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Part II
The oeani numerial modeling of theeastern tropial Pai� Oean
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Chapter 4The oeani model
4.1 IntrodutionThe numerial modeling tehnique has been widely developed in reent yearsand used in an attempt to reprodue the operation and interation of the basi ele-ments of geophysial �uid dynamis in the natural environment. Then by omparingmodel preditions with experimental and observational data in the real world, sien-tists may seek to re�ne the underlying priniples and routines of the model itself soas to enhane its value and relevane as the auray of the model is improved. Inthis manner, trustworthy numerial models beome valuable tools in the servie of theSiene as they are elevated to a new role, in whih they assume a apaity to validatetheories and hypotheses. It is in this ontext that the following setions of this workpresent and desribe an oeani numerial approah developed so as to explore thein�uenes of the atmospheri �ow of freshwater as an independent variable of input tothe SSS of the eastern tropial Pai� Oean.In the following stage of the study, a numerial modeling tehnique ombines anassoiation of the veloity �elds along with temperature harateristis of the ModularOean Model (MOM) within a mixed layer model. Initially the intention had beento present this numerial approah as a omplementary omponent of the earlier at-mospheri studies and for this reason its detailed desription and validation were notinluded but were relegated to this later hapter. This separation of justi�ation and



80fous was seen to impair the thrust of the numerial model input. There also transpiredin the development of the earlier setion, partiularly in the lak of literature relatingto some features of the salinity anomalies of the eastern tropial Pai� region, thatthe ontribution of a numerial model might well have a muh greater relevane in itsown right, namely in a ontribution to a general data bank of Pai� Oean surfaelayer salinity either on spatial or temporal sales. This re-arrangement of order andtreatment may be exused.Restriting the fous to the eastern region of the Pai� Oean, a very shortsummary of its main hydrodynami features is presented as follows.The irulation in the eastern Pai� Oean is desribed by Kessler (2006),with a omprehensive review sine the �rst desriptive attempts, dating bak to the1950's. Furthermore, the author gives an extensive desription of the impliations inthe irulation due to wind jets that reah the eastern Pai� Oean through threemajor gaps in the Central Ameria ordillera (the Chivela Pass in the Isthmus ofTehuantepe in Mexio, the Lake Distrit lowlands of Niaragua inland of the Gulfof Papagayo, and the entral isthmus of Panama where the Panama Canal was built).Their in�uenes are felt as �utuations of the thermoline depth, SST, and longitudinalmigration in the ITCZ. Suh �utuations and seasonal variability might be attributedto the wind jets, but also perhaps to Rossby waves or Ekman pumping. The oeaniurrent system in the eastern Pai� Oean, under the in�uene of the atmospheriITCZ, is mainly omprised of four urrents: South Equatorial Current (SEC), Equa-torial Underurrent (EUC), North Equatorial Current (NEC) and North EquatorialCounter Current (NECC). The region is strongly in�uened by a old tongue intru-sion whereby the EUC loses volume through upwelling from suessively denser layers(Sloyan et al., 2003). In 2002, Johnson et al. arried out studies with data derivedfrom Condutivity-Temperature-Depth (CTD) and Aousti Doppler Current Pro�ler(ADCP) measurements aross the Pai�. Johnson et al. (2002a) estimate the mean



81urrent �elds and oeani properties, suh as temperature and salinity �elds, as wellas their variability, seasonal yle and linear orrelation with the SOI.On the foregoing basis, and mindful of the existing foundation of relevantknowledge aumulated by other authors, there is a onvition that an hydro-dynamiallayered numerial model might well assist the investigation of salinity in the upperlayers of the eastern tropial Pai�. By de�nition almost, suh a model will need tobe of mixed layer type, will need to be developed and justi�ed by a validation phaseusing available environmental data in the �rst instane, and then to be extended by astaged and more general reprodutive appliation to the relevant published work. Onlythen will it be possible to experiment with the potential of the model to expand existingknowledge in its own right. Thus, when these setions will be �nished, in addition tothe previous atmospheri studies presented in Part I, it is expeted that they will forman enhaned understanding of the properties and their interation within the easternPai� Oean in one and the same work.4.2 The numerial oean modelingThe oeani numerial model, as already initially introdued in Part I, and nowto be developed and validated, represents an assoiation of hydrodynami and mixedlayer priniples whih together have the potential to qualify for reognition as an "A-tive Traer Model" (ATM).The oneived ATM ombines a passive traer model (whih transports thetraer, but it does not a�et the oeani irulation) with an ative traer model (inwhih temperature and salinity impat on oean dynamis) (Foujols et al., 2000). Inthe proposed ATM, the MLD is treated as a variable, but it is assumed that hanges inthe MLD are not large enough to ause a signi�ant adjustment of the oeani veloity�eld, whih is determined by the wind stress and geostrophy. Above the MLD thesalinity �eld was set up to respond to the atmospheri in�uenes (E-P) plus advetion



82and entrainment determined from the hydrodynami model, while below the MLD itis derived from the hydrodynami model alone. The omputation of the MLD uses thetemperature from the hydrodynami model; meanwhile, the salinity �eld is a responseof the atmospheri e�ets on the upper layers of the oean. This is a somewhat unusualonept, and its onstrution and development will need to pass rigorous justi�ation.The hydrodynami modelThe hydrodynami model used in this study was the MOM, whih is a three-dimensional, z-oordinate, B-grid, primitive equation oean irulation model. Themodel was designed and developed by researhers at the Geophysial Fluid DynamisLaboratory (GFDL/NOAA - Department of Commere) as a numerial oean modelingtool for use in studying oean irulation over a wide range of spae and time sales,whih represents the state of the art in oean modeling at GFDL near the end of 1999.The NOAA tropial Pai� Oean primitive equation model employed here has beenwidely used in the study of equatorial oean phenomena. It is part of the operationaltropial oean analysis projet at the National Centers for Environmental Predition(NCEP) (e.g., Ji & Leetmaa, 1997). Spei�ally, the MOM used in this study is its se-ond version (MOM2), whih was adapted by Dr. Gabriel Vehi (NOAA/GFDL) andDr. D. E. Harrisson (NOAA/PMEL), from previous versions of Philander et al. (e.g.Philander et al., 1987; Philander & Seigel, 1985; Paanowski & Philander, 1981). Itan be found in greater detail in Vehi & Harrisson (2003) and Harrisson et al. (2000).Spatial and temporal features are presented as follows. Where hanges havebeen made spei�ally for this study, they appear in parentheses.Longitude: entire Pai� Oean basin, with a resolution of one degree (for this study,from 145◦W to the western Amerian oast);Latitude: from 12◦S to 12◦N, with a resolution of 1/3 degree;



83Depth: from surfae to 100m depth, with 10m resolution (whih was addressed tobetter solve the oeani mixing layer, the fous of this study), and from therespanning to 450 m. In total, the depth axis onsists of 20 vertial levels; and,Time: from January 1st 1986 to August 31st 2002, with results provided as 3 dayaverages.Wind stress was omputed using the Large & Pond (1981) drag oe�ient, using1986-2003 from the European Centre for Medium-range Weather Foreasts (ECMWF-ERA40 from the ECMWF Data Server), 12-hourly, 2.5◦ x 2.5◦ degrees of resolution(operational 10-meter wind analysis); surfae heat �ux is parametrized as desribed inHarrison (1991), omputing Air Temperature based on the model Sea Surfae Temper-ature (SST) and the historial (AIRT-SST) as a funtion of SST; and, the hindast wasbegun after a 10 year spin up with limatology, when salinity was restored to annualmean onditions as in Levitus (1982) limatology using a 50-day restoring sale. Thesurfae salinity �ux was set to zero.The mixed layer modelThe atmospheri dataset used to alulate the input variable (E − P ) (evap-oration minus preipitation), used as the atmospheri freshwater �ux, was providedby the ECMWF-ERA40. The dataset was linearly interpolated to ahieve the samespatial and temporal resolution as in the hydrodynami oean model, whih was de-sribed above. Although the simplest method of interpolation, the linear interpolationnevertheless keeps onstant the rate of hange within a segment (and so an easily beontrolled). Note that the salinity in the upper oean (mixed layer) is oneived asa sum of horizontal advetion, vertial entrainment at the bottom of the mixed layer(the Mixed Layer Depth - MLD) and atmospheri in�uenes on the oean surfae (dueto preipitation and evaporation). The surfae freshwater �ux is so presribed.



84This proess an be expressed as an oeani mass onservation equation splitinto two layers, as follows:
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−∇(~v.Sk) if z(k) ≥ h

(4.1)
where, Sk is the salinity of layer k; z(k) is the depth related to the layer k; ~v is athree-dimensional veloity �eld; h is the mixed layer depth and, E and P are the evap-oration and preipitation rates, respetively. All variables have their units expressedin the International System.Density of water at the sea surfae is typially 1027 kg/m3. For simpli�ation,physial oeanographers often quote only the last 2 digits of the density, a quantitythey all density anomaly or σ(S, T, p):

σ(S, T, p) = ρ(S, T, p) − 1000kg/m3 (4.2)here ρ, S, T , p refers to density, salinity, temperature, and pressure. σ(S, T, p) is typi-ally 27.00 kg/m3. Here, however, we will follow ommon pratie and use σ.Thus, within this ontext, the mixed layer depth follows the de�nition of Karaet al. (2000a, b), where the referene temperature is hanged by the absolute di�ereneof ∆T = 0.5◦C from the temperature at 10m beneath the SST and, onsequently, ahange in referene density is indued by the equation of state. Then,
∆σT = σT (S, T + ∆T, p) − σT (S, T, p) (4.3)where σT is the density as a funtion of temperature (T ), S is salinity and, p is the



85pressure (set to zero). Further details of the algorithm used to onstrut the MLD anbe found in more detail in Kara et al. (2000a, b).The Ative Traer ModelBeause the oeani mixed layer responds so rapidly to surfae generated turbu-lene through wind-fored and buoyany-fored proesses, the surfae mixed layer anoften be modeled suessfully using one-dimensional (vertial proesses only) physis,therefore the model assumes a uniform "well mixed layer". However, it is onsideredto be the upper boundary layer of the oean fored diretly only by the atmospherethrough the atmospheri �ow of freshwater (as a presribed variable), although, thesurfae stress of the wind is impliitly onsidered (through the numerial interationstowards a vertial average into the mixed layer). Then as a onsequene, the modelaims to onsider both the input of the atmospheri �ow of freshwater, and the windshear, whih auses the turbulene needed to mix the upper layer. This is representedby the vertial average in the de�ned upper layers. If the oean is subjeted to evap-oration (where E > P ), then the buoyany dereases (and density inreases). Theevaporation inreases the density of the upper surfae layer, ausing it to overturn(onvet) and mix to a greater depth than it was mixed initially. In an opposite sense,freshwater gain (P > E) dereases the density of the upper surfae layer, resulting ina more stably strati�ed pro�le; so that the �nal mixed layer beomes shallower thanthe initial mixed layer.To summarise, onsider that for every time step, the model merges the atmo-spheri input of freshwater to the upper oean surfae and in so doing adds or reduesbuoyany as appropriate. The model then proeeds to alulate a new depth for themixed layer, in terms of "mixed", i.e. vertially averaged saline properties. The on-sequent physial proesses are numerially addressed in the model by means of thevertially averaged salinity omputation, and this is performed for every time step,



86from the oean surfae to the bottom of the mixed layer. Consequently, for every timestep and for every grid point, the model generates an adjusted mixed layer water ol-umn of uniform salinity from whih the modi�ed depth of the mixed layer is alulatedin aordane with the atmospheri input at the surfae. Below the mixed layer depth,in the more quiesent deeper oean, the mass �eld (i.e. density pro�le) is maintainedunhanged, sine it is not diretly in�uened by the atmosphere. In this entire proessthe veloity and temperature �elds follow Vehi & Harrison (2003). Above the MLD,then, the model ensures that salinity responds realistially to atmospheri in�uenes of(E−P ) type, together with entrainment and advetion. In the omputational proess,the atmospheri input is alulated from the ECMWF-ERA40, while the salinity �eldand MLD, dependent upon atmospheri input of freshwater, resultant salinity, temper-ature and resultant buoyany are renewed for eah grid point and for every time step.In retrospet, this initiative ombines the harateristis of two model onepts:a hydrodynami model on the one hand and a mixed layer model on the other. In thepresent ontext, the adopted model annot laim to be a true traer model, sine itstreatment of salinity has a prognosti role simultaneously providing hanges in thedepth of the mixed layer for eah grid point and for eah time step. Note also that theproposed numerial approah does not onsider turbulene in its proess, the oeanimixing layer being vertially mixed. Neither does it onsider hanges in the veloity�eld as a onsequene of the entire proess - the veloity �eld is presribed as outputof the MOM2. For these reasons, the model is neither truly traer nor truly prognos-ti; its thrust lays in a rather di�erent diretion, hene the denomination of "AtiveTraer Model" (ATM). On the basis of the harateristis of the ATM here outlined,its validation will omprise both omparisons of model output with the in situ data,but also its skills will be applied to previously visited tasks so as to allow omparisonwith relevant published work.



87Before proeeding with the validation, a quik reminder is timely as follows:as de�ned in Part I, Response of the Oean (Page14), the "Control Run" (Ctrl) is theATM (and its output) given that the atmospheri �ux of freshwater is based on (E−P )with initial parameters being derived from their original soure (the ECMWF-ERA40dataset), but interpolated to ahieve the spatial and the temporal resolution de�nedin this study. With this in mind, the next setion will present the validation of the"Control Run" (Ctrl).a) Validation of the "Control Run"The time series analysisIn this study the main oeanographi parameter to retain fous throughout PartI has been salinity modi�ation as a response to atmospheri foring. Consequently,the presentation of the validation of the model will start with this variable and in itssimplest form, namely by a omparison with observed time series. The omparisonbetween the Sea Surfae Salinity (SSS) as output by the Ctrl and in situ data providedby moored buoys from TAO program is shown in the Figure 4.1.
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Figure 4.1: Time series of the Sea Surfae Salinity (SSS) along the Equator, for lon-gitudes 140◦W (a), 125◦W (b), 110◦W () and 95◦W (d), from the numerial model(Ctrl - red line) and in situ data from TAO moored buoys (blak line).



89At �rst glane, a omparison between the model (Ctrl) output and the ob-served data from the TAO program has its shortomings as the relative time series ofFigure 4.1. In Tomzak (1995), it is desribed that a single and loalized heavy rainprodues a shallow lens of freshened water, but the redution in salinity an be sostrong that the ooling assoiated with the atmospheri freshwater input (rainfall) annot be su�ient to initiate onvetion. Therefore, the work demonstrates the di�ul-ties in establishing the salinity �eld in the upper layers of the tropial oeans. Howeverthis is onsidered to be a very demanding and stringent test and explained by the largespatial variability, and even on intensity of the tropial rain whih reates di�ulties inthe pratie of omparing atual point measurements from the sparse array of mooredbuoys with the onept of a grid-based model and its omputational reprodution.Although the model did not predit aurately the magnitude of the salinity signalpresent in the higher frequenies, as an be seen from Figure 4.1, it is still worthy ofnote that the model in most ases did show sensitivity to higher frequenies. In this as-pet alone, the model, overall, shows promise. Spei�ally seasonal and annual trendsare well-produed. Consequently when used so as to take advantage of its skills in thelonger time sales, it an assume the role of a tool quite omplementary to establishedonventional approahes.Seondly the question might be posed as to the general harateristis demon-strated by the Ctrl to maintain a realisti, but also sustained, level of output overthe period of the tests. In this ontext, the long-term evolution of the salinity �eldas output by the Ctrl was investigated by the three-dimensional integration over theentire model domain volume (Figure 4.2).
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Figure 4.2: Upper panel: Time series of salinity �eld volume-integrated (as outputof the Ctrl) over the entire model domain. Lower panel: Southern Osillation Index(SOI) based on the Trenberth method - monthly standard deviation and one yearsmoothed. SOI unit: hPa (1000 hPa subtrated).
What is signi�ant in terms of on�rmation of the integrity of the model isthe longer term signal seen in the integrated salinity upon whih is superimposed aregular and expeted annual yle. The presene of both signals in the model output iswelome but espeially welome is the fat that the bakground long term trends of theintegrated salinity are learly assoiated with the timesale of the multi-year deadalvariations of the SOI. However, the enhanement of the integrated salinity variabilityover the entire period must not be seen as a diret response to the SOI, but as an out-ome of the non linearity of the ENSO e�ets (Hoerling et al., 1997). With regard tothe non-linearity response to the features of the El Niño, in MPhaden (1999) there ispresented a study explaining how during the last strong El Niño an energeti Madden



91Julian Osillation (MJO) variation ontributed to an unexpetedly rapid SST warmingin early 1997 and a sudden ooling in mid-1998 in the equatorial Pai�. The MJOis an atmospheri feature haraterized by an eastward progression of large regions ofboth enhaned and suppressed tropial rainfall, observed mainly over the Indian Oeanand Pai� Oean. The anomalous rainfall is usually �rst evident over the western In-dian Oean, and remains evident as it propagates over the very warm oean waters ofthe western and entral tropial Pai�. This pattern of tropial rainfall then generallybeomes very nondesript as a loalized tropial 40-50 day periodiity in winds andpreipitation an be generated outside of the equatorial waveguide through oupledinterations among onvetion, the large-sale irulation, and the oeani mixed layer(e.g. Madden & Julian, 1971, 1972; Maloney & Esbensen, 2003; Bielli & Hartmann,2004; Maloney & Sobel, 2004).Furthermore, the intensity of the e�ets of the ENSO yle is related to theoeani onditions of the preeding months. There remain several ontesting hypothe-ses as to why the independent omponents of the ENSO yle seem to interat, onewith another, in a non-linear fashion. One may note for example that in the sustainedEl Niño period of 1990-1995, the volumetri integrated salinity did not display a strongreation similar to those indued by the more temporally restrited episodi events of1986/87 and 1997/98.The SSS was seleted as the �rst target variable and a natural prime indiatorfor the response of the eastern tropial Pai� to the variability of atmospheri fresh-water reahing the region, and it has been noted that its role has been seen to havebeen repliated, at least partially, by the model. Nevertheless, a strong ase was arguedearlier for the "hybrid" nature of the model, in that it was designed to inorporate theproesses ative in the mixed layer and in partiular the variability in depth of themixed layer. It is this aspet of the Ctrl to whih the veri�ation of the model nowturns.
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The MLD is a derived variable alulated from the salinity, temperature andpressure of the oeani �elds arising from the equation of state of the seawater. Withthis in mind, the intention is to show the reliability of these two important parameters(salinity and temperature) as output by the model, given the pressure was set to zero.In this ontext, the hoie made is to show the depth of the 20◦C isotherm(Z20) as output by the model and for the duration of its run. The Z20 time serieshas a dual signi�ane in terms of the validation, �rstly, beause it shows the skill ofthe model in relation to the reprodution of the temperature itself and, seondly, atthe same time, heks the sensitivity of the model in relation to its vertial inursion.The Figure 4.3 shows the time series of the Z20 along the Equator for the followinglongitudes 140◦W, 125◦W, 110◦W and 95◦W, as output by the numerial model (Ctrl),and also by in situ data from the TAO array.
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Figure 4.3: Time series of the depth (m) of 20◦C isotherm (Z20) along the Equator, forlongitudes 140◦W (a), 125◦W (b), 110◦W () and 95◦W (d), from the numerial model(Ctrl - red line) and in situ data from TAO moored buoys (blak line).



94The depths of the 20◦C isotherm (Z20) along the Equator are well representedin output of the model when ompared with the in situ data provided by moored buoysfrom the TAO program, in the low and the high frequenies (Figure 4.3).Up to this stage the validation proedure has been based upon diret ompar-isons between output from the Ctrl and atual measured data. The aim now is toadvane the validation to an analytial phase whereby Ctrl output is �rst subjetedto analysis and the analytial results ompared with the �ndings of other publishedsienti� work.Meanwhile it should be noted that the suess of the validation to date has abearing upon the redene to be alloated to the preliminary use of the Ctrl in Part Iwhere model runs were applied to various data series of atmospheri-soured parame-ters. This belated on�rmation of the model output resulting from similar appliationsto observed data lends on�dene to those earlier �ndings.The time-spae variability of the SSSReturning to the Ctrl validation in its seond analytial phase, the attention isagain initially given to salinity. The Empirial Orthogonal Funtion (EOF) was used todetermine the time-spae variability of the Sea Surfae Salinity (SSS), and the resultsof this statistial tehnique for its �rst three modes when applied to the monthly meanof the SSS are shown in Table 4.1.
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Table 4.1: Results for the �rst three EOF modes when applied to the monthly meanof Sea Surfae Salinity (SSS) as output by the Ctrl.EOF mode SSS variane (%)1 352 133 6

The Figures 4.4, 4.5 and 4.6 present in their upper panels the spatial patternsof the three leading EOF modes, respetively to the �rst, seond and third modes. Thelower panels of the same �gures display the respetive temporal variation of expansionoe�ients of the same �rst three modes of SSS.

Figure 4.4: Upper panel: Spatial pattern of the �rst EOF mode of the monthly meanof the SSS (whih aounts for 35% of the total variane) is presented as the spatialdistribution of the perentage of variane aounted for the �rst mode. Lower panel:Time series of the expansion oe�ients of the �rst EOF mode of the monthly meanof the SSS (in normalized units).
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Figure 4.5: Same as Figure 4.4 but for the seond EOFmode of the SSS (whih aountsfor 13% of the total variane)

Figure 4.6: Same as Figure 4.4 but for the third EOF mode of the SSS (whih aountsfor 6% of the total variane)



97The resultant features of the EOF analyses when applied for the monthly meanof the SSS, both the spatial pattern and the assoiated time series, are in good agree-ment with the study arried out by Delroix et al. (1996), who worked on "ship-of-opportunity" water sample measurements made in the tropial Pai� region for the1974-1989 period. Their data had been spatially interpolated and monthly-averagedbefore being subjeted to statistial analysis. The most evident result in both studies,the present one and that one arried out by Delroix et al., is that the eastern Pai�Oean basin separates into two regions (Figure 4.4 - upper panel), where the dividingline is the mean positioning of the ITCZ (about 5◦N), while the time series assoiatedwith the spatial pattern of the �rst EOF mode reprodued the seasonal and ENSOsales. Later, in 1998, the same author (Delroix, 1998), from an extended basis ofdata in relation to his previous study, performed statistial analyses and on�rmed thepatterns above desribed, despite that, in this latter study, the objetives were broad-ened to inlude the inter-omparisons of the SSS, SST, preipitation, wind stress anddynami height.The work of relevant authors in this �eld has seen signi�ant esalation partlybased upon inreasing data quality, but also in the tehniques employed. A onsequentgrowing on�dene has seen an expansion in the hallenges aepted. Comparisons withsuh work will be provided later, onsequent upon further progress with the treatmentof time-spae variability of the SSS.At this point, despite the good agreement of the present work with previouspublished work (Delroix et al., 1996; and Delroix, 1998), it is important to fous at-tention upon eah of the assoiated time series, whih present an evident non-periodipattern. The intention now is to re-examine suh signals (the lower panels of Fig-ures 4.4, 4.5 and 4.6) with respet to their own time-frequeny dependenies.



98The foregoing study of the time-spae variability of the SSS has had as itsgoal a diret assessment of the analytial analysis of the EOF in relation to relevantwork by other authors and in so doing strives to gain on�dene in the validity of themodel. The opportunity now arises to introdue an additional inquiry into the har-ateristis of the time variability itself whih o�ers the promise of aquiring a betterunderstanding of the haraterization of the SSS as a whole. In this way the intentionis to temporarily step outside the initial task of validation of the model. With suh anapproah, not only ould the lead be given to a ontribution to a broadening of theframe of assoiated knowledge, but also will provide its own support to the general dis-ussion of regional time-spae variability of the SSS in the eastern Tropial Pai�, notleast being the needs of the urrent study as it evolves into a growing omprehensionof the SSS. This digression will address the time series of the expansion oe�ientsderived from the EOF as applied to the monthly mean of the SSS as an opportunistiand innovative proedure triggered by the urrent study and not as an essential stepin the model validation proess itself.In this ontext, the use of the Wavelet tehnique seems to be a valuable tool toreveal suh aspets of the time dependene of those signals, beause the EOF analysisonsiders the time series as a standing osillation signal, and not propagating patternsas wavelet analysis does; moreover, it is worthy of note that an approah of this typewas suessfully employed in a similar sense in Part I of this study. Then, with theintention to expand knowledge of the SSS in the time variability basis in mind, theWavelet tehnique was applied to the time series of the expansion oe�ients derivedfrom the EOF applied to the monthly mean time series of the SSS. Again Morlet (ω0 =6) was adopted as the mother wavelet, and the results of this approah are given in theFigures 4.7, 4.8 and 4.9, respetively for the �rst, seond and third EOF leading modes.
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Figure 4.7: Results of Wavelet analysis for the expansion oe�ients of the �rst EOFmode of the SSS. The time series is plotted in the top diagram, the ontours of theWavelet power spetrum (middle panel), and the global Wavelet power spetrum (rightpanel). The dashed line in the right panel represents the on�dene level of 95%. Theontour Wavelet power spetrum levels are hosen so that 75%, 50%, 25%, and 5% ofthe wavelet power is above eah level, respetively. The dark line indiates the oneof in�uene (COI). "COI is the region of the wavelet spetrum in whih edge e�etsbeome important" (Torrene & Compo, 1998)
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Figure 4.8: Same as Figure 4.7 but for the expansion oe�ients of the seond EOFmode of the SSS



100
1986 1988 1990 1992 1994 1996 1998 2000 2002

−5

0

5

Time (years)

no
rm

. u
ni

t Time series

1986 1988 1990 1992 1994 1996 1998 2000 2002

0.5
1
2
4
8

Time (years)

P
er

io
d 

(y
ea

rs
)

Wavelet Power Spectrum

0 20 40

Power (unit2)

Global Wavelet Spectrum

−4

−2

0

2

4

Figure 4.9: Same as Figure 4.7 but for the expansion oe�ients of the third EOFmode of the SSS
The appliation of the wavelet deomposition tehnique has greater power thanis alled upon here. For example, when the wavelet tehnique was applied to the timeseries of the expansion oe�ient of the �rst EOF mode, its wavelet power spetrumgives evidene of one remarkable harateristi (Figure 4.7 - middle panel) whih isnot pereptible by the visual inspetion of the expansion oe�ients of the �rst EOFmode of the SSS (also reprodued Figure 4.7, in its top panel): the interruption to thesignal referring to one year period. Similar onditions are also observed in the analysesarried out by the wavelet tehnique for the seond and third time series assoiatedwith respetive leading EOF modes (Figure 4.8 and 4.9, respetively). The validationphase fousing on the time-spae variability of the SSS was deemed to have ahievedits purpose through the use of the EOF tehnique as previously presented. However,in the proess of applying the Wavelet tehnique to the time-series of the respetiveEOF modes whih followed, there emerged indiations that by ombining the twoproesses (EOF and Wavelet) it might be possible to examine signi�ant aspets oftheir ombination as yet unidenti�ed. While not wishing to distrat attention fromthe proess of model validation at this junture, yet attrated to the potential of thisargument, it was onluded to defer attention to a later setion.



101Consequently, disussion returns to the model validation proedure and in thisontext the fous swithes to a omparison of ertain aspets of the Ctrl output withrelevant features of previously published works. Validation may take many forms, butthe prime fous here is to verify the onsisteny of the output of the present modelwhen ompared with published analyses based upon observational data and in thismanner to on�rm and re�ne the earlier validation proedures applied to the Model.The zonal �elds along the EquatorThe attention now turns to the performane of the model in its treatmentof oean urrents on�ned in the domain of the study through a omparison of itsahievement with previously published works. Johnson et al. (2002b) desribe thezonal veloity in the upper layer of the Pai� Oean using synopti, meridional andzonal setions obtained by CTD/ADCP, mostly onduted in the 1990's. The optionhere is to present setions of the mean �elds along the Equator for zonal veloity,temperature and salinity. This hoie was based on the opportunity to present si-multaneously some features that are, in a general sense, harateristi of the region.For example, �rstly, in relation to the zonal urrents along the equatorial region, theeastern-most region of the equatorial Pai� is targeted where the Equatorial UnderCurrent (EUC) terminates; seondly, the vertial distribution of the salinity, whihpresents the lower surfae values in the oastal region of Central Ameria, and highersalinity values somewhat assoiated with the EUC; and �nally, the vertial distributionof the temperature throughout the Equator, whih presents inlined isotherms, leadingto a shallower gathering of isotherms in the eastern basin, while it presents a vertialdisplaement of them towards the date line. Thus, the isotherms present a negativeslope from the eastern to the western domain of this study. The Figure 4.10 displayssetions of the mean �elds for zonal veloity, salinity and temperature along the Equa-tor as estimated by the Ctrl output.
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Figure 4.10: Setions of the mean zonal �elds along the Equator as estimated by theCtrl output. (a) Mean zonal veloity (m/s). The ontour interval is 0.1 m/s, and solidlines represent eastward �ow, dashed line represent westward �ow and thik line thenull zonal veloity. (b) Mean zonal salinity (PSU). The ontour interval is 0.2 PSU.() Mean zonal temperature (◦C). The ontour interval is 2◦C.



103The spatial termination of the EUC was desribed via upwelling proesses inthe observational study of Lukas (1986) as ourring in the eastern region between theGalapagos Arhipelago (the Galapagos islands are entered at 0◦, 91◦W) and 5◦S. ThenPedlosky (1988), using a theoretial model, suggested that the termination of EUC maybe regarded as an inertial jet. The study of Sloyan et al. (2003) suggested that bothmehanisms are relevant in the EUC termination. In the present work, the upper panelof the Figure 4.10 displays the isolines of the mean zonal veloity estimated from theCtrl from whih an eastward deeleration is suggested together with an upward motionof the EUC (note the tilt of the base of the isolines of veloity). Both features suggestthat the EUC termination is well represented in the numerial approah of the urrentstudy. With regard to the mean zonal distribution of the salinity �eld (Figure 4.10 -middle panel), this presents an eastward derease of magnitude on the surfae, whihmay be interpreted as onsisteny with the fat that preipitation in the eastern trop-ial Pai� is the genesis of the zonal gradient of surfae salinity. Finally, the lowerpanel of the Figure 4.10 presents the zonal mean temperature �eld output from theCtrl run of the model. The observed eastward gradient of the isotherms in the lowerpanel of Figure 4.10 is oupled with upwelling from the EUC through the upper oeanlayers. The gradient of the isotherms gives to the easternmost region the minimumsea surfae temperature of the equatorial Pai� Oean. The panels representing themean zonal �elds along the Equator on�rm the expeted patterns, and furthermore,they are in a good agreement with the results presented by Sloyan et al. (2003), whihused the same set of observational data earlier used by Johnson et al. (2002b).The volume transport by the eastern equatorial urrent system of the Pai� OeanDespite the good agreement ahieved, the results presented for the setionalong the Equator have the inonveniene of providing only a snapshot of those param-eters; onsequently, it is intended to develop an additional investigation with partiularreferene to time evolution of the hydrodynamis of the model. In this ontext, the



104impliations for volume transport within the on�nes of the domain of the study are in-vestigated. The urrent boundaries will follow the de�nitions of Johnson et al. (2002b),their riteria being: potential density, main diretion and geographial position, as setout in Table 4.2. The potential density (σθ), as one of the de�ning parameters of theoeani urrents, is the density a parel of water would have if it were raised adiabati-ally to the surfae without hange in salinity. Thus, the intention is now to transposethe validation proedure to the volume transport of the main urrents of the easternequatorial Pai� as one method of evaluation of the hydrodynami funtioning of theoeani model.Table 4.2: The eastern equatorial Pai� Oean urrent system's de�nition (Johnsonet al., 2002b). Equatorial Under Current (EUC). North Equatorial Counter Current(NECC). South Equatorial Current - North branh (SEC(N)). South Equatorial Cur-rent - South branh (SEC(S)). The potential density (σθ) is the density of a parelof water would have if it were raised adiabatially to the surfae without hange insalinity. Current Potential densityinterval (kg.m−3) Latitude interval DiretionEUC 23.0 < σθ < 26.5 2◦S < Lat < 2◦N eastwardNECC σθ < 26.0 North of 2◦N eastwardSEC(N) σθ < 26.0 0◦N < Lat < NECC westwardSEC(S) σθ < 26.0 8◦S < Lat < 0◦N westward
The volume transport as output from the Ctrl with regard to SEC(N), EUC andSEC(S), aording to de�nitions in Table 4.2, is shown in the Figure 4.11, and as themodel domain did not extend su�iently far north, then, the NECC was not inluded.Kessler et al. (2003) arried out a similar approah with the domain of volume trans-port integration slightly di�erent from material presented in the Table 4.2. In theirstudy, they used a generalized de�nition of the domain, where there are no densityrestritions, the domain being de�ned only by the main diretion and geographial po-sition of the urrents. In Kessler et al. (2003), the urrent de�nitions are as follows: for



105the SEC(N), the westward transport between the Equator and 5◦N; for the EUC, theeastward transport between 3◦S and 2◦N; and for the SEC(S), the westward transportbetween 8◦S and 2◦S. Moreover, the study was based on three methods: a) the Sver-drup irulation of the tropial Pai� using satterometer winds, b) measured oeanurrents, and ) diagnosis by an oeani General Cirulation Model (GCM). Kessleret al. present the integrated zonal volume transport for eah one of their methodsof omputation: arried out by the Sverdrup balane, by urrent measurements usingADCP and by the output of numerial modeling. Meanwhile, the results ahieved bythe present study in relation to the zonal urrent volume transport for SEC(N), EUCand SEC(S) are presented in the Figure 4.11.
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Figure 4.11: Time-vertial-meridional average of the zonal urrent volume transport,as output from the Ctrl, for SEC(N) (a), EUC (b), and SEC(S) () in the easternequatorial Pai� Oean. It adopts the urrent de�nitions by Johnson et al. (2002b),whih are summarized in the Table 4.2. The vertial sale is di�erent for eah urrentsystem (Sv = 106 m3.s−1). Eastward volume transport is represented as positive.



107In the analysis of the results ahieved by the urrent work, it is possible toobserve the redution of the volume transported by the EUC (Figure 4.11 - middlepanel), as a diret onsequene of the termination of EUC in the eastern Pai�, aspreviously presented here in the analysis of the time-averaged zonal veloity setionalong the Equator (Figure 4.10 - upper panel). In an analogous manner, from theobservation of the zonal volume transport assoiated with the two westward urrents(SEC(N) and SEC(S), the upper and lower panels in the Figure 4.11, respetively), it ispossible to note the zonal inreasing of the volume transport assoiated with them. Inpartiular, they hange negatively aording to their displaement westwards from theeastern boundary of the domain. Although referene has already been made to the fatthat slight di�erenes have been noted in the de�nition of urrent boundaries in bothstudies, and again in the work of Kessler et al. (2003) with onsequent onerns asto the zonal volume transport ahieved, nevertheless a signi�ant degree of onformityexists.The salinity �eld assoiated with the eastern equatorial urrent system of the Pai�Oean Both Johnson et al. (2002b) and Kessler et al. (2003) had onduted hydro-dynami studies of the Pai� Oean; however, when they had the availability of data,assoiations with the salinity �eld had also been made. In a similar manner, whereverpossible, links between urrent �elds and salinity �elds will therefore be pursued usingthe output from the Ctrl. The intention will be to enrih the validation of the oeanimodel, or to extend the haraterization of the salinity �eld where suh information islaking. This pratie then o�ers a twofold funtion: both as a possible validation ofthe model on the one hand and also as a supplement to the �ndings of Johnson et al.and Kessler et al. on the other.



108It is aepted that, the de�nition for the equatorial urrent of the Pai� Oeandesribed in the Table 4.2 on�nes a �nite and volumetri region of the oean, whihis dynamially adapted to the temporal and spatial variability of the urrents, in a-ordane with the dynami variation of the parameters that de�ne them. Thus, suhregions, individually assoiated with the respetive urrent, at the same time are asso-iated with the spei� bodies of seawater whih are related to the urrent. This dualrole may serve to provide a volume ontroller to the salinity �eld, and simultaneouslya temporal-spatial assoiation with urrents.A limitation of the foregoing approah lies in the fat that very little informa-tion about the salinity �eld linked to the urrents in the eastern Pai� Oean wasfound in the literature, whih makes omparative studies somewhat limited in the val-idation ontext, but the same limitation implies that valuable new information maybe expeted to be obtained by progress in this area. In summary, on the one hand,there is a limitation imposed referring to the validation proess, but on the other, thereexists the intention to extend knowledge in relation to the salinity �eld assoiated withthe urrents in the eastern tropial Pai�.With this in mind, it is now proposed to address salinity assoiated with theequatorial urrent system of the eastern Pai� Oean by a omparison of the Ctrlrun of the model in this respet with previously published work. Given the pauityof the latter and the onsequent limits to the approah, this referene will be to thatarried out by Johnson et al. (2002b), based upon CTD/ADCP measurements anddesribed earlier in this setion. In this ontext, the output of the Ctrl in terms of thezonal time-averaged mean salinity assoiated with the equatorial urrent system of thePai�, as de�ned in Table 4.2, is presented in the Figure 4.12.
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Figure 4.12: The time-averaged mean salinity �eld (PSU) assoiated with the equato-rial urrent system of the eastern Pai� Oean as output from the Ctrl. The time-averaged salinity �eld (PSU) assoiated with the SEC(N) is shown in the upper panel(a), when assoiated with the EUC is shown in the middle panel (b), and the salinity�eld assoiated with SEC(S) in the lower panel (). The vertial sale is the same forall panels to failitate omparisons among them.



110Regardless of the fat that the study arried out by Johnson et al. overed theentire Pai� Oean basin throughout 10 zonal setions of CTD/ADCP measurements,the analysis here is limited to east Pai� Oean basin as de�ned by the domain ofthe present study. Comparisons between model output and these observations for thetime-averaged salinity assoiated with the equatorial urrents in the eastern Pai�individually for SEC(N) and SEC(S) an laim to be in exellent agreement, with om-puted values di�ering from those of Johnson et al. based upon measurements, by 0.05PSU and 0.1 PSU respetively. Conerning the EUC, the present study underestimatedthe salinity by about 0.05 PSU (at 95◦W), with a westward linear inrease to reah 0.3PSU (at 140◦W) when ompared with that arried out by Johnson et al.. Even so thepresent study and that arried out by Johnson et al., present the zonal time-averagedmean salinity with a trend of inreasing values of salinity from the easternmost Pa-i� towards the date line, for eah of the three urrents being examined in the analysis.The latter feature might well be a ommon harateristi of the salinity asso-iated with suh urrents and therefore peuliar to this partiular region. Given theknowledge available it is inevitable that it is assumed to provide a measure of orrobo-ration of the in�uene imposed on the salinity of the region by the loal preipitation,and so irrespetive of urrent diretion (see Table 4.2) their lowest salinities are to befound in the eastern equatorial Pai�. This is to suggest that it is possible to assumethat the time-spae variability of the preipitation studied in Part I of this study might,in some manner, reprodue its signature in the salinity assoiated with the urrents.In an attempt to larify suh matters, further and more intensive studies areontemplated in onnetion with the assoiation of salinity properties with urrent sys-tems. There is of ourse a limitation to be faed due to the pauity of in situ data,thus, the validation proedure will rely on published material on the subjet to makeomparative heks on model validity being su�iently realisti. Having noted thegeneral importane of further advanes along these lines the intention is to proeed



111nevertheless, yet one again the inevitable tendeny is to diverge from the main themeof model validation. If the time-averaged salinity �elds are to be seen as essentialharateristis of the zonal urrent systems, in addition revealing indiations of thepreipitation in�uenes whih an take e�et in the mutual temporal and spatial vari-ations of the salinity assoiated with the urrents, then this would be a highly relevantourse to follow. Consequently in a manner similar to that adopted earlier in the EOFand Wavelet phase of the study a divergene is onsidered justi�ed.Within this ontext, the salinity �eld assoiated with the respetive urrentwas averaged in both vertial and meridional dimensions, and as a �nal produt of thispreliminary proedure this ould be expressed as the temporal zonal distribution ofthe mean salinity assoiated with SEC(N), EUC and SEC(S). For reasons given ear-lier, it was not feasible to assoiate a saline �eld with the NECC. The statistial EOFtehnique was applied for the three salinity �elds resulting from this proedure - thetemporal zonal distribution of the mean salinity assoiated with respetive urrents.Table 4.3 presents the results of the three leading EOF modes, whih aount for 66%,78% and 75% of total variane for the zonal salinity vertial-meridional averaged inthe SEC (N), EUC and SEC(S) domains, respetively.
Table 4.3: Results of the �rst three main EOF modes for the zonal variation in timeof the salinity �eld (vertial and meridional averaged) in the eastern equatorial Pai�Oean urrent system. Variane (%)EOF mode SEC(N) EUC SEC(S)1 42 61 572 15 12 113 9 5 7



112It is to be noted that the �rst EOF mode of the salinity �eld assoiated withthe equatorial urrent system of the Pai� aounts for more than 60% of the totalvariane ontributed by the group of three modes, leaving a minor residual to be sharedby the other two modes. For this reason, and as previously expressed in the sequeneof examinations in this study, there follows a phase, using the Wavelet transform, inwhih a deomposition proedure in the time-frequeny domain is arried out so as todetermine the dominant modes of variability, and to asertain the manner in whihthese modes vary in time. This phase will onentrate upon the �rst EOF mode only.Thus, the results of the Wavelet analysis (Morlet as mother wave, and ω0 = 6)when applied for the �rst mode of the time-series expansion oe�ients as result of theEOF for the respetive salinity �eld assoiated with the eastern equatorial urrents,are presented in the Figure 4.13, 4.14 and 4.15 for South Equatorial Current - Northbranh (SEC(N)), Equatorial Under Current (EUC) and South Equatorial Current -South branh (SEC(S)), respetively.
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Figure 4.13: Result of Wavelet analysis when applied to the time series of expansionoe�ients as a result of the �rst EOF mode of the zonal distribution of the meansalinity assoiated with the SEC(N). Time series of the zonal distribution of the meansalinity assoiated with the SEC(N) is shown in the top panel, the ontour of waveletpower spetrum in the middle panel, and the global wavelet power spetrum in theright panel. In the right panel, the dashed line represents the on�dene level of 95%.The ontour wavelet power spetrum levels are hosen so that 75%, 50%, 25%, and 5%of the wavelet power is above eah level, respetively. The dark line indiates the Coneof In�uene (COI).
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Figure 4.14: Same as Figure 4.13 but for the mean salinity �eld assoiated with theEUC.
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Figure 4.15: Same as Figure 4.13 but for the mean salinity �eld assoiated with theSEC(S).
Being diretly wind driven, the equatorial oeani urrent system respondsquikly to variations in the wind �eld (Gordon, 1986). Therefore, the SEC(N) isstrongest in the boreal winter, and the SEC(S) is stronger in the boreal summer, a-ording to the latitudinal migration of the ITCZ and its relations to the atmospheriells of irulation (whih were disussed in Part I of this study). This harateristiis far more evident in the time series assoiated with the northern branh of the SEC(Figure 4.13 - upper panel), while for its southern branh (SEC(S)) this feature presentsa smaller signature (Figure 4.15 - upper panel). The strengthening of this signal inboth time series stands out during El-Niño events, when the Hadley irulation (north-south) is reinfored by the weakness of the Walker irulation. The EUC (Figure 4.14)is subjeted to the same wind pattern, but at the same time it is a subsurfae eastward�ux. The time series of the salinity �eld assoiated with the EUC suggests to be theombination of the e�ets of the wind and the north and south neighbouring urrents,the SEC(N) and the SEC(S).



115The SEC(N), by its geographial position (Table 4.2, on page 104), is underthe "shade" of the time averaged position of the ITCZ (about 5◦N). By this reason, itis expeted that the salinity �eld assoiated with the SEC(N) holds the same temporalvariability as the ITCZ. The ontour wavelet power spetrum for the salinity assoi-ated with SEC(N) presents a lear annual yle (the same periodiity of the ITCZ),whih beomes evident in the middle panel (�gure 4.13 - middle panel), and it is alsorepresentative in the global wavelet spetrum (Figure 4.13 - right panel).With regard to the time sale of the variability of the salinity �eld assoiatedwith the SEC(S), it is possible to reognize from the same panel a weak trend to theannual yle (Figure 4.15 - middle panel). Sine the SEC(S) positioning thoughtout theyear is always south of the Equator, whih means that the SEC(S) is relatively far fromthe ITCZ, the salinity �eld assoiated with the SEC(S) seems to be highly in�uenedby the variability of the Southerly wind along the west oast of South Ameria. It isworthy of note that the SEC(S) is fed at least in part from equatorial and oastal up-welling, both of whih are muh weaker and warmer during El Niño, whih an explainthe variability observed in the middle panel during the El Niño events. Then, it is notsurprising to see the high time-sale variability presented in all panels of the Figure 4.15.The ontour wavelet power spetrum of the salinity �eld assoiated with theEUC (Figure 4.14 - middle panel) presents its maximum variane in simultaneity withEl Niño events. The seasonal yle is suh that the EUC is saltier when the transportis largest, beause the upper layers of the EUC, whih are saltier, make up most of theseasonal variability. During an El Niño event there is some warming of the EUC inthe eastern Pai�, owing to more near-surfae eastward �ow under the relaxed trades(Johnson et al., 2002a; Sloyan et al., 2003).



116In summary, the proess of validation of the numerial model to be adopted asan assured Control for subsequent appliations has been ahieved, despite the short-omings of omparative data and the limitations of relevant publiations. Where pos-sible, model output has been heked against in situ measurements, and also derivedparameters and other inferenes onsequent on the appliation of the model have beenompared with the �ndings of other authors. In the proess of validation, the powerof the tehnique to explore new �elds and to expand the boundaries of urrent knowl-edge in the �eld of time-spae variability of the SSS and the assoiation of salinityproperties with the equatorial urrent system of the eastern tropial Pai� have beenon�rmed. As an additional bene�t, a number of potential leads have been identi�edfor later evaluation. With quali�ed on�dene in the model established the proposalnow is to proeed to address the topi of salinity entrainment into the mixed layer andthe signi�ane of the input of atmospheri freshwater into the mixed layer.



117b) Salinity entrainment into the mixed layerMoving on from model validation and with on�rmation of its potential, it nowbeomes possible to onentrate with �ner fous upon appliations of the model torelevant aspets of marine physis, and initially it is appropriate to examine salinityentrainment into the mixed layer.The salinity entrainment into the mixed layer is the proess whereby the mixedlayer inorporates the adjaent salinity immediately underneath the MLD. For thisstudy, a salinity entrainment "event" was assumed whih ould be ahieved by threepossible existing onditions:
• Downward motion of MLD;
• Vertial salt transport assoiated with the vertial veloity; and,
• Combination of both (dual entrainment).Using the urrent oeani numerial model approah, a searh was ondutedfor the requisite onditions assoiated with potential entrainment of salt from the baseof the mixed layer. The time-averaged results of the omputation with the neessaryharateristis are presented in Figure 4.16.
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Figure 4.16: Mean salt entrainment (PSU) into the mixed layer through its base (av-eraged over the entire period).
It is worthy of note that the time averaged proess of entrainment is onen-trated in the equatorial region, and a �rst impression suggests that this feature ismainly dependent upon the Trade Winds but not in the diret sense and only afterthe divergent in�uene of Coriolis priniples due to the Earth's rotation. It may bean exaggeration to say that the Coriolis e�et is negligibly small near the equator, al-though small, it is still important. Thus, the Coriolis e�et de�ets the surfae urrentsaway from the equator on either side reating onditions suitable for the well-knownequatorial upwelling.



119Looking forward to understand the salt entrainment into the mixed layer on atime basis, an investigation was pursued based on the assumptions previously listed.For the positions in the Longitude 95◦W at 3◦N, 3◦S plus the Equator, the results areshown in the Figure 4.17; also, in the same �gure is over plotted the SOI signal inpurple, whih allows us to assoiate the onnetions between the salt entrainment andthe ENSO yle. The time series of the salinity entrainment along the 95◦W indiatesa link of this hydrodynami proess with the ENSO yle.

Figure 4.17: Upper panel: Time series of the salt entrainment (PSU) into the mixedlayer from below along 95◦W, for the Equator (blak line) and Latitudes 3◦N (red line)and 3◦S (blue line). SOI signal is over plotted (purple line) for omparisons with theperiod of its ourrene. (*) SOI signal is based on the Trenberth method - monthlystandard deviation and six months smoothed. SOI unit: hPa (1000 hPa subtrated).Lower panel: Latitude-time map of the ourrene of salt entrainment into the mixedlayer through its base for 95◦W-Equator (blak line), 95◦W-3◦N (red line), and 95◦W-3◦S (blue line).



120The time series of the salinity entrainment from below strengthens the idearaised by the preliminary analysis (the time-averaged salinity entrainment shown inthe Figure 4.16), in whih the salt entrainment is onentrated along the Equator(Figure 4.17 - lower panel). Therefore, it is possible to note from the same �gure, in itsupper panel, that exists the weakness or total suppression of the entrainment duringEl Niño periods (Figure 4.17 - upper panel). One of the remarkable harateristisof the El Niño event is the weakness of the Trade Winds, a onsequene of whihis to diminish the surfae divergene of the equatorial waters, whih are responsiblefor the equatorial upwelling. An additional onsequene of equatorial upwelling isthe upward displaement of the isotherms, whih is impliitly related with the MLD.This upward movement would at in opposition to the entrainment, however, from thealulations arried out here, this e�et is not apable of ounterating the e�et ofthe upward movement of the waters. Then, it an be suggested with greater onvitionthat equatorial upwelling is the main feature responsible for the salinity entrainmentinto the mixed layer through its base in the region studied.



121) The signi�ane of the �ow of atmospheri freshwaterNow, in this onluding setion of the oeani model studies, the attention isdrawn to proesses whereby the atmospheri freshwater in�uenes the SSS. In Delroixet al. (1996) an approah was made to link the salinity and preipitation �elds, basedon the salinity samples obtained by the "ship-of-opportunity" program, with preipi-tation derived from satellite remote sensing via Outgoing Longwave Radiation (OLR).Those variables were spatially interpolated and monthly averaged for the tropial Pa-i� region and statistially analysed for the 1974-1989 period.The purpose here is to introdue a new approah with signi�ant di�erenesfrom that reported by Delroix et al., and in this ontext, the intention is to inludeatmospheri �ow of freshwater in its omplete omposition, i.e. as the resultant e�etof preipitation and evaporation. The intention is to seek a more realisti and dynamibasis for an investigation of time variations of the SSS as modi�ed by a ontribution ofatmospheri freshwater in its omplete form. Note that Delroix et al. did not onsiderthe evaporation rate.The numerial model was set up with the variable (E −P ) (evaporation minuspreipitation) having the harateristi of an independent input. The preipitationand evaporation datasets were downloaded from the ECMWF-ERA40 data server, andinterpolated so as to ahieve the same spatial-time resolution as that of the hydrody-nami model, as desribed in the previous setions. And, within this ontext, a reworkof the relationship between the time derivative of the Sea Surfae Salinity (SSS) andthe atmospheri �ow of freshwater (E − P ) is addressed.



122The hosen method aimed to ahieve a map of orrelation between the timevariations of the salinity (d(SSS)/dt) in relation to the atmospheri �ow of freshwater(E − P ). Then, the orrelation map between the d(SSS)/dt and (E −P ) is presentedin the Figure 4.18.

Figure 4.18: The orrelation map between the time derivative of the Sea Surfae Salin-ity, (SSS) (d(SSS)/dt), and the �ow of atmospheri freshwater (E − P ).
The map presents regions with high positive and negative orrelations. Higherpositive orrelation is loalized on the eastern Pai� Oean, under the position of theITCZ trak, whih on�rms that the time variation of the SSS an be assoiated withthe atmospheri �ow of freshwater. Regions with lower orrelation, or even negativeones, suggest that the temporal SSS's hanges are the result of mixing or advetionproesses instead of being a major and straightforward response to the atmospheri�ow of freshwater. These results are in aordane with the onlusions of Delroix etal., of whih the most relevant at this is stage is the on�rmation of the relationshipbetween the SSS and ITCZ. Further disussion of the approah taken will be presented



123in the following setion.With the signi�ane of the assoiation between the temporal variations of theSSS and the atmospheri freshwater input on�rmed, it is proposed to reognize thisas a satisfatory onlusion to the model appliations of Part II. However there is aneed to disuss and re�et on what has been ahieved in the proess.



1244.3 Assessments and Re�etions - Part IIThe earlier setions of this hapter were initially dediated to the analysis ofthe salinity �eld in the eastern tropial Pai� Oean based upon an oeani numerialmodeling approah. Progress along these lines developed into a series of omplementarystudies leading to an overview of proesses and distribution of salinity in the region,while simultaneously providing support and validation of the so-named "Control Run"(Ctrl), promoted in Part I as a key tool.What now must follow is a formal assessment of the appliation of this tool tothe distribution of salinity in the region and the relevant proesses of hange. This willtake the following form:
• An assessment of the validation proedure;
• Consequent upon on�dene gained by validation, to evaluate the proess ofsalinity entrainment into the mixed layer via its base;
• To onsider the temporal variations of the Sea Surfae Salinity as a diret responseto the atmospheri freshwater �ux, and
• To onlude by aknowledging the signi�ane of the above analyses.Validation of the "Control Run"The validation of the Ctrl was fored using the preipitation and evapora-tion supplied by ECMWF-ERA40 and the temperature and veloity �eld supplied byMOM2. The time series of the SSS (Figure 4.1, on page 88) and the time series of thedepth of the Z20 (Figure 4.3, on page 93) were ompared with in situ data, providedby the buoys of the TAO/EPIC array of NOAA.



125Conerning the omparison between the SSS and in situ data, it is worthy ofnote that the estimated time series of SSS by the numerial approah relies strongly onthe ombination of the preipitation and evaporation rates (Equation 4.1, on page 84),but if the evaporation rate presents a �eld whih is fairly onstant, in ontrast, thediagnosti variables, suh as preipitation present a large variability in the tropialoeani regions (Trooli & Kållberg, 2004), thus, in onsequene, a lose agreementbetween the SSS as output of the Ctrl with in situ data was not reahed in the highfrequeny spetrum by the reasons as desribed in Tomzak (1995). However, the longterm and trends were well represented, whih ould be veri�ed when the salinity �eldwas integrated over the entire volume domain. This latter result shows that the salinityin the model retains a relationship with the ENSO signal (Figure 4.2, on page 90).With regard to the omparison between the time series of the Z20 produedby the Ctrl using the in situ data, agreement was reahed for both the regions of thefrequeny spetrum, the low and the high frequenies. In addition, the vertial setionalong the Equator for the time-averaged temperature �eld (Figure 4.10 - lower panel)presents the expeted inlination of the isotherms, whih is a potential representationof the observed upwelling in the easternmost tropial Pai�.Moreover, validation of the Ctrl was arried through not only by omparisonswith in situ data, but omplementary studies had also been made based on derived pa-rameters from the oeani model with previous studies published by other researhers.Using the model output inludes the analysis of the time-spae variability of the SSS,as well as that due to volume transported by the main oeani urrents of the equa-torial eastern Pai� Oean. The latter mentioned methods of validation di�er fromstraightforward omparison of the model output with in situ data, and they are arguedindividually as follows.



126Initially, the time-spae variability of the monthly mean of the SSS was anal-ysed by the EOF tehnique and ompared with previously published statistial studies.Among them, an be ited: �rstly, Delroix & Henin (1991) then Delroix et al. (1996)where statistial approahes were employed in the investigation of salinity and preip-itation relationships for tropial oeans; and �nally, in Delroix (1998) is presented aomprehensive statistial study of variability in the tropial Pai�.When limiting the studies of the time-spae variability of the monthly mean ofthe SSS to the EOF analyses, the studies developed here strongly agreed with the abovequoted works, but it is appropriate to keep in mind that, in the present work, an extraonept was given to the time series of the expansion oe�ients derived from the EOFanalysis, with the intention to ahieve a better understanding of the time-frequenyvariability of suh signals. Then, as onsequene of the new approah, the individualresults for eah leading mode of the EOF when applied to the monthly mean of theSSS, are presented simultaneously in the relevant study referring to the time-frequenyvariability of the signals (ahieved by the Wavelet analysis), as follows.The �rst EOF mode aounts for 35% of the total variane of the monthlymean of the SSS. The �rst spatial EOF mode presented a zonal struture (Figure 4.4- upper panel) that di�eres only in the easternmost Pai� Oean, where there is anintense gradient of the variability near to the western Central Ameria oast, and al-most parallel to it. The main zonal struture of the spatial pattern presents its moreintense gradient under the mean position of the ITCZ, so dividing the oean basin, asa dipole struture, into two parts in the viinity of 5◦N. Another notieable feature isthe most negative homogeneous orrelation (up to -30%) loated in the easternmostregion of the tropial Pai�. The main andidate as an explanation of suh a featureould possibly be the wind jets assoiated with the three major gaps in the CentralAmerian Cordillera. Sine the wind jets present as their main harateristi signi�antvariability in timing and intensity (Kessler, 2006), they have the potential to reate



127multi-layered hanges in the salinity �eld and displaying non-regular frequeny.In a searh for further evidene to support this onept, time-dependeny har-ateristis assoiated with the �rst EOF mode, were examined by the Wavelet analysisof the expansion oe�ients (Figure 4.4 - lower panel). Here interest is expressed inertain features of the analytial output. In the ase of the only signal giving a 95%on�dene level, the annual signal, (Figure 4.7 - lower panel) onsiderable interest isdisplayed in terms of its disontinuities. The signal appears to ollapse after periods ofapproximately three years ontinuity, displaying a non-steady yle only overome bythe last strong El Niño event (1997/98). Otherwise the signal appears to experiene aninrease of variane at 1-8 years periodiity. This intermittent annual signal ould berelated to a ombination of the ENSO e�ets with the migration of the ITCZ. Althoughthe tehniques adopted here were pivotal to the identi�ation of the existene of theseharateristis, their ability to advane to a full explanation of the proesses involvedwas naturally limited.Now turning to the seond leading mode of the EOF analysis based on themonthly mean SSS time series, we note that it demonstrates a spatial pattern (in Fig-ure 4.5 - upper panel) with its most prominent feature being a higher positive varianefeature suggesting a shadow of the northern hemisphere Trade Winds path, extendingfrom the Central Amerian Isthmus to the 110◦W Longitude. Visually there appears atemporal variation with a period of approximately 8 years with interannual osillations(Figure 4.5 - lower panel). However the Wavelet analysis assigned a 6 years period tothe feature (Figure 4.8 - middle and right panels). Then further speulation an bemade on the basis of observation of the limit regions in the same panels (Figure 4.8 -middle and right panels). They imply signals at approximately 10 years, virtually onthe margin of ompetene far suh a short observational reord. In summary, sine theWavelet tehnique suggests responses of 6 and 10 years, this may be seen to orroboratea signal of 8 years reported earlier as a ombination of the former two periods. The



128seond EOF mode aounts for 13% of the total variane.The �nal third EOF mode produed by the analysis of the monthly mean SSSaounts for just 7% of the total variane. Its spatial pattern indiates a dominantequatorial harateristi (Figure 4.6 - upper panel) and the assoiated time series of itsexpansion oe�ient presents a negative orrelation of -61% with its equivalent for the�rst mode. Based on the properties of the EOF analysis, whih assumes the unique-ness of modes, the third mode suggests a lassial ase of degeneray of eigenvalue. Ifthere is more than one linearly independent eigenvetor for a given eigenvalue we saythat the eigenvalue in question is degenerate (Anonymous, (1967); North et al., 1982).Where degeneray ours it is almost always related to some spatial symmetry of thesystem (Solbrig et al., 2005). However, the degenerate subspae is a vetor spae, it ispossible that ompatible observables admit a basis of simultaneous eigenvetors. Eventhough, the Wavelet analysis served to underline their spatial similarities. In spite ofits low signi�ane (7% of the total variane), this weak signal nevertheless is seen tobe an established harateristi modal feature. Suh linked general spatial symmetriesare sometimes distinguished by the term "aidental degeneray".What is learly demonstrated in this proedure is that the basi analysis of themonthly mean series of the SSS by the EOF priniples is found to be in agreement withpreviously published work and in so doing gave support both to onepts adopted hereand also to the growing onsensus of opinion as to the interation of regional onditions.Nevertheless, muh more has been ahieved. The Wavelet tehnique of analysis appliedto the time series of the expansion oe�ient of eah EOF mode has provided muhmore than the basi EOF proedure an ahieve in its own right. In the �rst plaeit has on�rmed the results of the earlier EOF proess, but more importantly it hasopened a window enabling an advanement of knowledge of the time-spae variabilityassoiated with these individual modes, not previously seen. That these new oneptso�er an immediate relationship to known geographial and environmental features is



129both an added bonus but also provides a potential additional tool to assist in the di-agnosis of freshwater soures.Following an aeptable validation of the Ctrl, permission was given to proeedwith the appliation of the Ative Traer Model as a validated tool and the earlyappliation addressed the volume transport of the main urrents of the equatorialeastern Pai�. Here the de�nition of the urrents adopted the proposals of Johnson etal. (2002b), based upon harateristi water properties. Sine the domain of the modeldid not extend polewards beyond 10◦N, it was onsidered inappropriate to inlude theNECC and its assoiated salinity. Consequently analysis was restrained to EUC andSEC in both its north and south branhes. The volume transported by those urrentsstrongly agreed with previous studies (e.g. Kessler et al., 2003). The agreement, infat, was su�ient to prompt the opportunity to expand regional knowledge of the salttransport for whih these oean urrents are responsible, yet noting that a boundaryhad been imposed in the urrent work at 90◦W Longitude due to the omplexity ofthe urrent system to the east of that boundary. Kessler (2006) had �rst desribed itsomplexity and the in�uene of the three major gaps in the Central Ameria Cordillerawhih, through wind jets, an alter the region's hydrodynami irulation onsiderably.In proeeding to examine the possible onnetion between the equatorial ur-rent system of the eastern Pai� and the assoiated salinity properties, aution wasrequired due to the pauity and pathy nature of in situ data, or, in fat of previouslyexisting analytial literature. Consequent limits to the model validation had to be keptin mind, yet the opportunities a�orded overame the di�ulties.The zonal time averaged mean salinity assoiated with the equatorial ur-rent system of the Pai� presented a gradient of inreasing salinity values from theeasternmost Pai� towards the date line (Figure 4.12), for any one of the three ur-rents whih were being treated in the analysis (this study and Johnson et al., 2002b).



130Suh harateristi, in addition to the study arried out in Part I in relation to thetime-spae variability of the preipitation in the eastern region of the tropial Pai�Oean, motivated the analysis of the temporal variability of the salinity assoiatedwith those urrents. An investigation was pursued with regard to the salt variability ofthe equatorial eastern Pai� urrent system, whih, generally, presented three majorperiodiities: intra-annual (∼6 months), annual, and ENSO sale. The ase for eahurrent system is argued as follows.In the analysis of the salt variability in the north branh of the South Equa-torial Current, SEC(N), (Figure 4.13 - upper panel), a very strong annual yle wasdisplayed. Then referene to the SOI reord on�rms that lear indiations of El Niñoonditions appear for 1986/87 and 1997/98. The analyses show that for the SEC(N)the El Niño years presented anomalous salt variability over periodiities from 6 monthsto 2 years for the �rst event and muh broader for the seond event ranging from 6months to 8 years.Addressing now the South Equatorial Current - SEC(S), referene to Figure 4.15immediately indiates that its variability is more omplex than that whih was seen inits northern equivalent. There are perhaps many reasons for this to be so. For exam-ple this feature ould be related to the weakness of the SEC(S) by omparison withthe SEC(N). Figure 4.10 provides an evaluation of the volume transport in both asesfrom whih the di�erene an be seen, noting that the vertial sales are not uniform.Then SEC(S) reeives a wind-driven ontribution from those Southerly Winds fromthe South Amerian oastal zone whih themselves have a large spatial and temporalvariability. It may be argued that this feature is supportive rather than otherwise of themain theme of this study, namely that the high temporal variability in the salinity ofthe SEC(S) (in this ase) arries the harateristis of its soure i.e. the in�uenes of itsatmospheri origin in terms of signi�ant temporal variability. Referene to Figure 4.15- upper panel, learly shows this typial variability in its time series despite its weak



131amplitude. Then El Niño onditions are essentially assoiated with a reinforement ofthe Southerly Winds of the higher latitude oastal zone and a derease in the TradeWinds of the eastern Pai� reating temporal hange in the onsequent salt ontent.The end result of these proesses an be seen in Figure 4.15 (middle panel) for the ElNiño years, 1986/87 and 1997/98.The third major equatorial urrent ontemplated in this work - Equatorial Un-der Current (EUC) - loated as it is in the latitudes between the two branhes of theSEC arries their harateristi temporal signatures as a relevant aspet. The interan-nual and annual yles are well pronouned as is the Southern Osillation Index (SOI),all of whih are to be seen in Figure 4.14 - right panel. During El Niño events (1986/87- 1991/92 - 1997/98) the EUC beomes weak, or in fat may disappear ompletely,adding to the variability of salinity visible in Figure 4.14. It has also been shown thatthe EUC is prone to lose volume from its suessive denser and deeper layers (Sloyan etal., 2003), whih is suggested to be a fator in the temporary disappearane of the EUCat the time of El Niño enhaning the apparent variability in the statistial analysis ofsalt. Sometimes omparing the output of the Ctrl model run with in situ data,sometimes omparing with results of previous works, the model was onsidered to havearrived at a state of trustworthiness of skills appropriate for the oeani numerialapproah mathed to a potential to advane into a diagnosti role. The intention wasto apply the tehnique to address problems, support hypotheses already raised andto ompare with the output of the more onventional approahes of others. Again,during the progress of validation of the SSS other opportunities arose to take a briefdigression on the basis of what had been ahieved but outside the validation target: a)To perform an intensive investigation of ertain features where onventional methodshad failed to provide a onvining understanding of the operating physis, and b) topursue the matter of salt transport time variability by the main urrent systems of



132the Eastern Pai� Oean. Although a digression from the main theme, these topisserved to add further on�dene in the e�ieny of appliation and the potential fordiagnosis of the numerial model.Then, in the ontext of the further investigation of the potential of the oeanimodel and with the intention to amplify knowledge of the salinity in the upper layersof the eastern tropial Pai� Oean, two more analyses were arried out using themodel. The ahievements of the latter are argued as follows.Salinity entrainment into the mixed layerThe �rst investigation arried out with the intention to �ll a gap that until nowhad not been addressed in the region was the salinity entrainment into the mixed layer,via its base. To ahieve suh intent, it was assumed that the salinity entrainment frombelow ould our by the downward motion of MLD, or by the vertial salt transportassoiated with the vertial veloity, or by the ombination of both (dual entrainment).As a result of this assumption, the salt entrainment, when averaged for the entire pe-riod of study, was found to be onentrated in the equatorial region (Figure 4.16, onpage 118), and this result an be primarily explained by the equatorial upwelling, andalso as a onsequene of the onvergene into the EUC (Wyrtki, 1981; Lukas, 1986;Bryden & Brady, 1985; Pedlosky, 1988; Gu & Philander, 1997; Kleeman et al., 1999;Sloyan et al., 2003; and Kessler, 2006).The time-averaged salinity entrainment was able to explain most of the frequen-ies of the ourrene of suh physial proess, however, an inquiry was arried out inorder to provide evidene of salinity entrainment into the mixed layer from below onthe basis of its temporal distribution. To enable this study with partiular refereneto the region of interest, three latitudes were seleted along the 95◦W Longitude soas to de�ne a study ase. These were 3◦N, 3◦S, and the Equator itself. Based on the



133same above premises for the ourrene of salt entrainment, the time series of salinityentrainment into the mixed layer in the Longitude 95◦W at 3◦N, 3◦S and the Equatorwere presented in the Figure 4.17 (Page 119). The main feature of this diagram is theweakness, or in fat absene, of saline intrusions into the mixed layer from below dur-ing the El Niño periods. Thus, beomes worthy of omment that one of the essentialharateristis of the development of the El Niño event is the weakness of the TradeWinds of the eastern Pai�, whih simultaneously suppresses equatorial upwelling andpushes downward the isotherms (and impliitly, the MLD). These features of the ElNiño suggest that the ombination of the deepening of MLD in the eastern Pai�Oean (whih is favorable to the salt entrainment into the mixed layer) jointly withthe upwelling weakness (ating against the salt entrainment) are strong andidates tohelp sustain a barrier for salinity entrainment through the bottom of the mixed layer.From the urrent modeling approah, the deepening rate of the MLD was not strongenough to ompensate for the redution of the upwelling observed in the El Niño events.Furthermore, it is important to point out that the region has peuliar interating har-ateristis that make the region dynamially puzzling, and as examples of the mainfators that intervene with the hydrodynamis of the region, they an be ited as theold tongue, Ekman pumping, and the time variability of the MLD assoiated withthe ENSO yle (e.g. Johnson et al. 2002a, b; Sloyan et al., 2003; MPhaden, 2004;Garés-Vargas et al., 2005; and Kessler, 2006).The in�uenes of the �ow of atmospheri freshwaterFinally to onlude the assessment of the oeani model, referene is made tothe relationship observed between the time derivative of the Sea Surfae Salinity andthe atmospheri freshwater �ow (evaporation minus preipitation). This physial inter-ation is investigated through the orrelation between the �eld of the dSSS/dt and thatof the (E−P ). The orrelation map of the in�uene of the �ow of atmospheri freshwa-ter in the SSS through the time derivative of SSS is given in the Figure 4.18 (Page 122).



134
It is well known that the Pai� Oean under the ITCZ and its equatorialregion have a very high preipitation rate, and as a result, the eastern tropial Pa-i� presents the lowest SSS in its basin. Thus, it is therefore hardly surprising thatthis harateristi, in a more limited regional sense was repliated by the model whihdemonstrated the highest orrelation index. Alternatively, negative and lower orre-lation values on the outer fringe of the ITCZ "shade" suggest that advetion and themixing proesses are more important than the in�uene of the �ow of the atmospherifreshwater. Furthermore, two regions in the extreme eastern region, where the or-relation map presented negative values, are oinident with the positive wind stressurl upwelling in the northern hemisphere - Figure 1, in: Kessler, 2006 - bringing insalt of the sub-thermoline water, whih suggests that the in�uene of the atmospherifreshwater an be diminished in those partiular regions. Furthermore, Wijesekera etal. (2005) suggest that those antiyloni eddies in�uene the transport of the heatand salt westward from the region.To summarise this setion, an oeani model has been presented whih ombinesthe widely-used numerial hydrodynami model (The Modular Oean Model, Version2 - MOM2), with the mixed layer model so as to provide a "hybrid pakage" to targetthe omplex interations of water properties and global oean irulation in a uniqueequatorial environment. The Model has presented itself as a reliable tool to apply tothese regional irumstanes, and the ahievements of this work an be identi�ed inthe list whih follows.

• The Sea Surfae Salinity (SSS) does not exatly math the high frequeny of thein situ observed data, but the seasonal and annual trends were well reprodued.Furthermore, the spatially integrated salinity for the entire volume of the domaindisplays a lear relationship with the SOI. Moreover, the time-spae variability ofthe monthly mean of the SSS agreed with previous studies; in addition the presentwork o�ers an important advantage in relation to the others when onsidering



135the dependene of the time-frequeny of the main modalities of the osillationsof the SSS.
• The depth of the 20◦C isotherm (Z20) is well represented in both high and lowfrequenies, and the setion along Equator for the mean temperature shows therepresentative inlination of isotherms referring to the observed upwelling in theeastern Pai�.
• The setion along the Equator for the mean zonal veloity shows harateristisof the EUC termination in the eastern Pai� Oean.
• The volume transport assoiated with the three main equatorial oeani urrentsovered in the domain of this study (EUC, SEC(N) and SEC(S)) presented verygood agreement with previous works.
• The mean salinity assoiated with the main urrent system of the equatorialPai� is well represented and it is in agreement with previous published studies.
• The saline �elds assoiated with eah one of the urrents above ited dislose thattheir variability maintains a relationship with the main atmospheri phenomenawhih reah the region (e.g. ENSO and developments assoiated with it).
• In addition to the assoiation between the salinity �elds and the major urrentsystem, salt entrainment into the mixed layer through its base also presented arelationship to the atmospheri phenomena as evidened along Longitude 95◦Wfor latitudes 3◦N, 3◦S and also for the Equator.
• The time derivative of the SSS, when related to the �ow of the atmospherifreshwater, was shown to be robustly onneted with the ITCZ.



136Finally, the set of results ahieved by diverse methods of validation and analysesgave the neessary on�dene to assume the numerial modeling approah to be wellskilled and reliable, and therefore, validated for use as "Control Run" (Ctrl) for theassoiated work already quoted in Part I. Additionally, the omplementary analysesadded more substantial understanding of the salinity in the upper layers of the easterntropial Pai� Oean.


