season in 1996, when a weak La Nina episode was established in the PaciEc ocean. 

It is seen from the observational analysis that during La Niiia years the wind over central 

equatorial Pacific is stronger when compared to normal and El Niiio years. There is a clear 

evidence that TIW have their activity increased when they are subjected to strengthened 

wind stress conditions either in La Nina years or, by analogy, when numerical simulations 

are carried out subjected to stronger wind stress (see for instance Section 2.7.1). 

Both observational and model results tend to agree, showing larger TIW wavelengths 

and shorter periods when the ocean is under action of strengthened wind stress. For the 
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observational study data this occurs when La Nina conditions prevail on the equatorial 

Pacific and on simulation results when the model is forced by strengthened winds. 

The TIWs interannual variability investigation would greatly beneht by the availability 

of longer term high resolution satellite images and m data. An alternative way to study 

this would be by undertaking numerical simulations using a more realistic domain configu-

ration and forcing fields. Experiments need to be able to simulate NECC since important 

parts of the equatorial energetic are dependent of this current. A multi-aimual integration 

including several ENSO episodes on this representation would help on the robustness of the 

statistical calculations and energetics of TIWs since there is still ongoing debate about the 

waves energy sources, as pointed out in the previous chapter. 
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Chap te r 4 

T h e coupling between T I W and 
the ABL 

4.1 Introduction 

TIWs and associated vortices are an oceanic phenomenon originated 6-om the shear insta-

bilities of the equatorial ocean current system. While great attention has been given to the 

oceanic signal, several studies have shown that there are signals of TIW activity in the lower 

atmosphere, within the atmospheric planetary boundary layer (ABL). These include surface 

wind modulation, water vapor and nebulosity. Studies investigating the SST inGuence on 

surface winds over the eastern equatorial PaciSc were made in the late 80's by Lindzen and 

Nigam (1987), Hayes aZ. (1989) and Wallace ef a/. (1989). These studies have proposed 

mechanisms for the interaction between the TfW oceanic signals and atmospheric signals. 

One hypothesis (Lindzen and Nigam, 1987) attributes surface wind modulations to the 

variations in the Sea Level Pressure (SLP) Held, linked to the TIW SST signals. Lower (high) 

pressures are found over warmer (cooler) water and as a consequence the strongest wind 

should be found at the highest pressure or SST gradients. The second hypothesis stated 

by Wallace o/. (1989) and Hayes oZ. (1989) is that T IW SST anomalies induce ABL 

stability changes which in turn affect the wind variabiUty. In this hypothesis air buoyancy 

is increased over the warmer waters, reducing the wind shear in the boundary layer thus 

producing stronger winds at the surface. Strongest winds should be found over warmest 

waters. Wallace a/. (1989) showed the antisymmetry in the climate over the eastern PaciGc 
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with the cold tongue SST being centered at 1°S and a strong frontal region centered at 

2°N. The boundary layer air originating over the cold tongue (southern hemisphere) crosses 

meridionally the equatorial region and joins the Intertropical Convergence Zone (ITCZ) 

around 8°N. AH these systems tend to be stronger during the cold season, which extends 

&om July to November, when the meridional asymmetries are strongest. The oceanic frontal 

zone becomes hydrodynamicaHy unstable, giving rise to westward propagating waves with 

periods of a few weeks. The atmospheric boundary layer undergoes a transition from a 

stable condition to an unstable condition as the air flows from the cold region to the warm 

(NECC) region across the SST front. 

Xie aZ. (1998) have studied the impact of these waves on the atmospheric boundary 

layer, analyzing the output from an AGCM averaged over the last 400 days of integration, 

satellite derived SST and wind data on a weekly time scale. The AGCM was able to repro-

duce roughly the wind Geld and divergence when compared with the satellite observations. 

Their results showed atmospheric waves with shallow vertical structure trapped in the ABL 

and that the ocean-atmosphere coupling happens on time-scales shorter than one month. 

TIW afFects the horizontal wind direction and intensity in the ABL while ENSO modes 

aEect the large scale atmospheric circulation, modifying the deep convection. 

Recently, some key points of the TIWs have been studied using state of art data collected 

by satellite. The question concerning the ocean atmosphere interactions and influence of 

the TIWs on the surface wind has been revisited by Liu aZ. (2000) and Chelton aZ. 

(2001) and the TIWs themselves by Chelton aZ. (2000). Many of these studies have 

used data from the microwave imager sensor TMI onboard the joint US/Japan Tropical 

Rainfall Measuring Mission (TRMM) sateUite. This satelhte sensor has been observing the 

Earth, mainly in the tropical region, in the spectral band of 10.7-85.0 GHz. The SST data 

have a daily temporal resolution and high spatial (approximately 46 Km) resolution. The 

atmosphere is nearly transparent to microwave radiation allowing SST data to be collected 

in all weather situations, except in rainy conditions. In other words, the atmosphere is seen 

free of clouds in nonraining situations allowing the acquisition of a nearly uninterrupted 

time series. 

Using satellite-derived data Liu e( oZ. (2000) clearly showed the manifestation of TIWs 

over the northern front of the Pacific cold tongue and using a zonal band pass Slter they 
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were able to isolate the TIW signal in SST, wind components and wind speed to analyze the 

phase propagation differences. They fomid in a region between 1.5°N to 3.5°N and 105°W 

to 145°W SST that was in phase with the wind speed whilst the meridional component of 

the wind was out of phase (—155°). The wind response to the SST gradients is shown in 

Figure 1.3 (Liu aZ., 2000). As the wind moves over these SST anomalies it is accelerated 

and decelerated producing centers of convergence and divergence at maxima SST gradient 

regions. The convergence maxima (minima) also coincide with the water vapor maxima 

(minima), where convergence (divergence) feeds (withdraws) the water vapor up in the 

atmosphere increasing (decreasing) the instability in the air column. The water vapor 

increase in this region might be a consequence of the warm waters and air advection. Based 

on their findings Liu oZ. (2000) suggest that the modihcation of the surface winds is due 

to the ABL stability changes, agreeing with Wallace aZ. (1989). 

These results have been corroborated by Hashizume o/. (2002) using a sequence of 

atmospheric radiosondings of air temperature, humidity and wind obtained during a cruise 

sailing through developed TIWs in the PaciGc Ocean. From their Figure 9, can be seen 

that the atmospheric response to TIWs extends through the whole ABL and modulates its 

vertical extension. Over warm waters the atmospheric boundary layer is unstable increas-

ing the vertical mixing and the ABL height. The turbulence within the vertical column 

increases also and more momentum is transferred downwards decreasing the vertical shear 

and accelerating the surface wind over warmest waters in agreements with the previous 

studies. 

Recently, Small o/. (2003) have re-opened the discussion about which mechanism is 

prevailing in the wind surface modulation. Using a high resolution regional chmate model 

with improved physics and forced by TMI SST have examined the atmospheric impacts 

to Pacific TIWs. Their results suggest that horizontal advection changes the SLP phase 

relation with SST, the high and low pressure centers are located downwind of the cold and 

warm SST anomalies centers. Also their momentum budget analysis suggests that pressure 

gradient term is dominating the balance, besides of the vertical mixing and horizontal 

advection. 

The differences and similarities of the TIWs in the PaciSc and Atlantic oceans have 

been explored by Hashizume aJ. (2001) also using the TMI sensor during the second half 
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of 1999, when a well established La Nina wag present in the PaciSc. The cold tongue in the 

Atlantic has a faster development and decay than that in the PaciSc. Possibly associated 

to climatic and climatological differences, the wavelength of the Atlantic TIW is smaller 

(9° of longitude) when compared with the Pacihc (12°). It waa also observed that in both 

oceans TIW activity has some indirect impact on the southern edge of the ITCZ. 

Thus, while many studies in the past have shown that TIWs originate &om oceanic 

instabihties the discussion above show that there is also an imprint of TIWs in the atmo-

sphere via mainly ABL stability modulations. In this chapter, we explore the ocean-ABL 

coupled interactions and the main points addressed here are: 

# Can we simulate TIW impacts in the atmospheric boundary layer using a simphGed 

coupling scheme? 

# Is there an ocean-atmospheric coupling in which the ABL feedback impacts onto 

oceanic TIW characteristics? 

Up to now from our knowledge, the extent of TIW ocean-atmosphere coupling and the 

associated oceanic feedbacks has not been specifically addressed by other studies. We chose 

to study the TIW ocean-atmosphere interactions using an OGCM coupled with a simphhed 

statistical ABL scheme. 

The remainder of this chapter is organized as follow. In Section 4.2 the ocean model 

conGguration, ABL scheme formulism, coupling coeBRcients calculation and system setup 

are presented. In Section 4.3 the model spin-up and sensitivity experiments are described. 

In Section 4.4 the equatorial current system, TIW simulations and variability are analyzed. 

The model energetics and wind work are investigated in Section 4.5. A brief summary and 

conclusions are presented in the last section (Section 4.6). 
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4.2 Model configurations 

4.2.1 Ocean Model 

In this study we use the LODYC Ocean General Circulation Model (OGCM) (Madec aZ., 

1998) in a tropical PaciGc conGguration which is the same used in Chapter 2. However, it 

has a slightly different grid configuration and a brief description of the main characteristics 

follows. 

The domain used for this study covers the tropical PaciSc from 30° S to 30° N and from 

130°E to 70°W, with reahstic representation of coastlines. The meridional resolution is 0.5° 

in the equatorial belt from 5°S to 5°N increasing grid space up to 2° at the southern and 

northern boundaries. The resolution in zonal direction is 1°, equally grid spaced along the 

domain. 

The model has 31 levels in the vertical, with the highest resolution of approximately 

10 meters in the top 150 meters. Below this depth the resolution decreases down to 500 

meters near the ocean bottom at 5000 meters (see Appendix B for more detail about the 

grid resolution). 

The lateral mixing for tracers and momentum is applied along isopycnal surfaces fol-

lowing the scheme described in Appendix A and in Lengaigne oJ. (2003). The mixing 

coefEcient used is 2 x 10^ m^s" .̂ The results produced by the isopycnal mixing pareimeter-

ization have suggested a better representation of the eddy effects in the equatorial region 

and of the tropical circulation, as suggested by Lengaigne of. (2003) and also seen in 

Chapter 2. 

4.2.2 The coupling scheme 

In order to investigate whether the ABL-TIW induced patterns do influence the TIWs 

themselves we assess the diEerences between experiments forced by speciGed wind stress and 

experiments where a ocean-ABL coupling scheme at the TIW scale has been introduced. 

The experiments are run with the wind stress speci&ed as follows: 
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where To is the October climatological wind stress used for the control experiment and 

5'5'T" is the diEerence between the model SST at a particular instant with the long term 

averaged from the control experiment. The o; and ,8 values in Equation 4.1 used for 

these experiments are given in Table 4.1. The zonal and meridional coupling coeScients 

used in STD experiment are computed &om a statistical regression between the 10-50 days 

hltered Quikscat wind stress and TRMM SST at 140°W, 2°N (the region where the highest 

correlation of 0.5 between these two data set was found) covering the period 1999-2001. 

This is an approach similar to that used in Hashizume aZ. (2001) and Polito aZ. 

(2001) but here it is applied to relate wind stress (rather than wind) to SST. While we are 

aware that this is a very crude approach, the results obtained with our simpliEed scheme 

produces wind stress anomalies consistent with the magnitude and spatial patterns found 

in observations (see for instance Figure 1.3) 

In one way of the ocean-atmosphere coupling, the ABL scheme can be forced by SST 

produced by the oceanic model and those are included in the wind calculations. On the 

other way the ABL returns back the wind stress to force the ocean model closing the ocean-

atmosphere coupling loop. A simple formulism to calculate the surface wind stresses based 

on a given background wind plus the information coming from the ocean through SST 

anomahes is used. 

Experiments CK (5 
STD -0.02 0.008 
MID -0.03 0.012 
HIG -0.05 0.020 

Table 4.1: Linear regression coeScients calculated from the TMI SST and Quickscat 
scatterometer. Time series data are coincident in time, covering the period from 
June 1999 to December 2001, and space, a and represent the zonal and meridional 
directions, respectively. 

The preliminary results have shown considerable differences on the simulated mean state 

when diEerent experiments are compared. The question that arose is; are the diEerences 
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seen in the mean state caused by the TIWs feedback themselves or caused by the coupling 

effects in the regions outside of the TIW activity region? 

In order to minimize the ABL coupling impacts on the oceanic mean state, the active 

couphng region is restricted to an equatorial area where the TIWs are generated. The ITCZ 

is located northward of this area and the coupling mechanisms may diEer. Thus, a and 

are de&ned as function of the latitude and longitude limits respectively. The coe@cient 

values are multiplied by one within a region chosen for active couphng region, extending 

6:0m 9°S to 9°N and from 160°E to 90 °W, and zero elsewhere. In order to avoid an abrupt 

change in the active coupling a 3° wide transition zone decaying to zero in all four directions 

(north, south, east and west borders) is apphed. 

4.3 Experiments performed 

4.3.1 Spin-up and control experiments 

The ocean model is hrst spun-up with October climatological wind stress forcing ERS+TAO 

(Menkes e( aZ., 1998), starting from rest and Levitus and Boyer (1994) temperature and 

salinity. The net heat Gux is parameterized as a relaxation towards October chmatological 

SST observations (Levitus and Boyer, 1994) using a relaxation coeScient of-40 W 

There is no relaxation to climatologicai salinity. The results are analyzed after the 60*̂ ^ year 

of integration when the solution has reached a statistically quasi-steady state. 

In order to be coherent with the sensitivity experiments comparison, an additional two 

years experiment is performed restarting from the spin-up and with a and set to zero. 

The only variability in this experiment is linked to tropical instability waves and will be 

further described in Section 4.4. 

4.3.2 Coupled experiments 

Thr6e two-years experiments are performed with non-zero values of a and /3, i.e. allowing a 

coupling between the ocean and the atmospheric boundary layer. The a and values used 

for these experiments are given in Table 4.1. The zonal and meridional couphng coe@cients 
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used in the STD experiment are the values computed from the statistical regression as 

defined in the Section 4.2.2. In experiment MID, the coe&cients are multiplied by a factor 

of 1.5 and in the HIG, they are multiphed by a factor of 2. The ejects of ABL coupling 

for each case are compared with the control run experiment (CTL). The 60*^ spin-up year 

which used constant October forcing is used as initial conditions. The coupled experiments 

diSer only in the coupling strength apphed, all the other parameters and configurations are 

kept identical. 

4.4 Mean state and TIW 

4.4.1 The equatorial current system 

The Figure 4.1 shows a latitude-depth section at 120°W of 2-year8 mean zonal currents in 

the upper panel, zonal surface current in the middle panel and SST in the lower panel. AU 

these results are from the CTL experiment. The equatorial current system is simulated 

quite well displaying the eastward Eowing Equatorial Undercurrent (EUC), the westward 

flowing South Equatorial Current (SEC) both northern and southern branches and the 

eastward flowing North Equatorial Counter Current (NECC). Moreover, the SEC southern 

branch is weaker and shallower compared to the northern branch. Observational studies 

have demonstrated that SEC is stronger in its northern branch (Qiao and Weisberg, 1995) 

and in some cases it consists of a single branch to the north (Luther and Johnson, 1990). 

The CTL mean currents are reasonably well simulated and in relative agreement with 

Vialard oZ. (2003a) and Lengaigne aZ. (2003) with respect to the equatorial current 

structure. They have used a similar model configuration forced with ERS-I-TAO (Menkes 

oZ., 1998). However, in their case the simulations are done using seasonal varying wind, 

which differs from this study where the forcing is kept constant. This might explain some 

diSerences from our mean state patterns compared to theirs, such as the weaker southern 

branch in our mean state. 

The surface current field shows a region of large variability along the equator and ex-

tending northward coincidentally with the strong shear region between EUC, SEC northern 

branch and NECC. The SST in Figure 4.1 exhibits a weU defined cold tongue region ex-
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tending further west up to 160°W approximately. This held also shows a strong meridional 

frontal gradient north of the equator, typical of the period when the Cold Tongue is well 

established. 

The SST also shows a region of large variabihty as seen in the zonal current over the 

same region where a sharp temperature gradient is located. The large variability region 

seen in the currents and SST Eelds are associated with the TIW growth region and it is 

where the waves are most active. The region with largest variability extends from 100°W 

to the date hne, approximately. 

The CTL experiment exhibits TIW activity as shown in Figure 4.5 in the left panel. The 

figure displays a time-longitude Hovmoller diagram of SST. The TIWs are identified in the 

time-longitude plots as those features propagating westward with their largest variabihty 

over the eastern part of the model domain where the SEC, EUC and NECC shear currents 

variabihty and frontal gradients are most intense. This variability decreases westward where 

TIWs tend to dissipate. 

The waves produced in the CTL experiment exhibit organized propagation patterns as 

well as a larger variability in the eastern portion of the domain. The TIW activity identihed 

in the SST helds are quite sensitive to the atmospheric ABL couphng. The results suggest 

a reduction in the wave activity when compared with the active couphng experiments. The 

characteristics of the coupled TIWs will be further discussed in Section 4.4.2. 

When the ABL scheme is used on its active mode, i.e. allowing ocean-atmosphere freely 

interact to force the ocean model, the equatorial ocean simulation is signihcantly aSected 

by the couphng strength applied as showed in Table. 4.2. There is an increase on the EUC 

maximum speed for the STD experiment compared with CTL. The same pattern is found 

for the other experiments, where the ocean-atmosphere coupling is made stronger (e.g, MID 

and HIG). However, the other currents, e.g. SEC and NECC, do not follow this pattern of 

a linear increase in their maxima. 

By analyzing a series of SST snapshots from CTL and STD experiments, it is seen that 

TIWs activities are simulated over the latitudes between 2°N to 4°N and 2°S to 4°S over 

the eastern part of the domain, exhibiting a well dehned cusp-shaped wave pattern. For 

instance one snapshot is shown in Figure 4.4 (upper panel) for the STD experiment. These 
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Figure 4.1: EUC vertical section averaged over 130° VF — 90°W band of longitude (up-
per panel). Middle and lower panel are zonal current and SST, respectively. Shaded 
areas in these two last plots denote standard deviation. Units are cm s"^ for the 
current and °C for SST. 
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TIWs features are similar to those previously shown by Legeckis (1977), Chelton et al. 

(2001) and Thum et al. (2002). The waves extend approximately from 100°W to 160°W of 

longitude, coincidentally with the regions of largest variability as shown in the Figure 4.1. 

Current CTL STD MID HIC 
EUC 61.06 67.97 69.62 76.71 
SEC -52.07 -52.69 -52.00 -58.80 
NECC 60.65 61.09 61.17 58.98 

Table 4.2: Maximum values of speed currents for each experiment performed. Units 
are in cm 

To diagnose the diSerences found in the zonal current system produced by the coupling 

the terms in the zonal momentum equation are calculated, as done in previous sensitivity 

studies, e.g. (Maes ef aZ., 1997, Yu and McPhaden, 1999, Lengaigne e( of., 2003). Harrison 

aZ. (2001) have analyzed the TfW role in the momentum equation tendencies in the 

boreal springtime surface current reversal that occurs in the equatorial Pacific. In our 

case we analyzed the total zonal momentum equation trends. The methodology used in 

this analysis is shown in Appendix C. The results are shown in Figure 4.2 and briefly 

commented. 

In the CTL experiment, the zonal pressure gradient (ZPRG) is the dominant positive 

term in the balance, accelerating the Sow eastward to a lesser extent the vertical advec-

tion (VA.DV), towards the surface. The meridional advection (MADV), vertical diEusion 

(VDIF) and lateral diSusion (LDIF) are negative and counteracting the zonal pressure gra-

dient(ZPGR) and vertical advection (VADV). In the upper part region of the EUC, around 

40-100 meters depth, ZPGR and YADV are the two dominant terms accelerating eastward. 

The former terms are balanced by VDIF and to a lesser extent by MADV. Similar results 

to our CTL experiment are found in the literature, e.g. Maes et al. (1997), Harrison et al. 

(2001) and Lengaigne ef oZ. (2003). 

Nevertheless, when the SST-wind co-variability is made active the balance suggests a 

weakening in the meridional component of the horizontal advection term (MADV). The neg-

ative MADV magnitude decreases when the ocean-atmospheric coupling is made stronger. 

Such weakening extends from the surface deepening down to the EUC upper part. Harrison 

aZ. (2001) in their study have found that the weakening of this term associated with 
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Figure 4.2: Vertical section of the mean zonal momentum equation trends (units are 
1X 10~® Sohd line is CTL experiment. Dashed lines are; STD with open circle, 
MID with plus sign and HIG with open square. See Appendix C for methodology. 
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TIW activity is seen to be the primary source of the spring TIW tendency for eastward 

acceleration. 

However, the other balance terms are also sensitive to the coupling and they might 

play a role in the EUC speed; it is not clear which one of them are responsible for EUC 

acceleration. In the same TIW time scale analysis we show that the meridional momentum 

Hux is also decreased with TIW activity as discussed later in Section 4.4.4. 

4.4.2 T h e effect of T I W ac t iv i ty on t h e s u r f a c e s t ress 

In this section we compare the TIW model generated for each coupled experiment, i.e. 

when the surface wind stress is simulated taking SST into the calculation. The TIW signal 

is enhanced by using a Finite Impulse Response (FIR) 2-D digiteil Hlter (CipoUini ef of., 

2001, Liu et ai, 2000). The filter band-pass TIW within a selected range of wavelengths 

and periods from a 3-day average model output. In this chapter, we assume that, TIWs 

are all oscillations with longitudinal wavelength ranging from 5° to 25° and period from 10 

to 80 days. These values are based on what has been reported in the literature on TIW 

spectral characteristics and also in some prehminary tests carried out before to dehne the 

filter parameters. 

The STD experiment which uses the ABL scheme interactively with standard values for 

the coupling coefficients produces TIW imprints in the winds. The TIW imprints on the 

ABL are identiSed as those westward propagating features in both zonal and meridional 

wind stress components as showed in Figure 4.3. Their largest activity is towards the eastern 

part of the domain, coincident with the TIW maximum activity region in the SST fields as 

seen in Figure 4.5. 

Two snapshots &om the STD experiment are shown in Figure 4.4. The upper panel 

displays the SST field with filtered currents superimposed. The model simulates the cold 

tongue feature and also exhibits a well defined cusp-shaped wave pattern similar to those 

TIW patterns described in the literature (Legeckis, 1977, Chelton et al, 2000). In the 

observed data, TIW appear as osciDations of the northern edge of the cold tongue and with 

a weaker activity at the southern edge (Chelton et al, 2000). In this study, the model 

reproduces the observed TIW feature in the Cold Tongue northern edge but the activity 
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Figure 4.3: Time-longitude series showing the wind stress (zonal and meridional) 
components produced by the STD experiment. Units are Nm~^. 

in the southern is underestimated. As mentioned before this might be related to the weak 

SEC speed on its southern branch. The currents snapshot, shows clearly that TIWs act to 

stirring the cold and warm waters in this region. They act to draw out filaments of cold 

water from the tongue region and to bring warm water filaments into this region. 

The lower panel of Figure 4.4 shows the SST with the wind stress, produced by the ABL 

scheme, superimposed on it. Both fields have been filtered and just the high variability part 

of them are retained. The positive (negative) blobs of SST anomalies represent the warmer 

(colder) waters being moved southward (northward) by the currents (as shown in the upper 

panel). The wind is superimposed on the filtered SST and suggests that as air moves 

across the isotherms it speeds up and slows down over warm and cold waters respectively, 

producing convergence and divergence centers over the SST maximum gradients. 
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This result suggests that the ocean-atmosphere coupling will have a tendency to decrease 

the TIW activity (as shown in Figure 4.5) by reducing the meridional momentum flux as 

further discussed in Section 4.4.4. The current and wind vectors have component acting in 

opposite directions, Figure 4.4. For instance, it is verified that current vectors are directed 

northwards right over the SST crest, mixing out cold water filaments and the wind is directed 

towards southeast/south direction. On the other hand, the warmer water Glaments are 

brought into the cold region by the southward currents placed over the SST trough while 

the wind has a northward component. 

Overall, the results obtained with the simplified ABL scheme are in close agreement with 

those shown by Liu aZ. (2000) where they have used microwave satellite data to investigate 

the ABL instability mechanisms proposed by Hayes aZ. (1989). It is important to note 

that the ABL scheme used here simulates wind anomalies in the same order of magnitude 

as those found by Liu aZ. (2000) as well as displaying a similar spatial pattern. 

The high frequency part of SST data is shown in Figure 4,5 which displays a Hovmoller 

(time-longitude) SST diagram for the CTL and the experiments where diEerent coupling 

coeGicients are apphed. The TIWs propagate westward, exhibiting their largest variability 

over the eastern part of the model domain where the SEC, EUC and NECC shear currents 

and frontal gradients are most intense. This variability decreases westward where TIWs 

tend to dissipate. 

The TIWs identihed in the SST fields are indeed quite sensitive to the atmospheric ABL 

coupling. The waves produced in the CTL experiment exhibit more organized propagation 

patterns as well as a larger variability in the eastern portion of the domain, as shown in the 

left panel of Figure 4.5. The experiment using interactive ABL winds with standard coupling 

coefEcients (STD) tends to damp out the TIW activity when compared with the control 

experiment (CTL) that uses constant wind forcing. The TIW variability is decreased further 

as the coupling coefBcients are increased such as MID and HIG experiments, as shown in 

the Figure 4.5. The time-longitude results suggest that increasing the ABL couphng tends 

to produce waves that are not as regular as the in CTL experiment. Also, the dominant 

TIW speed is afFected. The waves tend to propagate faster and have longer wavelength 

and period as the ocean-atmosphere coupling increases. The spectral characteristics will be 

further discussed. 
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Figure 4.4; SST with filtered currents superimposed (upper panel). SST and wind 
stress superimposed, both filtered fields (lower panel). STD experiments 

4.4.3 TIW variability 

In order to quantify the TIW variability as a function of the coupling strength the SST and 

currents standard deviation is calculated using the total fields. 

Horizontal structure 

The horizontal or surface standard deviation, averaged over a latitudinal band extending 

from 5°S to 5°N, for the whole longitudinal extension, is shown in Figure 4.6. This figure 

also shows the regions where the experiment differences are statistically significant. The 

statistical F-test at 95% is applied as shown in Zar (1996) in order to find out the significance 

levels. The top color lines represent the significant difference of a given experiment at a 

given longitudinal region when compared to the CTL experiment. 

86 



The coupl ing be tween T I W and the A B L Chapter 4 

700 

600 

500 

400-

300 

200 -

1 0 0 -

CTLSST 8TDSST MID SST HIGSST 

- 700-

600 -

- 500-

- 400-

300 

2 0 0 -

- 100 

- 700 

6 0 0 -

- 500 

-0.5 

150a70a70W50W30W10W 
Longitude 

- 1 1 r 

1 SOB 70B70VV50V1/30W1OW 

Longitude 

- 1 . 5 
150B 70H70VKOW30W1 OW 

Longitude 

150E70E70«0TO0m OW 

Longitude 

Figure 4.5: Filtered time-longitude SST displaying T I W for the CTL, STD, MID and 
HIG experiments averaged over the latitudinal band from 1°N to 3°N. Units are °C. 

In an effort to map the coupled spatial structure of TIWs we follow the methodology 

used by Hashizume et al. (2001) and Small et al. (2003). The method consists of finding the 

linear relationship between two variables by means of regressing two-dimensional variable 

field onto the fixed point time series, such as U(j and SST( t̂y, where is either the 

zonal or meridional filtered current field and SST(̂ f̂  is the filtered SST at a fixed point. 

Details of the statistical method are described in Hashizume et al. (2001). 

The TIWs exhibit their largest surface variability over the eastern part of the domain 

with the maxima occurring towards 100-110 °W and decreasing towards the west where 

the waves tend to dissipate. The same characteristic is verified on the currents, zonal and 

meridional components as shown in Figure 4.6 on the middle and lower panels, respectively. 

As mentioned before, TIWs have their activity damped out when the ocean-atmospheric 
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Figure 4.6: Meridionally averaged surface standard deviation, SST (upper panel), u 
(middle panel) and v (lower panel). The values are latitudinally averaged over the 
band from 5°S to 5°N. 
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boundary layer coupling is made stronger. The SST maximum variability is 0.47°C in 

the CTL experiment, 0.37°C in STD and 0.33°C in HIG, representing an approximate 

reduction of 21% and 30%, relatively to CTL; suggesting a roughly relationship 

between ocean-atmosphere coupling strength and SST variability. An analysis of a sequence 

of SST snapshots suggests that the wave shape is also modiHed. The TIWs are shghtly 

squashed and stretched in the meridional and zonal directions respectively, as the coupling 

is strengthened. 

However, the effects of coupling on TIW activity are less noticeable on the surface 

currents variability, particularly in the meridional component. The meridional variability 

is reduced, but not significantly. The maximum value found for the CTL experiment is 

approximately 0.17 m s"^ and it is reduced to 0.16 m s^^ in the HIG, representing a 

6% reduction of the former. The surface variability in the zonal direction, exhibits an 

opposite behavior to that seen in SST and meridional current. The zonal variability is 

increased when the coupling coelEcients are larger. The maximum value of variability is 

approximately 0.15 m s^^ in the CTL experiment and 0.17 m s^^ in the HIG, representing 

an increase approximated of 22%. 

The large increase in the zonal current variability within the equatorial region is not only 

caused by the TIW activity. Apparently, two other factors are contributing to enlarge the 

zonal variability. The analysis of a current snapshot animation has revealed that the zonal 

background component exhibits a meridional oscillation, being displaced north and south-

wards as the coupling increases. Another factor contributing to the variability enhancement 

is the generation of a lower frequency propagation mode as the coupling strengthens and 

identiGed in the wavelet analysis. 

The Figure 4.7 shows the zonal current time series and the respective wavelet analysis 

at the Equator and 100°W. This technique has been widely used in various climate data 

aneilyzes, e.g. Weng and Lau (1994) for tropical convection, Gu and Philander (1995) 

ENSO data and recently Cromwell (2001) studying the zonal propagation of energy in the 

North Atlantic. In the wavelet plots (Figure 4.7, lower panels), the vertical axis shows the 

wave periods in days and the horizontal axis the model time. The contour lines indicate 

both the 95% confidence level and the cone of inSuence (CI), below which edge effects may 

^ here means that SST variability is damped out as function of coupling increasing 
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Figure 4.7: Zonal current time series (upper panels) and Wavelet Power Spectrum 
(WPS, lower panels) at Equator and 100°W for the a)- CTL and b)- HIG experiments. 
Currents are in m s~^. 

become important (Torrence and Compo, 1998). The CTL and HIG experiments clearly 

exhibits the TIWs characteristics propagating at this location with periods centered at 32 

days, approximately. On the other hand, the HIG experiment also shows a lower frequency 

oscillation with periods around 230 days, approximately. These oscillations are propagating 

slower than TIWs and are more evident in the HIG zonal current. For instance, SST and 

meridional current do not show this lower frequency mode. 

However, the TIW surface current speed is decreasing in magnitude when the coupling 

increases as shown in Figure 4.8 (left column) caused by the wind stress increasing (right 

column). This figure shows maps of zonal and meridional currents regressed onto the 
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Figure 4.8: Regression map with center point at 110°W and 2°N. The arrows dis-
play currents regressed onto SST (m s~^ °C~^) in the left column and surface wind 
stress regressed onto SST (N m~^ °C~^) in the right column. SST auto-regression is 
displayed in shaded regions. 

91 



T h e coupl ing be tween T I W and the A B L Chapter 4 

SST Eeld with the center point at 110°W and 2°N (left column) and for wind stress (right 

colunm). The SST anomalies display a wave-train pattern largely conhned between Equator 

and 4°N which are reduced in intensity and extension when the coupling is strengthened. 

The surface wind stress variabihty produced in the interactive experiments exhibits an 

increase in the variability. For instance, maximum variability is markedly increased by 

75% (see Table 4.3) when the coupling coefBcients are increased, comparing STD and HIG 

experiments. A similar increase is verihed in 7̂  wind component. The results suggest 

that surface wind stress is increased with the coupling strengthen as shown in Figure 4.8 

and they are acting in an opposite manner reducing the current speed. This point will be 

further discussed when the wind stress action in producing kinetic energy is examined in 

Section 4.5. 

Variable STD MID HIG 
T x 0.007 0.010 0.013 

'^y 0.003 0.004 0.005 

Table 4.3: MEiximiim values of wind stress standard deviation for each coupled ex-
periment along all longitudes and averaged over the latitudinal band extending from 
5°S to 5°N. 

Vertical structure 

The meridional-depth variability is shown in Figure 4.9 and their maxima values are 

tabulated in Table 4.4. With regards to the vertical proEle of temperature, two remarkable 

features are seen in this Sgure. One feature is in the upper part of the mixed layer, above 50 

meters depth. The variability is clearly reduced when the coupling is increased. This r^ult 

is consistent with the surface analysis presented in the previous section. The other feature is 

that, surprisingly, the larger variability values are localized in the lower thermocline region 

between 2°N and 4°N. For instance the variability in this region is maxima, reaching 0.85°C 

for the HIG experiment. 

There are other interesting correspondences between ocean-atmosphere couphng and 

meridional-depth currents behavior. The zonal current component, mainly on the EUC 

region, is speeded up when the coupling is made stronger (see Table 4.2). In addition, it 

is noted a roughly linear increase in the zonal current variability by comparing the HIG 

experiment with the others performed under weaker ocean-atmosphere coupling coe&cient, 
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Variable T u V 

CTL 0.83 0.24 0.22 
STD 0.82 0.24 0.20 
MID 0.78 0.25 0.19 
HIG 0.85 0.27 0.19 

Table 4.4: Maximum values of standard deviation zonally averaged over the region 
ranging &om 150°W to 90°W. Maximums extracted from the meridional-depth Fig-
ure 4.9. Temperature is in °C and currents are in m s"^ 

as shown in Figure 4.9 central column. Their maxima values are found at surface and in 

this case varying from 0.24 m s"^ for STD up to 0.27 m s"^ for HIG. 

Comparing the results on the right column in Figure 4.9, we see that the meridional 

current exhibits an opposite behavior. The variability tends to decrease within the whole 

thermochne region when the coupling is increased, suggesting that TIW are less active. 

Again, in this current component the maxima are at the surface and it is 0.22 m s^^ for 

STD and is reduced to 0.19 m s"^ for the HIG experiment. 

The dominant westward propagating speed (cr) are calculated by Radon Transform 

(RT) technique (ChaUenor aZ., 2001) as used in Chapter 2. TIW imprints in the SST 

and the currents (both zonal and meridional components) tend to propagate with the same 

speed in the CTL experiment. The is approximately 50 cm s"^ and agrees with other 

calculations found in the literature (Harvey and Patzert, 1976, Chelton ef oZ., 2001, Vialard 

oZ., 2003a,b). 

Results from the interactive experiments suggest that the TIWs tend to speed up when 

the couphng is made stronger for the ocean TIW imprints, with increasing up to 55 cm 

s"^, approximately. The calculated from the meridional current (i;) is hnearly increased 

as function of the ocean-atmosphere coupling strength. However, an exception is seen in 

the zonal current where value is decreased with ABL interaction, comparing the CTL 

and STD experiments. 

The 2-D Fourier analysis of the time-longitude data based on SST, current and r data 

shows that TIW spectral characteristics are modified by the ocean-atmosphere interactions. 

Their period (F) ranges from 32 days up to 43 days and wavelength (A) from 9° up to 11°. 
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Figure 4.9: Standard deviation zonally averaged over the region ranging from 150°W 
to 90°W. Temperature on the left column, zonal current component (u) on the central 
column and meridional current component (v) on the right. Temperature is in °C 
and currents are in m 

A and T area increasing as function of the coupling strength. 

4.4.4 H e a t a n d m o m e n t u m fluxes 

The zonal momentum balances analyzed in Section 4.4.1 have shown that ocean-atmosphere 

coupling strength play an important role in the eastward equatorial flow simulation, which 

decreases the meridional momentum advection. Now we turn our attention to analyze the 

coupling strength impacts on the heat and momentum fluxes. 

The CO-variances T'v', T'u' and u'v' are presented in Figure 4.10. The meridional heat 
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transport T'v' in the TIW scale is directed towards the equator, since these waves mix 

warmer waters into the Cold Tongue region. This is evident in Figure 4.10 on the left side 

column; where a large and deep area with negative values is seen between Equator and 4°N 

region. The meridional heat flux is 38% decreased, approximately, when the couphng is 

made stronger and their minimum values are dropped down from -91 x 10"^ °C m^s"^ to 

-57x10"^ °C m^s~^. This reduction in T'v' is consistent with the reduction in the T and v 

variability, shown in the previous section. 

5 ] 

- 6 - 4 - 2 0 2 4 8 

- 1 0 0 

^ ^ ^ 0 2 4 
T V - M I D 

-150 

- e - 4 - 2 0 2 4 
n/-WQ 

r 
- 1 5 0 

^ ^ 0 2 4 

Latitude Latitude Latitude 

Figure 4.10: Fluxes zonally averaged over the region ranging from 150°W to 90°W. 
Meridional (T'v') and Zonal eddy heat fluxes (T'u') component . Reynolds stress 
component [u'v'). Units are 1x10"^ °C m^s~^ and l x l O ~ ^ m ^ s ' ^ respectively. 

The momentum flux shown in Figure 4.10, suggests that the decreasing of divergence 

u'v' at the Equator around 100 meters depth with increasing coupling is consistent with 

the increase in EUC speed given in Table 4.2 and the decrease in the convergence close to 

the surface (around 2°N) is consistent with the increase in the westward SEC shown by the 
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Figure 4.11: Differences of SST averaged over the last two year for the STD, MID 
and HIG experiments. The upper panel is CTL-STD, middle panel is CTL-MID and 
lower panel is CTL-HIG. 
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Variable 
CTL -91 36 21 
STD -72 13 20 
MID -63 11 20 
HIG -57 16 17 

Table 4.5: Minima and maxima values of the zonally averaged Suxes over the region 
ranging from 150° W to 90°W extracted from the meridional-depth Figure 4.10. Units 
are 1x10"^ °C m^s"^ and IxlO^^m^s"^ respectively. 

maximum values in Table 4.2. 

With regard to the temperature, the reduction in f'T' would imply a cooling south of 

3°N and a warming north of 3°N relative to the control run, i.e. the TIW are mixing less 

heat between the warm north and cooler equator. The SST at the equator indeed decreases 

as shown in the Figure 4.11 which shows the SST digerence relative to the CTL experiment 

and aU the others simulations in the equatorial region. However the upwelling, inferred from 

the horizontal divergence calculations at surface, is reduced when the couphng is increased. 

The results (figures not shown) reveal a reduction of 12% in equatorial upwelling comparing 

the STD experiment with CTL. The upwelhng is even more reduced, 30 %, for the HIG 

experiment. These values are approximate and averaged over the area extending from 2°S 

to 2°N and from 160°W to 90°W. 

The results suggest that TIW activity and upwelhng are acting in opposite directions. 

The TIW activity decreasing tends to cool down the Cold Tongue region and the reduced 

upweUing to warm up. However, the temperature in this region is decreased suggesting 

that the TIW effects in transporting less meridional heat into the Cold Tongue region are 

apparently prevaihng. 

4.5 Energy rate Hux 

The ocean-atmosphere couphng strength modify the TIW characteristics as seen in previous 

sections. The total energy Eux transferred into the ocean surface due to the wind action 

thereby generating kinetic energy is weakened with the coupling strengthening. The role of 

energy Eux rate into the ocean surface associated with the coupling is investigated. We use 
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a similar approach to that used in Wunsch (1998) based on Stem (1975). 

The rate at which energy is supplied to the ocean also commonly called as wind work 

at ocean surface (Wunsch, 1998) can be calculated as 

w = ( T - u ) (4.2) 

where r is the wind stress in both meridional and zonal directions (7̂  and 7̂  respectively) 

and u is the vector representing the currents 12 and f. As shown in the Section 4.4.2 TIW 

have imprints in the atmospheric ABL, reinforcing Liu a/. (2000) and Hashizume aZ. 

(2002) results. Also, TIWs are aSected by the ABL feedbacks and here we want to isolate 

this TIW signal. 

In order to analyze the work done by the TIWs we re-write the Equation 4.2 dividing 

w into a mean and a huctuating part as follow 

w = (r • u) + (r' • u') (4.3) 

where () denotes average over two years, primed wind stress and currents are the high 

pass hltered helds using the same digital filter as used in Section 4.4.2. In Table 4.6 are 

tabulated the averaged values over the equatorial region ranging from 2°S to 6°N and &om 

130°W to 90°W for the components and total wind work. 

Experiment Total 
STD 10.3 2.0 0.2 -0.2 12.3 
MID 9.7 1.9 0.5 -0.3 11.8 
HIG 9.5 1.7 0.7 -0.3 11.6 

Table 4.6: Wind Eux energy on the ocean surface averaged over the region ranging 
from 2°S to 6°N and from 130°W to 90°W. All values are two years averaged and 
units are 

The tropical Pacihc region is dominated by the strong westward wind stress in the trades 

region, approximately between 30°N and 30°S. Overall, the total rate of energy transferred 
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into the ocean within this region is decreased when the ocean-atmosphere couphng is in-

creaged. The mean zonal and meridional stress components are transferring energy into 

the ocean through the ocean-atmosphere coupling by analyzing the mean wind energy Eux 

shown in Table 4.6. The eastward energy component (T^u) represents a substantial part 

of the total input as can be seen by comparison with the total value and contributes with 

82%, approximately, of the total rate of energy transferred into the ocean (Table 4.6) for 

the STD experiment. The ABL coupling enhancement produces an increase of the wind 

work maximum values, however, it is not reflected in the spatial average for the MID case 

as shown in Table 4.6. On the other hand, the mean northward wind work component 

is contributing with approximately 16% of the total energy rate. All the mean values are 

decreased when the couphng is increased. 

The zonal component of the wind work over this same region but into TIWs spatio-

time scales shows a positive input of energy into the ocean which is increased as 

function of the coupling. This is a consequence of the Ti increasing which can be inferred 

from Figure 4.8. The zonal wind work exhibits two positive areas located in the edges of 

the TIW activity region. In between these two positive areas there is a negative wind work 

region as consequence of the weak eastward component of the wind velocity (figure not 

shown). 

The TIW meridional wind work component is acting in an opposite way to the zonal 

component, removing kinetic energy from the ocean. The values do not exhibit 

signihcant diSerences as the coupling increases, however, the coupling strength tends to 

decrease the negative values. 

4.6 Summary and Conclusions 

A series of coupled ocean-atmosphere experiments using different coupling strengths have 

been analyzed in this chapter. The coupled system uses a simpHHed ABL scheme, particu-

larly with regards to the explicit physical representation of the boundary layer thermody-

namics and dynamics. 

The model results have suggested that there are significant eSects of the ocean-ABL 
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coupling in the TIWs variability and characteristics. Despite the simplicity of the ABL 

scheme the integration using a standard couphng coe@cient (STD) suggests that this system 

is able to accurately simulate the TIW atmospheric imprints. Both TfW magnitude and 

spatial feature imprints seen in the wind stress are comparable to those observational results 

shown in Liu (2000) which have used high quality satellite data. 

A major conclusion of our results is that active coupling strengthening produces a 

negative feedback on the TIWs. There are two main issues when the ocean-atmosphere 

coupling is strengthened. Firstly, the TIW activity tend to be reduced in both surface and 

sub-surface ocean. Secondly, the experiments using active wind interaction simulate a cooler 

Cold Tongue region with anomalous values reaching -0.3°C in some equatorial regions, when 

compared with the CTL. 

Overall, less energy is being converted into ocean kinetic energy when coupling is in-

creased as shown by both wind work and regression map analyzes. The meridional momen-

tum and heat Suxes are largely decreased contributing to the Cold Tongue SST reduction. 

There is an opposing action between the eSects of the upweHing and the TIWs as the 

coupling strength is increased. On one hand, the reduction in the wind 6ux energy over the 

equatorial region decreases the cold water pumped up in the Cold Tongue (which would 

imply a warming). On the other hand, the decrease in the equatorward heat Gux by the 

TIWs would imply a cooling of the water in this region. The eSects of the TIWs are 

dominant in this scenario, mixing less warm water into the equatorial region and resulting 

a cooler Cold Tongue as a consequence. However, the mechanisms which fully explains the 

ABL ejects in the TIWs characteristics need to be further investigated. 

Experiments forced by a simphEed ABL scheme would tend to make the results easier 

to interpret whilst still capturing the essential physics. However, this is not the case since 

there is no clear way to isolating one particular effect, e.g. only observing the TIWs effects 

in the system. Pushing the system in one way does not necessarily lead to the expected 

results. The simulation results suggest that we have a complex system of eddy and mean 

flow interactions. 

Additionally, some important atmospheric processes might be missing or not explicitly 

being solved in the present model conGguration, such as the atmospheric advection. As 
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suggested in Hayes of. (1989) and recently demonstrated in Small oZ. (2003), advection 

is thought to play a role in aEecting wind stress and SST caused by the SLP digerences. 

Finally, the results found in this chapter must be seen as a Hrst step in the investigation 

of the ABL feedbacks in the TIWs characteristics. It would be naive to believe that all the 

results obtained from the empirical ABL scheme coupled to an OGCM will reproduce the 

full ocean-atmosphere coupling processes. The robustness of the results from this simplified 

coupled scheme remains to be examined in a fuUy coupled ocean-atmosphere model. Ideally, 

the atmospheric model should have a grid resolution enough to capture the essential physics 

of TIWs atmospheric imprints and feedbacks, for example a regional atmospheric model. 

101 



Chapter 5 

Conclusions 

5.1 Final conclusions 

The equatorial Pacihc dynamics has been investigated in this project and a sizeable number 

of conclusions have been outlined in the preceding chapters. The strength and form of the 

lateral mixing parameterization of equatorial Pacific ocean are studied in Chapter 2, TIWs 

interannual variabihty in Chapter 3 and ocean-atmosphere T I W coupling feedbacks are 

investigated in Chapter 4. In this chapter we present a succinct reminder of what (most 

important) has (eind has not) been achieved in this thesis. This will give an opportunity to 

reAect on some of the remaining problems and discuss how fur ther progress might be made 

from the present Gndings. 

5.1.1 L a t e r a l mix ing 

Nowadays one of the major challenges in the simulation of the climate (past and future) 

lies in the proper representation of the oceanic component of the coupled ocean-atmosphere 

system. There is a number of limitations on numerical models which makes this a non 

trivial task. Among them there is the inability of the equations governing the dynamical 

system used in oceanic climate models to solve explicitly the subgrid-scale physics such as 

lateral mixing. Those small scale processes require a proper parameterization. 

In Chapter 2, the lateral mixing strength and form are investigated. The equatorial 
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current strength is sensitive to the small-scale mixing, mixing tensor orientation and model 

grid resolution. 8ST can be changed by 0(0.5°C) and the Equatorial Under Current speed 

by 0(100%). TIWs play an important role in the heat balance of the Cold Tbngue region, 

bringing heat in larger quantities when the eddy regime is more active. Both barotropic and 

baroclinic energy conversion terms are important in the waves generation. At low levels 

of mixing TIWs become more energetic and their behavior more irregular, with reduced 

seasonahty. 

A major conclusion from the results using a conventional constant value for the lateral 

mixing coefBcient is that decreasing the mixing increases the Cold Tongue SST which in 

general is good because this reduces the cold bias but produces unrealistically strong cur-

rents. As an alternative solution to overcome this problem we propose a parameterization 

which enhances mixing close to the equator. It limits the strength of the EUC whilst httle 

affecting the TIW activity and hence the cold tongue SST. The physical rationale we put 

forward for this enhanced mixing is the effect of the observed interleaving of water masses in 

producing a meridional flux of tracers and momentum (Richards and Banks, 2002, Richards 

and Edwards, 2003). 

Usually the GCMs used for oceanic purposes are tuned to represent the observations and 

this is generally done just by choosing some lower mixing coefRcients and setting up high 

grid resolutions to try to better solve the small scale physical processes. However the 6ne 

grid resolution itself, as showed by previous results in this study, increases the eddy activity, 

eddy heat transport and at the end it might not be the crucial factor needed to improve 

results. An alternative way to improve model results is study the physics represented by 

parameterizations. For example, exploring in more detail the question about the addition 

of mixing to represent the eEect of interleaving as apphed in this study and as previously 

raised by Richards (1998). 

5.1.2 TIWs interannual variability 

The TIWs interannual variabihty as a function of the large scale climate conditions are 

documented in Chapter 3. The total length of the satellite da ta record analyzed in this 

project is larger than the majority of TIWs satellite researches published up to this date. 
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Thus, it has allowed us to register and analyze the TIW characteristics through years when 

they were very actives and when they were not. 

The TTWs clearly exhibit an interannual variability and dependence on the large scale 

climate conditions, such as ENSO phenomena. During La Nina years TIWs are distinctively 

more intense and on the average they have longer wavelengths. The numerical experiments 

using a channel-hke geometry forced by stronger winds shown in Chapter 2 reinforce this 

idea. 

The observational analysis is suggesting that ocean-atmosphere coupling mechanism 

occurs not only in La Nina years. We reinforce Wallace o(. (1989) theory which says that 

SST is coupled with wind through the ABL stabihty change. Our results also extend work 

by Liu aZ. (2000) and Hashizume aA (2001) where they have tested this hypothesis by 

analyzing just one TIW season during the second half of 1999, when a La Nina episode 

was established in the Pacific ocean. However, based on the dataset used here, it is not 

possible determine if the TIW-ABL coupling is the only (or the main) couphng mechanism 

which affects the low-level winds. Recently, Small et oZ. (2003), reinforcing Lindzen and 

Nigam (1987) previous findings, have suggested that advection plays a role in aEecting SST 

gradients and wind stress caused by the SLP diEerences. 

5.1.3 TIWs and ABL coupling 

The ocean-atmosphere impacts on TIW oceanic characteristics are presented in Chapter 4. 

The results reveal that our empirical ABL scheme coupled to an OGCM is able to simulate 

the TIW and its atmospheric imprints, comparable to those shown in Liu et al. (2000). One 

of the most important results from these experiments is that ocean-atmosphere couphng 

produces a negative feedback on TIWs, reducing their activities and consequently modifying 

the equatorial characteristics. The model Cold Tongue is simulated cooler because the TIWs 

are less effective in mixing warmer waters in this region, even with reduced upwelling. 

The temperature variations seen in the Cold Tongue region caused by the TIWs activity 

are signlScant since the chmate over many world regions is sensitive to small SST changes. 

This fact brings about the discussion relative to the coupled models deficiency to simulate 

the Cold Tongue region accurately (Stockdale, 1992). Usually, atmospheric models used for 
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climate studies purposes do not fully represent TIWs imprints given their low grid resolution. 

Additionally, the ABL physical formulism often used in AG CM might not fully represent 

TrWs eEects (Beljaars, peran. comm. 2003). The TIWs misrepresentation might be a 

contributing factor to the equatorial cold bias usually found in coupled ocean-atmosphere 

simulations. 

5.2 Future directions 

While the work undertaken in this project has addressed certain issues, there are many 

others outstanding. For instance, the sensitivity analysis of mixing parameterization and 

model grid resolution eSects on mean state and TIWs need be taken further by some 

complementary studies. 

Richards and Edwards (2003) suggest that inertia! instability is the prime mechanism for 

the formation of the interleaving. In this case we expect the growth, and associated lateral 

Buxes of tracers and momentum, to be dependent on the lateral shear, and that the mixing 

is variable in both space and time. Our next step attempts to test the parameterization 

of additional lateral mixing and inertial instability as suggested by Richards and Edwards 

(2003). It is intended to implement both mixing schemes in collaboration with the team at 

LODYC in an ocean GCM with more realistic geometry and forcing. 

By studying the sensitivity of the ABL simulation experiments and focusing their im-

pacts on the TIW characteristics we note that there is still scope to further explore TIW 

interactions with the atmospheric boundary layer and their feedback mechanisms. This 

idea about ocean-ABL coupling should be re-visited, however, using a numerical boundary 

layer scheme which represents the surface fluxes as well as the surface wind shear. Specifi-

cally what is being suggested is to couple an OGCM to a 3-D regional atmospheric model. 

This scheme can provide the surface boundary conditions, such as the surface Huxes of 

momentum, heat and moisture to force the ocean model. 

The fully 3-D coupled scheme would also include atmospheric advection eSects in the 

simulation which would allow the determination of the nature of the interactions between 

the TIWs and the ABL. This will help to identify the major physical process involved in 
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aSecting the wind stress as investigated in Small aZ. (2003). Projects studying tropical 

PaciEc climate, such as EPIC, would also beneht &om any studies which help describe 

how the coupled ocean-atmosphere interaction aSects the strength and spatial/temporal 

distribution of TIWs relating to the Cold Tongue maintenance and evolved dynamics. Also, 

it would be worth investigating the TIW direct/indirect impacts in the atmosphere, such as 

on the ITCZ as suggested in Xie ef aZ. (1998) or in the cloud stratus deck which is formed 

over the eastern Pacific region and it is beheved to be important for the radiative balance 

of the Cold Tongue. 
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OPA model 

The numerical model used in the present study is the OGCM called OPA^ which is an 

acronym for "Ocean Parallelise", version 8.1. This model has been developed at "Labo-

ratoire d'Oceanographie Dynamique et de Chmatologie" (LODYC), CNRS, University of 

Paris. A full description can be found in Madec (1998), however some main charac-

teristics are presented here. OPA was designed to be an easily conhgured tool for oceanic 

studies and its interactions with other components of the climate system i.e. atmosphere, 

sea-ice and biogeochemical tracers. This tool has been used in many helds of oceanographic 

and climatic researches e.g. Menkes e< of. (1998), Vialard oA (2003a,b), Lengaigne aZ. 

(2003) and an extensive reference list with OPA apphcations can be found in Madec ef aL 

(1998). 

A . l Tool 

Modern numerical models are based on a formulation of the dynamical equations, referred as 

primitive equations, which is essentially based on the pioneering work by Bryan (1969) and 

after Cox (1984). The vertical coordinate is Z, which represents the vertical distance from 

a resting ocean surface at Z = 0, with positive upwards and Z = —^(a:, %/) the topography. 

According with Gri@es ef oZ. (2000), some advantages of this coordinate is the simplicity 

of numerical discretization approach. On the other hand, this type of vertical coordinate 

^OPA has a web site (http://www.lodyc.jussieu.fr/opa) from where can be downloaded the source 
code, manual, tracers model, visualization tools and publications. 
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is deEcient on representing bottom topography. The primitive equations diSer from the 

complete momentum equations where the vertical momentum equation is replaced by the 

hydrostatic approximation 

A.1 .1 M o d e l desc r ip t ion 

The distribution of the variables is on a three dimensional Arakawa C (Mesinger and 

Arakawa, 1976) type staggered grid, as shown in Figure A.l for the horizontal mesh and Fig-

ure A.2 for the vertical mesh. All experiments are conSgured using prescribed 31 Z^-levels, 

which are shown in Table B.l . 

This grid arrangement is optimal in reducing phase speed errors in oceanic waves pro-

vided that the grid spacing is less than appropriate Rossby radius (Mesinger and Arakawa, 

1976). The OPA solves primitive equations following Bryan(1969) as referred in Madec 

a/. (1998) with a large variety of physical options. The prognostic variables are the three 

dimensional velocity fields and the thermohaline variables. 

i -

0 " 

o y 

. r 

n f 

Figure A . l : Horizontal integer indexation used in the m o d e l code. T h e dashed area 
indicates the cell in which variables contained in a r r ays have the same i- and /o r 
j-indices. Source Madec a/. (1998). 
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Figure A.2: Vertical integer indexation used in the model code. The dashed area 
indicates the cell in which variables contained in arrays have the same fc-indices. 
Note that the A:-axis is oriented downward. Source Madec et al. (1998). 

The momentum equation expresses the conservation of horizontal momentum, 

^ = [(V X U) X U + ^V(U^)];, - / k X Uh - - Vhp + D " 
d t L po 

(A.l) 

where U is the velocity vector and U = Uh+wk (the h subscript denotes horizontal vector), 

Pq is a reference density, p the pressure, / is the Coriolis parameter ( / = • k, where fl 

is the Earth angular velocity), t time and D" is the parameterization of small scale physics 

for momentum. 

From the hydrostatic equation is computed the pressure; 

dp 
3 ; = - ^ ^ (A.2) 

where p is in situ density given by the equation of state (Equation A. 6) and g is the gravity 

acceleration. 

The assumption of incompressibility allows the computation of the vertical velocity w; 

V - U = 0 
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The heat Equation A.4 and salt Equation A.5 conservation are calculated aa follows 

8T 
— = - V . ( r U ) + (A.4) 

f t q 

— = _v . (^U) + (A.5) 

where T is the potential temperature, S salinity, and D® are the parameterizations of 

small scale physics for temperature and salinity respectively. 

Pressure, temperature and salinity are combined together in the equation of state Equa-

tion A.6 in order to compute the density, 

= (A.6) 

The leapfrog, three-level centered, is the time diSerencing scheme used in OPA for non-

diSusive process. The first time step of this three level scheme when steirting from an ocean 

at rest is a forward step. The numerical techniques used to solve the primitive equations are 

based on the centered second order finite diSerence approximation and a full description 

with all model formulations can be found in Madec et al. (1998). OPA is portable for 

different kinds of machines using UNIX as an operational system and can be set up to run 

either in super-computers or workstations. 

The results presented in Chapter 2, OPA has been used in a Silicon Graphics (Origin 

2000) workstation, based at Southampton Oceanographic Centre (SOC). The experiments 

presented in Chapter 4 were performed at LODYC using a NEC-SX5 super-computer facil-

ities at IDRIS (Institute for Development and Resources in Intensive Scientific computing) 

^ The model has been written on standard Fortran 77 with some additional routines on 

Fortran 90. 

A.1.2 P a r a m e t e r i z a t i o n s 

W i n d forcing 

The wind stress T used to drive the model dynamically is all put into the top layer and the 

wind forcing strategy has been previously described in Chapters 2 and 4. 

^IDRIS is a CNRS's national supercomputing center at France, http://www.idris.fr 
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H e a t F l u x 

Heat flux into the surface layer is prescribed by relaxation towards some chmatological 

value. SpeciEcally, the net heat Eux parameterization at the oceaji surface is given by the 

following equation, 

where, Q is the net heat 8ux at the ocean-atmosphere interface, is the climato-

logical Levitus and Boyer (1994) SST zonally averaged monthly varying (for the experiments 

carried out in Chapter 2. For the experiments in the Chapter 4 the is not zonally 

averaged but is perpetual October. The is the surface temperature simulated by 

the model. Q(5'5'2^ba) is the non penetrative part of the surface heat flux. 

According to Bamett o/. (1991) the Equation A.7 is surprisingly good representing 

the interannual varying net heat 8ux. In our experiments is kept constant -40 

everywhere. This value is considerable high when compared with Barnett ef aZ. 

(1991). However when lower values were tested the SST simulated is degraded. This result 

agrees with Vialard aZ. (2003a) findings. There is no restoring towards observed sea 

surface salinity (SSS). 

Latera l Mix ing 

The eEects of smaller scale motions coming from the advective terms in the Navier-Stokes 

equations must be represent entirely in terms of large scale patterns to close the equations. 

Assuming a turbulent closure hypothesis is equivalent to chose a formulation for these fluxes. 

OPA vertical eddy viscosity and diSusivity are calculated Grom a turbulence closure 

scheme which allows higher values at the surface and minimums of 1 x 10"^ m^s"^ in the 

thermocline as shown by Blanke and Delecluse (1993). It is worth emphasize that turbulent 

closure is a weak point in model simulations and at the same time extremely important 

since such small-scale fluxes have large impacts in the mean fields representations, heat and 

momentum balances (Banks, 1997, Maes aZ., 1997, Lengaigne ef aZ., 2003). 
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The subgrid-scale D", and D® from Equations A.l, A.4 and A.5 are split into a 

lateral (often called horizontal) component and a vertical component, such as 

D " = D ' " + 

where is the lateral component and is the vertical. 

The lateral eddy mixing formulation in an OGCM depends on whether the mesoscale 

phenomenon is above or below the gridspacing used in such model. In non-eddy resolving 

models (commonly used for climate studies) the closure schemes used to solve the lateral 

mixing usually is similar to the vertical physics. The lateral turbulent Suxes are assumed 

to depend linearly on the lateral gradients of large scale quantities. 

The slope of isopycnal oceanic surfaces is small, as a result a common approximation is to 

assume that lateral ' direction is horizontal; i.e. the mixing is performed along geopotential 

surfaces. This leads to a geopotential second order operator for horizontal subgrid physics. 

Similar approach is taken when the lateral mixing is assumed to occur along isopycnal 

surfaces. Lengaigne ef aZ. (2003) have suggested that mixing induced by turbulent processes 

are better represented by numerical models along these surfaces. In such case, the isopycnal 

second order operator is used. The lateral second order tracer diffusive operator is 

= V(yl'^KVr) (A.8) 

were T represents temperature in this case, but it can be also either horizontal velocity 

or salinity. V is the three dimensional gradient operator and « 

f • 1 0 —ri 
K = < 0 1 —7̂2 

I - r i -r2 i + rg 

where r i and r2 are the slopes between the surface along which the diffusive operator 

acts and the surface computation (z- or s-surfaces). More comprehensive description about 

the formulation and lateral mixing implementations in OPA are given in Madec et al. (1998), 

Maes et oZ. (1997), Lengaigne of. (2003). 
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V e r t i c a l s u b - g r i d sca le p h y s i c s 

Turbulent motions are never explicitly solved in OGCM, even partially. They are parame-

terized because the model resolution is always larger than the scale at which major source 

of vertical turbulence occurs (shear instabihty, internal wave breaking, ...). The vertical 

turbulent Huxes are assumed to depend linearly on the gradients of large scales quantities. 

For example, the turbulent heat flux is obtained by T'w' = —A^d^T, where Ay is an verti-

cal eddy coeScient. The resulting vertical momentum and tracer diS^usive operators are of 

second order: 

where and are the vertical eddy viscosity and diSusivity coefScients, respec-

tively. In OPA model, the vertical eddy coeScients can be taken as constant values, or as 

function of the Richardson number or from an 1.5 turbulent closure model. We choose the 

former option to use in all experiments performed in this project. Details of the 1.5 turbulent 

closure model can be seen in Blanke and Delecluse (1993) and Madec ef (1998). 
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OPA Implementa t ions 

The numerical model used in the present study has been adapted from an original version but 

keeping similar configurations throughout the chapters. However, the variety of experiments 

performed have used different model grid configuration. In this Appendix are presented the 

model grid resolution and configuration used in Chapters 2 and 4. 

B . l Horizontal grid 

The coarse model grid resolution used in Chapter 2 is shown in Figure B.l . It has Axed zonal 

resolution except on the westernmost where the resolution is increased to better resolve the 

equatorial current system and the western boundary currents. The zonal grid spacing is 

1/2° at the western boundary increasing to 1° by 10° of longitude, remaining with this grid 

spacing over the rest of model domain. 

The latitudinal grid spacing is reduced near the equator. For the coarser grid resolution 

experiments in Chapters 2 and 4, the grid spacing in meridional direction is 1/2° between 

5°S and 5°N, increasing to 2° by 10°S (10°N). 

The 6ne grid resolution version used in Chapter 2 (Figure B.2) has 1/4° in the zonal 

direction covering all the domain and in the meridional direction it has 1/4° within the 

equatorial region extending from 5°S to 5°N increasing to 1° towards the northern and 

southern boundaries. 
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In Chapter 4 coastlines resembling the tropical Pacific ocean shape are introduced on 

the model domain configuration (B.3). Also, the longitudinal resolution is kept constant 

with 1° grid spacing as shown in Figure B.4. 

B.2 Vertical grid 

There are 31 levels on the vertical coordinate. The highest resolution, approximately 10 

meters, is on the top 150 meters. Below this depth the resolution decreases down to 500 

meters near the ocean bottom at 5000 meters depth. This vertical resolution is used in both 

Chapters 2 and 4. 
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Levels T 
1 5.00 0.00 
2 15.00 10.00 
3 25.00 20.00 
4 35.01 30.00 
5 45.01 40.01 
6 55.03 50.02 
7 65.06 60.04 
8 75.13 70.09 
9 85.25 80.18 

10 95.49 90.35 
11 105.97 100.69 
12 116.90 111.36 
13 128.70 122.65 

14 142.20 135.16 
15 158.96 150.03 
16 181.96 169.42 
17 216.65 197.37 

18 272.48 241.13 
19 364.30 312.74 

20 511.53 429.72 
21 732.20 611.89 

22 1033.22 872.87 

23 1405.70 1211.59 

24 1830.89 1612.98 

25 2289.77 2057.13 
26 2768.24 2527.22 

27 3257.48 3011.90 

28 3752.44 3504.46 

29 4250.40 4001.16 

30 4749.91 4500.02 
31 5250.23 5000.00 

Table B. l : Default vertical mesh in z-coordinates, used in all experiments. Units are 

meters. 
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Coarse Grid Resolution 

Figure B.l: OPA ocean GCM coarse grid model resolution. The grid resolution is 
increased on the westernmost region and within equatorial region. Note that it is 
only showed the western part of the domain. 

Fine Grid Resolution 

Figure B.2: OPA ocean GCM fine grid model resolution. The grid resolution is 1/4° 
equally spaced along the longitudes and it increases within equatorial region. Note 
that it is only showed the western part of the domain. 
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Coast Lines 

Figure B.3: OPA ocean GCM coastlines used in Chapter 4 coupled experiments. SST 
of the CTL experiment 

Grid Resolution 
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Figure B.4: OPA ocean GCM grid model resolution used in Chapter 4 coupled ex-
periments. 
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Momentum equation zonal balance 

7he zonal momentum equation analyzed in Chapter 4 is expressed as 

where the u, and w are the velocity components, / is the Coriolis parameter that 

vanishes at the Equator, the reference density, is the lateral diSusive operator and 

is the vertical diffusive operator. On the right hand side of E^quation C.l are considered the 

tendencies that drive the local acceleration of the zonal current. The first term on the right 

hand side — ̂  ̂  is the zonal pressure gradient (ZPGR), the second term is the contribution 

by zonal advection (ZADV), third is the meridional advection (MADV) and the fourth 

term is the vertical advection (VADV). The sixth and seventh (D^) terms are the 

physical parameterization of horizontal (LDIF) and vertical (VDIF) momentum transfer. 

The vertical diSusion is expressed by two terms 

where is the vertical mixing tendency term and represents the zonal 

wind stress Tz; contribution to the vertical mixing tendency at the surface. This last term 

vanishes in other levels. 
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Instabihty Waves. JowmoZ o/ P/î /aicaZ OceanogmpA?/, Submitted. 

Vialard, J., C. Menkes, D. L. T. Anderson, and M. A. Balmaseda, 2003b. Sensitivity of PaciGc ocean 
Tropical Instabihty Waves to Initial Conditions. Journal o/fAyaicoZ OceanogmpAy, 33:105-121. 

Wallace, J. M., T. P. Mitchell, and C. J. Deser, 1989. The Influence of Sea-Surface Temperature 
on Surface Wind in the Eastern Equatorial Peicihc: Weekly to Monthly Variabihty. JowmaZ o/ 
Climate, 2:1492-1499. 

125 



References 

Weng, H. and K. M. Lau, 1994. Wavelets, period doubling, and time-frequency localization with 
application to organization of convection over the tropical western Pacific. 
gczence, 51:2523-2541. 

Wentz, J. F., C. Gentemann, D. Smith, and D. Chelton, 2000. Satellite measurements os sea surface 
temperature through clouds. 6'czence, 288:847-850. 

Wilson, D. and A. Leetma, 1988. Accoustic Doppler current profiling in the equatorial Pacific. 
JoumoZ o/ GeopAg/gicoZ AegeayicA, 93:13947-13966. 

Wunsch, C., 1998. The work done by the wind on the Oceanic General Circulation. Journal of 
PAyaicdZ OceomogmpAy, 28:2332-2340. 

Wyrtki, K. and B. Kilonsky, 1984. Mean water and current structure during the Hawaii-to-Tahiti 
shuttle experiment. JowmaZ o/f/iyazcaZ OceamogmpAT/, 14:242-254. 

Xie, S. P., 1996. Westward Propagation of Latitudinal Asymmetry in a Coupled Ocean-Atmosphere 
Model. JoumoZ o/tAe AfmoapAerzc 53(22):3236-3250. 

Xie, S. P., M. Ishiwatari, H. Hashizume, and T. K., 1998. Coupled Ocean-Atmosphere Waves on 
the Equatorial Front. jfeaearcA Ẑ ê êrg, 25(20):3863-3866. 
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