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Part I
The freshwater balane in the easternPai� Oean
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Chapter 2Literature Review

Broeker (1987, 1991) and Zauker & Broeker (1992) named the oeani om-ponent of the heat-transport system the Global Conveyor Belt (GCB). Their basi ideais that the Gulf Stream arries heat to the far North Atlanti. There, the atmospheregains sensible (thermal) heat and latent heat (through evaporation of freshwater) fromthe surfae oean. Then, the surfae water beomes su�iently dense so that it sinksto the bottom in the Norwegian and Greenland Seas. The deep water later upwells inother distant regions and in other oeans, and eventually makes its way bak to theGulf Stream and the North Atlanti. Broeker speulates that this Global ConveyorBelt is driven by the transport of water vapour in the atmosphere from the Atlantibasin to the Pai� - water evaporating from the Atlanti and dumped as rain in thePai� athments. His theory was that the strength of the onveyor belt �ow is pro-portional to this vapour transport: water evaporating from the Atlanti leaves its saltbehind while later preipitating as freshwater to dilute the Pai�.Previously, Stommel (1961) had proposed a oneptual but powerful model,later to be addressed by Piola & Gordon (1986), the latter using numerial simu-lations. Stommel had proposed a two-box oean in whih one box represented lowlatitude properties while the other represented high latitude properties, with the tworegions joined by an oeani onduit. The onept envisaged a poleward oeani �owin response to thermohaline foring, over intermediate waters of the mixed layer, whih



15themselves display the �ow harateristis of the general global irulation. Stommelhad onsidered this poleward �ow to be ompensated by a deep water return �ow tothe lower latitudes. The alulations of Piola and Gordon put into doubt that suha balane is possible in the North Atlanti, at least given the rate displayed by theNorth Atlanti Deep Water (NADW). Their argument was based on the fat that thepoleward transport of saline waters into the North Atlanti does not require furtheronentration of salt by evaporation in order to maintain its motion. Sine the salinityis onserved in the return �ow, it thereby ats as a positive feedbak to its soureregion. In this manner the onveyor belt presents a self-supporting irulation whihwould require a major environmental interruption in order to hek the �ow but, shouldsuh an event our, then the onveyor belt would be halted ompletely.Despite the fat that both theories have been widely ited in oeanographiliterature, Rahmstorf (1996, 2003) and Rahmstorf et al. (2005) found ontraditionsbetween these two theories - Broeker's evaporation-driven onveyor and Stommel'sself-maintaining onveyor are, in a sense, mutually exlusive. Rahmstorf's �ndings,from numerial modeling, showed the transport of freshwater southward (in aordanewith Stommel's theory), and salinity dereases throughout most of Atlanti when theonveyor is shut down, but the net evaporation in the Atlanti basin has not a�etedthe funtioning of the onveyor (against Broeker's theory). Rahmstorf's argumentagainst the theory of Stommel is based on the fat that Stommel had used a verysimple box model of a theoretial thermohaline irulation, being limited to one hemi-sphere and driven by the density di�erene between the water of the tropis and thatof high latitudes. These model experiments and observational data demonstrate thatthe real Atlanti does not work like that, suggesting that the theories of Stommel andBroeker are more or less disonneted ells, one in eah hemisphere.The maintenane mehanisms of the GCB are still in debate, but the entralquestion, despite the ontraditions in both theories raised by Rahmstorf, was �rst



16addressed by Warren (1983). "Why is no deep water formed in the North Pai�?" isa study, using a box model, whih suggested that the formation of NADW is the keyfeature for the maintenane of urrent global limate. In his work, Warren raises somehypotheses based on the potential density ontrast between surfae and deep watersin both oeani basins. Emile-Geay et al. (2003) "revisited" Warren's work with anupdated dataset and a more omplex approah than the box model used by Warren.Consistent with the three hypotheses raised by Warren, Emile-Geay showed that boththe small irulation exhanges between the subpolar and subtropis and the exessof preipitation over evaporation in the North Pai� played a role in preventing deepwater formation in the North Pai�. There remains the question, however, as to thesoure of the atmospheri moisture that feeds the system. Emile-Geay et al. onludes:"the study indiates the need for more omplete analysis of global atmospheri fresh-water �uxes and their variability".In the Atlanti system, an important soure of salt input is from the Mediter-ranean Sea, enlosed as it is by rain impoverished land environments. In the upper150-200m, the Atlanti delivers low salinity waters through the Straits of Gibraltar, butthe Mediterranean returns to the Atlanti warm and saline waters (S ∼39.00-39.10 atthe soure area) at depths of 200-400m (Robinson et al., 2001). The ore of the salinityand temperature anomaly sinks as the water spreads, and at the 2000m level. Traesof Mediterranean Water an be seen all aross the North Atlanti Oean (NAO), withsome high salinity water rossing the Equator in the west and proeeding southwardas in Tomzak & Godfrey (1994). Lasaratos et al. (1999) suggested that any sig-ni�ant hanges in the hydrologial properties of the Mediterranean out-�owing watermay have in�uene in the deep-water formation proesses in the North Atlanti.The in�ux of freshwater also in�uenes the density of the seawater, and on-sequently the thermohaline irulation. The freshening of the surfae waters resultingfrom exess rain and freshwater input from rivers redues the density of the surfae



17layer, whih prevents the freshened water to reah the deeper layers. Using the 921major rivers worldwide, Dai & Trenberth (2002, 2003) estimated that the long termmean annual runo� due to the rivers is able to deliver double the volume to the oastalzones of the NAO ompared with the North Pai� Oean (NPO). This result wouldlead us to onlude that the NAO would have to be fresher than the NPO, but this isnot observed. Furthermore, they suggested that the ontinental disharge must haverealisti latitudinal distributions so as to ahieve a reliable estimate of the meridionaltransport of freshwater in the oeans. This onsideration, even so very important, doesnot invalidate the suggestion made previously by Wij�els et al. (1992) and Wij�els(2001). In the both studies, it was arried out studies in relation to the global oeanitransport of freshwater, also taking into aount the in�ux of the freshwater into theoeans in their same work. Also, in their analyses it was onsidered that only 3,5% ofthe oeani mass transport is salt transport (based on the typial oeani salinity of35 Pratial Salinity Unit - PSU). By assuming that the transport of salt by the oeanswould follow the same pattern as the transport of the oeani freshwater, and using anintegration form with the Bering Strait as referene point, their results showed that thetransport of freshwater (and, onsequently salt) in the Pai� Oean is entirely north-ward. In ontrast that for the Atlanti Oean is preferentially southward. Moreover,they suggested that the oeani salt transport through the Bering Strait would be animportant fator that should not be negleted in the world oeani irulation; there-fore this salt transport ould "ompete" with the GCB theory proposed by Broeker(1987, 1991).Some numerial models were developed with the intention to build up favor-able onditions to Meridional Overturning Cirulation (MOC) in the northern Pai�Oean, whih ultimately would promote the formation of a hypothetial Northern Pa-i� Deep Water (NPDW). Sine the temperature in both oeans is basially the same,Saenko et al. (2004) input (removed) freshwater in the northern oeans inreasing(dereasing) the buoyany. Then, it was possible to alter the surfae density to fore



18the MOC. When low salinity harateristis were imposed in the NPO, then MOC inthe NAO was seen to be indued, with a return to NADW formation, so on�rmingthe inter-oean links through water properties urrently suggested. The opposite se-nario was also reprodued by the model, in that when low salinity harateristis wereimposed in the NAO, then MOC began to develop in the NPO and a hypothetialNPDW was reated, again on�rming inter-oean links. These numerial experimentswere reported in Saenko et al. (2004) where the link was termed "The Atlanti/Pai�see-saw", thereby stressing the basi tendeny for the two oeans to behave in essentialopposition with regard to surfae buoyany, while both onditions operated as a partof a global oean irulation ell whih requires ontinuity.A similar theme was adopted by Motoi et al. (2005) who established a oupledoean-atmosphere Global Cirulation Model (GCM) so as to evaluate the signi�aneof the Panamanian gateway in the haloline and limate of the North Pai�. Experi-ments with the open and losed Panamanian gateway showed dramati hanges in thethermohaline irulation, induing warmer/older north Pai� limate respetively.Motoi et al.'s results are also to seen to be onsistent with paleoeanographi and pa-leolimati estimations.Many studies are urrently in progress aiming to target the urrent role ofthe GCB, in global oean irulation and in global limate, its sustainability, and itse�ets on past, present and future systems of the Earth. Throughout, there is generalagreement aknowledging its global role and its signi�ant onnetions with majoratmospheri global phenomena (e.g. Gray, 1984 a, b; Gordon, 1986; Broeker, 1991).In the tropis, two big atmospheri irulation patterns ontrol most of theair�ow through the troposphere like giants onveyor belts. The Walker irulationthansports air east and west along both sides of the Equator. Air urrents rise abovethe warm pool over the far western Pai� and Indian Oeans and they �ow east to-



19wards the oasts of the Amerias. The air urrents then desend and travel west,skimming the surfae of the Pai� and reating the Trade Winds. The other majoratmospheri irulation, known as Hadley irulation, transports air both north andsouth away (on average) from the Equator. In both hemispheres, air in the equatorialregion rises due to the warmth emitted from the tropial waters and travels away fromthese regions towards the ooler mid-latitudes. When the air reahes roughly 30 de-grees latitude on eah side of the Equator, it desends in a ooler high pressure area.Some of the desending air returns to the equatorial region along the surfae, losingthe loop of the Hadley ell. Fifty perent of the Earth's surfae is ontained between30◦N and 30◦S, so the two Hadley ells diretly a�et half the globe.One suh phenomenon whih has attrated muh attention in the last two orthree deades, is the El Niño-Southern Osillation (ENSO). The ENSO status is oftenassoiated with a onvenient index, the Southern Osillation Index (SOI) whih is sim-ply the di�erential sea level between Tahiti and Darwin as an indiator of the loationin longitude of the tropial oean warm path (Trenberth, 1997). ENSO is a set ofinterating parts of a single global system of oupled oean-atmosphere limate �utu-ations that ome about as a onsequene of oeani and atmospheri irulation. It isthe most prominently known soure of inter-annual variability in weather and limatearound the world. While ENSO events are basially in phase in both the Pai� andIndian Oeans, ENSO events in the Atlanti Oean lag behind those in the Pai� by12-to-18 months (Philander et al., 1984). The ENSO phenomenon is losely relatedto instability of the tropial Pai� oean-atmosphere system, so that knowledge ofonditions in the tropial Pai� is onsidered essential for the predition of limatevariations for short as well as long periods.Under normal irumstanes, the Pai� oean-based zonal atmospheri iru-lation ell omes about as the result of a marked di�erene in the surfae temperaturesof the western and eastern Pai� Oean. The proess begins when strong onvetive



20ativity over equatorial East Asia and subsiding ool air o� South Ameria's west oast- the Walker Cirulation - ombine to reate a wind pattern whih pushes Pai� waterwestward to aumulate in the western Pai�.With a ground-breaking work, Bjerknes (1966, 1969) suggested that, when theonvetive ativity in the western Pai� slows down, this irulation is broken. First,the upper-level westerly winds fail. This uts o� the soure of ool subsiding air, andtherefore the surfae easterlies ease, or weaken. As a onsequene, in the easternPai� warm water surges in from the west, sine the surfae wind that ated to on-strain it has been weakened. Wyrtki (1975, 1976, 1986) proposed that inreased TradeWinds ould build up the western bulge of warm water, and any sudden weakening inthe winds would allow that warm water to surge eastward.More reently, a few theories were developed trying to explain the genesis ofthe El Niño and the La Niña events (MCreary, 1983; Cane et al., 1985, 1990; Suarez& Shopf, 1988; Battisti, 1989, and Battisti & Hirst, 1989). They are related to thepropagation of waves, and therefore, based on osillations. These theories rely on thepropagation of Kelvin waves arrying the wind signal to the eastern Pai�, whileRossby waves (with opposite sign) propagate slowly west, then re�et from the bound-ary to return on the Equator and hange the sign of the anomaly. These latter theorieshave their weakness in the fat that they produe nearly symmetri and regular ElNiño and La Niña events, and therefore, they are not realisti. However, observationalstudies have shown that the osillatory theory works for the termination of an El Niñoevent, but not for its initiation (sine a time delay between the zonal wave propagationis applied). Later, Jin (1997) proposed a more general model than the "delayed osil-lator", sine it does not depend on wave re�etion times. Similar to Wyrtki's "buildup", but eah event leads expliitly to the opposite phase. In this theory, the systempresents a "memory", whih is ontained in the zonal mean thermoline depth. Jin'smodel points to a onvenient set of variables that an be evaluated from observations.
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Although the mehanisms whih might ause an El Niño event are still beinginvestigated, it is fat that its e�ets produe long-term unseasonable temperaturesand preipitation patterns in Central, North and South Ameria as well as in Australiaand south east Afria, and the disruption of oean urrents (MPhaden, 2004; Collins,2005; and others).Equatorial proesses are important for understanding the in�uene of the oeanon the atmosphere and the interannual �utuations in global weather patterns. TheSun warms vast expanses of the tropial Pai� evaporating water. When the waterondenses as rain it releases so muh heat that these areas are the primary enginedriving the atmospheri irulation. Equatorial urrents modulate the air-sea intera-tions, espeially through El Niño, and beome learly linked to the SOI (Raymondetal., 2003).In the ontext of atmospheri ells of irulation, Oort & Yienger (1996) pre-sented the relations between the major atmospheri ells and the ENSO yle. Theyused 26 years of the monthly data of three parameters, whih were analysed and ross-orrelated: The Hadley irulation index, the Walker irulation index and an ENSOindex. The Hadley irulation index was omputed from the maximum value of thestreamfuntion in the Northern and Southern Hemispheres Tropis. The Walker ir-ulation index was alulated from the di�erene between the veloities at 500 mbarin the eastern and in the western Pai�. To ompute the ENSO index, they used theSea Surfae Temperature (SST) anomalies of the eastern equatorial Pai�. The al-ulations were done with the atmospheri data from the Geophysial Fluid DynamisLaboratory (GFDL; Oort, 1983) and SST and sea surfae wind data from the Compre-hensive Oean-Atmosphere Data Set (COADS; Woodru� et al., 1987). Their �ndingsshowed that, in the winter hemisphere, during El Niño events (warm anomalies of theSST in the eastern equatorial Pai� Oean), two additional Hadley ells, superim-



22posed to the one existing under normal onditions, release energy, strengthening themeridional irulation. During the La Niña events (old anomalies of the SST in theeastern equatorial Pai� Oean), the opposite happens, the Hadley irulation in thewinter hemisphere is weakened.Moreover, the ENSO is the main fator responsible for the displaement of theregime of rainfall in the equatorial Pai� region. There are two roles that ould beaepted for this preipitation: �rstly as an input of freshwater, and seondly, as theloalized ooling fator for the oean's surfae. As the input of freshwater into theupper layer of the oean, it ats to alter the Sea Surfae Salinity (SSS). With regardto temperature, the rainfall droplets are ooler than SST, and the preipitation atsto ool the oean's upper layer. Thus, preipitation, as a loalized event in time andspae, builds up on the upper oean surfae regions with smaller temperatures andsalinity levels than the water around it. Then, regions with di�erent density generatean unbalaned pressure �eld, and water displaement is driven to reah a state ofequilibrium induing the thermohaline irulation.The heating and ooling of the water in the oean and the onentration anddilution of the levels of salinity in the water are the two fators whih make up theombined proess understood by the adjetive Thermohaline. Sunlight is the mainsoure of thermal energy for the Earth, with about half of the total inoming solarenergy being absorbed by land and oeans. Solar radiation is not reeived to thesame degree everywhere on the Earth's surfae. Beause the Earth is nearly spherial,parallel beams of inoming solar radiation strike the surfae at lower latitudes morediretly than at higher latitudes. At higher latitudes, solar radiation is spread over agreater area and is less intense per unit surfae area than at lower latitudes. The solarbeams also have longer paths through the atmosphere in high latitudes than near theEquator. Furthermore, the loal sky is another determining fator in relation to theamount of solar radiation reeived on the Earth's surfae from the Sun.
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The temperature in the Pai� Oean was studied by many sientists analyzingthe variability of Sea Level Pressure (SLP), Surfae Air Temperature (SAT) and SST(e.g. Trenberth, 1990; Zhang et al., 1999). They observed that hanges in the SLP,SAT and SST point to a "regime shift" (referened as Pai� Deadal Osillation andas Cold Oean/Warm Land) with the last turning point in the middle of the 1970's.Stephens et al. (2001) extended the previous studies, whih were limited to the re-sponse of the surfae water, inluding the upper oean layers through the integrationof heat ontent. The use of multivariate analysis of the heat ontent (upper 150mand for the period 1948-1998) on�rmed the regime shift, showing the temperatureanomalies on the equator warming by 1.5◦C and ooling in the North Pai� by 1◦C.No signs of returning to the previous phase were found by the end of the period studied.Salinity variability in the surfae layer of the tropial western Pai� Oean wasinvestigated by Tomzak (1995) based on pro�les of data olleted by CTD (Condutivity-Temperature-Depth) stations. This work presents, through three-dimensional �g-ures, how a single and loalized heavy rain produes a shallow lens of freshened water,whih indues pathiness on the salinity �eld. Therefore, the work demonstrates thedi�ulties in establishing the salinity �eld in the upper layers of the tropial oeans.Also, it is disussed the formation and maintenane of a barrier layer, as well as themanner in whih fresh water added to the system by rainfall is embedded into theupper oean. The barrier layer is de�ned as the depth range, where it exists, betweenthe bottom of the oeani surfae mixed layer and the top of the thermoline. Cronin& MPhaden (2002), using data from Tropial Atmosphere Oean (TAO) moorings,investigated the proesses of the formation and erosion of barrier layers by wind burstin the western Pai� warm pool. They found that, for the western Pai� warm pool,the westerly wind bursts are not always responsible for ausing the barrier layer erosion,but, under some onditions (the presene of zonal and meridional salinity gradients,for example) one of the equatorial oean's response is the formation of a long-lived and



24thik barrier layer. Cronin & MPhaden (1998) evaluated the salinity balane in thewestern Pai� warm pool with 2.5 years of data olleted from the COARE program(Coupled Oean-Atmosphere Response Experiment). They quanti�ed the ontribu-tions of zonal advetion and their relationship with preipitation. Furthermore, thesalinity variability presented itself with a weak orrelation with preipitation, in timesales less than one month.Later, Cronin & Kessler (2002) showed that during the �nal stages of El Niños,the eastern equatorial Pai� at 0◦, 110◦W in many ways resembled typial onditionsin the western Pai� warm pool, with a deep thermoline, warm and fresh sea surfae,and an apparent barrier layer struture, su�ient to support upper oean temperatureinversions. During these periods, the shifted onvetion patterns result in high rainfalland weak trades at 0◦, 110◦W and thus the authors speulate that the barrier layersare loally formed by rainfall.Still with regard to salinity studies, a set of sienti� papers an be ited whihrefer to the variability of the salinity �eld in the tropial Pai� Oean by Delroixet al. over many years. In Delroix & Henin (1991) and Delroix et al. (1996), sta-tistial approahes to salinity and preipitation relationships for tropial oeans weremade. The time period overed by both studies together starts in 1969 and extends to1989. They examined salinity data olleted from the "ship-of-opportunity" programtogether with preipitation derived from satellite observations. Analyses ondutedsuggest that for seasonal time sales, as well as ENSO time sales, the timing of pre-ipitation ould be inferred from a known SSS, but not its intensity. Later, Delroix(1998) presented a omprehensive statistial study of the tropial Pai�'s variability,overing the period starting in the early 1960's extending to the middle of the 1990's. Itused data olleted from XBT (expendable bathythermograph), CTD and TAO arrayfor salinity and temperature, surfae wind �eld (in the form of pseudo wind stress) fromthe Florida State University database, preipitation gathered from Xie & Arkin (1996)



25analysis and the SOI from the Climate Analysis Center (CAC; from the Climate Anal-ysis Setion of the National Center for Atmospheri Researh - CAS/NCEP). Delroixet al. (2005), ompiled an extensive salinity dataset for three tropial oeans (Pai�,Atlanti and Indian), and from that, using statistial tehniques, provided an overviewof SSS's spae/time variability. Xie & Liu (2005) used Empirial Orthogonal Fun-tions (EOF) to examine the hydrologial yle over the tropial Pai� Oean. Theyrelated the freshwater �ux (Evaporation minus Preipitation, E-P) and the divergeneof integrated moisture transport, and after, the results were ompared with the ENSOyle also with upper surfae salinity. These results show that the leading mode of theinterannual �utuation of divergene of moisture and (E-P) is ENSO related, and theirspatial pattern also displays a oherent struture alongside ENSO events.A study that makes the link between salinity and preipitation was arriedout by Johnson et al. (2002a). However this study ompares the advetion of salt byoeani urrents with the preipitation. They used the urrent �eld derived from thesatellite measurements from Bonjean & Lagerloef (2002), and limatologial sea surfaesalinity from Levitus (1998) to �ll the gaps in relation to the experimental data. Pre-ipitation and evaporation data sets were alulated as the mean values from a numberof independent soures. They found a orrelation between the advetion of salinity byurrents and the atmospheri �ow of freshwater to be around 60%. Furthermore, thebalane inside the oeani basins themselves showed omparable orrespondene, in-diating that a substantial portion of the atmospheri to freshwater input is balanedby oean transport in a shallow near surfae layer, suggesting that this is a surfaephenomenon.In general, the distribution of SSS tends to be zonal. The most saline watersare at mid-latitudes where evaporation is high. Less saline waters are near the Equa-tor where rain freshens the surfae water, and at high latitudes where melted sea iefreshens the surfae waters. The zonal average of salinity shows a lose orrelation



26between salinity and evaporation minus preipitation plus river input. Beause manylarge rivers drain into the Atlanti and the Arti Sea, why is the Atlanti saltier thanthe Pai�?This salinity di�erene has traditionally been explained by a net fresh watertransport aross the Central Amerian land bridge (e.g. Dietrih et al., 1980; Broeker,1991). As they traverse aross the subtropial oeans, the Trade Winds beome satu-rated with moisture, whih is released as orographi rain when the winds enounter themountain hains of the ontinents. In Central Ameria the mountain hain is brokenby gaps, and the narrowness of the land bridge allows muh of the orographi rain toreah the tropial eastern Pai�, ausing a large di�erene in the SSS between Pai�and Atlanti oasts. Broeker points out that the quantity is small, equivalent to alittle more than the �ow in the Amazon River, but "were this �ux not ompensatedby an exhange of more salty Atlanti waters for less salty Pai� waters, the salinityof the entire Atlanti would rise about 1 gram per liter per millennium".Stimulated by the ontributions from these distinguished sientists, and at thesame time intrigued by the nature of the problems assoiated with an understand-ing of this global feature of broad relevane to the general irulation of atmosphereand oean, this work follows a path that makes it distintive in relation to the oth-ers, fundamentally by re-examining the role of the Central Amerian isthmus and thephysial properties of the eastern tropial Pai�: a) �rstly, developing analyses ofatmospheri transport �elds into the region in their integrated form, onsidering twodi�erent soures of atmospheri freshwater and their relation with loal preipitation;b) seondly, desribing their ouplings in the time and frequeny domain, and, ) �-nally, the individual oupling impliations of the SSS in the eastern Pai� Oean.In this study, the atmospheri study uses the dataset from the European Centre forMedium-range Weather Foreasts - 40 year Reanalysis server (ECMWF-ERA40), whileits oeani part uses a ombination of the hydrodynami model widely used (Modular



27Oean Model - MOM) assoiated with a mixed layer model. The oeani numerialmodel is adapted so that the atmospheri freshwater �ux is an independent variable ofinput.
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Chapter 3Methods and Development
3.1 The role of atmospheri freshwater transportIn addressing the ase of atmospheri freshwater transport to the eastern trop-ial Pai�, a relevant question might well be: How does one disriminate between therespetive ontributions of the northern hemisphere Trade Winds on the one hand, andthe Southerly wind �elds ating along the west oast of South Ameria on the other?In this ontext it an be assumed that Preipitation (P) resulting from oro-graphi e�ets over the Central Amerian ordillera, assoiated with the North EastTrade Winds will be experiened in the easternmost fringe of the tropial Pai�. Inontrast, preipitation of atmospheri freshwater, transported by Southerly wind �eldsalong the oastal waters of South Ameria may be assumed to be assoiated withthe onvetive proesses assoiated with the broader Inter-Tropial Convergene Zone(ITCZ).Splitting the transport of atmospheri freshwaterTo de�ne the oeani region under in�uene of these atmospheri transports,with the earlier question in mind, a onept of three orthogonal surfaes is established.The objetive is to ahieve two goals: (a) to be onsistent with the geography and (b)to maximize spatial overage.
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Also, the atmospheri transport of freshwater that will be represented as hav-ing its origin in the Atlanti Oean still presented further requirements: its geographilimits annot be extended signi�antly northwards or to the south, unless a terrestrialportion either from North Ameria and South Ameria would be inluded, whih wouldmake impratiable the assumption of Central Ameria as being one land bridge to theatmospheri transport of freshwater between the two oeani basins (from the Atlantito the Pai�).Furthermore, as it is the main intention to make a omparative study (qualita-tive and quantitative) between the atmospheri independent soures of freshwater inrelation to the preipitation in the eastern tropial Pai�, and the soure of freshwaterin the Atlanti Oean, and having the soure of freshwater in the Pai� itself. More-over, intending to give oherene to the analyses, the domain of all �elds must keepspae overage equivalene (numerially speaking, the same number of grid points).As result of those ommitments, the domain for the atmospheri transportsand the oeani region in the eastern Pai� region were de�ned as shown in Fig-ure 3.1. The vertial plane at the west oast of Central Ameria was designed toon�ne the atmospheri freshwater transport oming from the Atlanti side of CentralAmeria. Analogously, the vertial plane with the northeast-southwest orientation o�South Ameria oast was established to on�ne the atmospheri freshwater transportassoiated with the Southerly winds along the west oast of South Ameria. Bothplanes together represent the horizontal side boundaries for the oeani domain.
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Figure 3.1: Orthogonal planes used to establish the relationship between the atmo-spheri freshwater oming from Atlanti Oean - FTr - (and/or arried out by Southerlywinds along the west oast of South Ameria - FSth) and the preipitation over theeastern Pai� Oean. The blue planes (vertial) were used as domain for atmospherifreshwater transport while the red plane (horizontal) was used as region to on�ne thepreipitation (P). The blue arrows show the diretion of atmospheri freshwater �uxesused in the study.
The atmospheri �elds were linearly interpolated from their original horizontalresolution of 2.5◦ x 2.5◦ (ECMWF-ERA40) to ahieve 1.0◦ x 1.0◦ degree. Linear inter-polation is the simplest method of interpolation; it keeps the rate of hange within asegment onstant and so an be ontrolled easily. This proedure allowed the evalua-tion of the �elds taking into aount a larger number of grid points.The respetive zonal and meridional atmospheri transports of freshwater wereomputed based on the wind �elds and water vapour ontent. The omponents of therespetive zonal and meridional transports for eah one of the planes were restrainedby the respetive projetions of the vertial planes onto the Cartesian axes. Thus, onezonal and one meridional atmospheri transport of freshwater assoiated with eah oneof the planes shown in Figure 3.1 was determined. From the pairs of the zonal and



31the meridional atmospheri freshwater transport assoiated with eah of the vertialplanes, it was possible to apture both atmospheri freshwater transported through theCentral Ameria land bridge as well as along the west oast of South Ameria.With intention to ahieve only vetors representing the atmospheri transportof freshwater with diretion normal to the respetive vertial plane, and arrying massinto the region (into the proposed domain - Figure 3.1) a new oordinate system wasde�ned. This new oordinate system was ahieved by the rotation of the original geo-graphial latitude-longitude system by π/4. Then, the onsidered atmospheri trans-ports desribed above were projeted onto the new oordinate system. Heneforth,the atmospheri freshwater transport with NE diretion will be referred to as FTr, asreferene to Freshwater by northern hemisphere Trade Winds, and the atmospherifreshwater transport with SE diretion will be referred to as FSth, as referene toFreshwater by Southerly winds along west oast of South Ameria (diretions shownby blue arrows in Figure 3.1).The individual omponents of the atmospheri freshwater transported to theregion, shown in Figure 3.1, are analysed aording to:
• the ratio between the spatially integrated atmospheri freshwater transported tothe region by FTr and the spatially integrated atmospheri freshwater transportedto the region by FSth, and
• statistial analyses, by pairs, from the spatially integrated P and spatially inte-grated FTr, and also from spatially integrated P and FSth.



32Figure 3.2 shows the ratio between the spatially integrated atmospheri fresh-water transported to the region shown in Figure 3.1 by FTr and the spatially integratedatmospheri freshwater transported to the same region by FSth, aording to the re-spetive vertial domain.

Figure 3.2: Time series of the ratio of the spatially integrated atmospheri freshwaterexported to the region shown in Figure 3.1 by northern hemisphere Trade Winds andspatially integrated freshwater exported to the same region by Southerly winds alongthe west oast of South Ameria (FTr/FSth) - daily sampling. Red line over plottedis the monthly mean of the same time series. The domain of spatial integration ison�ned to planes de�ned in Figure 3.1.
The analysis of Figure 3.2 provides a lear annual yle. The ratio of the spa-tially integrated atmospheri freshwater exported to the region by northern hemisphereTrade Winds to the spatially integrated freshwater exported to the region by Southerlywind along the west oast of South Ameria (FTr/FSth) presents its maximum valuesin the boreal winter, whereas its minimum values our in the boreal summer. At �rstglane, the annual yle is in aordane with the �ndings presented in MGu�e &Henderson-Sellers (1997), who show that the intensity of the meridional omponent ofthe Trade Winds is bigger than its zonal ounterpart on the ITCZ region, as a on-sequene of the balane between the atmospheri ells of irulation (the Hadley andthe Walker irulations). Although the relation between the omponents of the Trade



33Winds has been om�rmed, the urrent work addresses the interest in the atmospherifreshwater transport assoiated to suh omponents, and onsequently to the systemsof the atmospheri freshwater transport de�ned here: FTr and FSth.Looking at atmospheri responses at smaller spatial sales than the entire Pa-i� Oean basin (as presented in the work of Oort & Yienger, 1996), the annual yleof the ratio between FTr and FSth is also in part related to the North Amerian Mon-soon (NAM). Yang et al. (2001) and Xu et al. (2005) arried out a high-resolutionregional atmospheri model to investigate the details of the relevant mehanism for thisdisplaed ITCZ and its relation to the North Amerian monsoon. Their study indiatedthat during the boreal summer, part of easterly Trade Winds in the equatorial Atlantiare diverted towards Mexio and North Ameria, thus feeding these regions with moistair. On the Pai� side of Central Ameria, the reversal of the low jet winds in thenorthwest of Mexio during boreal summer is not represented by the major reanaly-sis proedures, either by the NCEP or the ECMWF produts (Bordoni et al, 2004).Although reported by Stensrud et al. (1997), Fuller & Stensrud (2000) and Higginset al. (2004), the reversals on the meridional winds (aross 100◦W for the latitudeband 20◦N-25◦N) ould not be identi�ed in this work, as they our to the north ofthe border of the urrent box domain. Thus, the in�uene of these events during theboreal summer ould not be evaluated in the sense of the ratio FTr/FSth. However, theseasonal yle in the FTr/FSth transport ratio is also in�uened by oean-atmosphereinterations, sine the Southerly winds along the west oast of the South Ameria arereinfored by the pressure gradient assoiated with the front between the equatorialold tongue and the warm water to its north. Convetive rainfall also requires surfaetemperatures warmer than a ritial value (∼27◦C) and thus the emergene of theequatorial old tongue in boreal summer auses the ITCZ to be displaed northward(Mithell & Wallae, 1992).



34The analysis of the Figure 3.2 on�rms the previous studies, and, at same timeonfers an important reinforement to the analysis, quantifying the leading role of FTrover FSth. It is worthy of note that both the quanti�ation of the atmospheri trans-port of freshwater assoiated with the latitudinal displaements of the ITCZ and theratio of the spatially integrated atmospheri freshwater exported to the eastern Pai�is an advaned of the urrent work in relation to the previous ones.With regard to the Figure 3.2 yet, it is worthy of note that the ratio (FTr/FSth)is invariably greater than 1 and often is larger than 2-3. Furthermore, for the entireperiod, the averaged ratio is 1.8, whih prompts an initial remark as follows: the overallatmospheri freshwater that reahes the region shown in Figure 3.1 has mostly orig-inated on the Atlanti side of the Central Amerian Isthmus. But it is important tonote that, during El Niño events, the ratio dereased, and in partiular during the laststrong El Niño event (97/98) the ratio fell to approximately one unit. However, basedon the previous studies (Mithell & Wallae, 1992; Oort & Yienger, 1996; MGu�e &Henderson-Sellers, 1997; Yang et al., 2001; Bordoni et al, 2004; Higgins et al., 2004;Xu et al., 2005) these features on Figure 3.2 raise another possibility: ould it possiblysignify that the transport of atmospheri freshwater by FTr experiened a major de-rease, or alternatively is it possible to dedue that atmospheri freshwater transportedby FSth experiened a signi�ant inrease?There remains to be investigated how the spatially integrated FTr and FSthare related to spatially integrated P. As the domain for the spatial integration of theatmospheri transport were used the respetive vertial planes shown in Figure 3.1,meanwhile, the spatial domain for the spatial integration of the preipitation rate wasused the horizontal region shown in red in the same �gure. Then, the Figure 3.3 showsthe monthly mean of time series of the integrated �elds, normalized by respetive stan-dard deviation, when ompared by pairs (P versus FTr, and P versus FSth). Positivevalues for the time series referring to atmospheri freshwater input indiate an inrease



35in the amount of freshwater getting into the region, while negative values indiate aderease. Likewise, positive values of the time series of preipitation integrated overthe horizontal area indiate an inrease of preipitation, while negative values indiatea derease.

Figure 3.3: Time series of spatially integrated �elds, normalized by their respetivestandard deviation, ompared by pairs. The domain of spatial integration is on-�ned to planes de�ned at Figure 3.1. (a) spatially integrated atmospheri freshwatertransported by northern hemisphere Trade Winds (blak line) and spatially integratedpreipitation rate (red line), and (b) spatially integrated atmospheri freshwater trans-ported by Southerly winds along the west oast of South Ameria (blue line) andspatially integrated preipitation rate (red line). The time series has been smoothedby 10 points.



36The omparison between the spatially integrated preipitation and spatiallyintegrated atmospheri freshwater transported by northern hemisphere Trade Winds(Figure 3.3-a) shows a non-signi�ative orrelation (about 4%). It is also worth noti-ing that the atmospheri freshwater transported by northern hemisphere Trade Windsdereased during the strongest studied El-Niño event (1997/98), suggesting that dur-ing that period the preipitation in the tropial eastern Pai� Oean is related withan event other than atmospheri freshwater events assoiated only with an Atlantiregional soure.Furthermore, the same omparison when using the spatially integrated preipi-tation and atmospheri freshwater transported by Southerly winds along the west oastof South Ameria (Figure 3.3-b) shows a stronger orrelation: 57%. In onsequenethen it may be on�dently assumed that the gap left by the dereased FTr during theEl-Niño event of 1997/98 was in fat ompensated by an inrease in the FSth trans-portation.An anomaly still remains. If, as stated, the freshwater whih reahes the regionan be largely soured in the Atlanti Oean from whih it is transported by north-ern hemisphere Trade Winds, then one is faed with a di�ult explanation as to why,should the �elds be spatially integrated (FTr, FSth and P) and ompared by pairs,the orrelation between P-FSth is larger than the P-FTr? If, as stated as a primaryhypothesis the freshwater onverted into preipitation in the eastern tropial Pai�has its origin in the Atlanti Oean, then these preliminary results appear as a ontra-dition. A deeper analysis of the role of the atmospheri freshwater transported byeah omponent over the preipitation in the eastern tropial Pai� (horizontal planeshown in Figure 3.1) was possible through Single Value Deomposition (SVD). SVD is,in general terms, a statistial tehnique that allows us to identify the pairs of Empirial



37Orthogonal Funtions (EOF) and prinipal omponents that aount for frations ofthe ovariane between two jointly analysed variables. The �rst pair in the patterndesribes the largest fration of the Square Covariane (SC) and eah sueeding pairdesribes a maximum fration of the SC that is unexplained by the previous pair. (Fordesription of SVD and EOF analyses, see: Appendix A, page 173 and 171, respe-tively).Sine the main objetives of this study are to investigate whether ouplings existbetween any ombination of P, FTr and FSth, and then hopefully to establish the de-gree to whih the assoiation exists, not to mention how the oupling is ahieved, thenin these irumstanes, the SVD analysis o�ered an appropriately potential method toahieve this.Thus, the SVD tehnique was applied to the following pairs of variables:
• P and FTr
• P and FSthThe results are presented in the Table 3.1.

Table 3.1: Results for the �rst three SVD modes, when applied to the following pairsof �elds jointly: a) Preipitation (P) and atmospheri freshwater transported by north-ern hemisphere Trade Winds (FTr); b) P and atmospheri freshwater transported bySoutherly winds along the west oast of South Ameria (FSth).P x FTr P x FSthSVD mode Variane Correlation Variane Correlation(%) (%) (%) (%)1 46.1 99.8 35.3 87.12 26.6 -91.2 24.5 94.33 7.4 -97.3 7.4 82.0∑
Variance(%) 80.1 67.2



38Based on the �rst three modes of the SVD analysis, the results suggest thaton average, 3/4 of the freshwater added to the oean in the horizontal region shown inred in Figure 3.1 is derived from atmospheri import, either from the Atlanti Oeanor from the South. Furthermore, it is possible to note the high absolute orrelationsbetween P and FTr, and between P and FSth, for the �rst three SVD modes, indiatinga high oupling between them (absolute orrelation always above 90% and 80%, re-spetively). The greater the absolute orrelation, the stronger is the oupling betweenthe variane of the variables.The interation between both the input soures to atmospheri freshwater re-mains a pivotal issue whih is quite di�ult to unravel. The initial indiation em-phasized the importane of the Atlanti as the preliminary input soure to the region,whereas a posterior analysis seemed to question this onept and instead to plaegreater emphasis on the proper eastern Pai� itself. However, one or another hypoth-esis must be quali�ed for the inherent limitations of its dependene upon the basispatial integration of the onsidered atmospheri �elds. For this reason the subsequentapproah based on the SVD analyses is undertaken as a onsequene of their abilityto apture ertain nuanes, whih might have esaped the impaired disrimination ofthe integrated proedure. The pairs of investigated omponents are shown to displaya high degree of orrelation overall, but it is only informative, partiularly in the on-text of this study, for it introdues a onept whereby eah one of the omponents isonsidered as a omposition of signals distributed throughout a sale of frequenies.Consequently it will be reognized that even when the additions of these re-spetive frequenies are seen to be highly orrelated, the relative importane of thedi�erent omponents that make the orrelated pairs an di�er signi�antly. It is sug-gested then that the separate frequeny-dependent omponent signals of eah memberof a oupling, whether it be of FTr, FSth or P, may arry a radially disparate mixof freshwater harateristis, e.g. relative volume. In this ontext, the SVD analysis



39has the apability, through its treatment of a modal asade of variane, to providea better understanding of the nature of the ouplings, leading to a more pereptiveappreiation of the operating mehanis of the omplex physis of regional transport.In onsequene, whereas in the �rst hypothesis the weight of the argumentseemed to lie with preipitation in the Atlanti being the dominant soure of freshwa-ter imported into the region, this result was quikly reversed by later evidene using thespatial integration of all three �elds whih suggest a weaker orrelation of the ouple,P versus FTr, and assisted by spei� indiations arising from performane duringan El-Niño event. The fous then swithed to FSth as the probable senior partner,thereby stressing the inadequaies of the preliminary statistis.Ultimately the superior properties of the SVD proedure serve to reover andpromote the signi�ane of the Atlanti as the more important soure of atmospherifreshwater entering the region aross the Central Amerian land bridge, sine the ratioof the FTr and FSth (Figure 3.2, on page 32) is invariably greater than one unit,and the absolute orrelation of the oupling between P and FTr is always above 90%(Table 3.1, on page 37).Both the ouplings, between P and FTr and also between P and FSth, demanda deeper study, in whih due regard is given to the harateristis of their frequenyand phasing.The family of Fourier analyses (Fast Fourier Transform, Short Term FourierTransform and even Windowed Fourier Transform) display an inherent weakness inthis respet, in that they are unable to extrat adequate resolution for both high andlow frequenies at the same time.



40Consequently it is di�ult to understand how a signal may be onverted andmanipulated while retaining equivalent resolution aross the entire signal yet preservinga time base. It is in just this ontext that Wavelet tehniques are seen to be preferred.Wavelets are transforms whih loalize a funtion both in spae and saling and havesome desirable properties ompared with the Fourier transforms. Wavelets are �nitewindows through whih the signal an be viewed. In order to move the window aboutthe length of the signal, the Wavelets an be translated about time in addition tobeing ompressed and widened. (For a further desription of Wavelet analysis, see:Appendix A, page 175).With the intention to bring some understanding to the spei� harateristisof the ouplings between P and the atmospheri freshwater transported either by FTror FSth, the Wavelet statistial tehnique was used to analyse temporal variations inthe rainfall ontributions further, with a Morlet Wavelet (ω
o
= 6) as mother wave(Torrene & Compo, 1998; Strang, 1992). Another two mother Wavelets were tested -Paul and Derivative of Gauss (DOG) - but the Morlet presented the best tool for timeand frequeny loalization when all time series were taken into aount (eight for theoupling between P and FTr and eight for the oupling between P and FSth).The results of the Wavelet tehnique, when applied to the expansion oe�ientsof the �rst SVD modes representing the oupling between P and FTr as well as P andFSth, are shown in the following �gures. Their omplete disussion is postponed to alater setion of this hapter (Assessment and Re�etions, page 62), where the temporalvariation of eah time series assoiated with the �rst three leading SVD modes will bedisussed individually. This will also allow an analysis into the relationship betweenthe ouplings (P versus FTr and P versus FSth). Postponing the detailed disussionto a later omprehensive assessment will lead to a broader onlusion in support of theproposed atmosphere-oean dynamis in the study region and is therefore preferred toindividual disussions of Wavelet analysis results.
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Figure 3.4: Results of wavelet analysis for the expansion oe�ients of the �rst SVDmode when applied to: (a) preipitation (P), and (b) atmospheri freshwater trans-ported by northern hemisphere Trade Wind (FTr). Both basi variables under inves-tigation are plotted, in eah ase, as a time series (top panel), the ontour of Waveletpower spetrum (middle panel), and the global Wavelet power spetrum (right panel).The dashed line in the right panel represents to 95% on�dene level. The ontourWavelet power spetrum levels are hosen so that 75%, 50%, 25%, and 5% of thewavelet power is above eah level, respetively. The dark line in the Wavelet powerspetrum indiates the one of in�uene (COI). "COI is the region of the waveletspetrum in whih edge e�ets beome important"(Torrene & Compo, 1998)
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Figure 3.5: Results of wavelet analysis for the expansion oe�ients of the seond SVDmode when applied to: (a) P, and (b) FTr. Other �gure harateristis are as desribedin Figure 3.4
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Figure 3.6: Results of wavelet analysis for the expansion oe�ients of the third SVDmode when applied to: (a) P, and (b) FTr. Other �gure harateristis are as desribedin Figure 3.4
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Figure 3.7: Results of wavelet analysis for the expansion oe�ients of the �rst SVDmode when applied to: (a) preipitation (P), and (b) atmospheri freshwater trans-ported by Southerly winds along the west oast of South Ameria (FSth). Other �gureharateristis are as desribed in Figure 3.4
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Figure 3.8: Results of wavelet analysis for the expansion oe�ients of the seondSVD mode when applied to: (a) P, and (b) FSth. Other �gure harateristis are asdesribed in Figure 3.4
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Figure 3.9: Results of wavelet analysis for the expansion oe�ients of the third SVDmode when applied to: (a) P, and (b) FSth. Other �gure harateristis are as desribedin Figure 3.4



473.2 Response of the OeanAt this junture it may be seen that signi�ant progress has been made withregard to the atmospheri soure of freshwater, by examining the oupling between lo-al preipitation and the two potential regional systems from either side of the CentralAmerian isthmus. It is now the intention to address the impliations in the oean afterreeiving this freshwater, in partiular for the upper layers of the eastern Pai� Oean.With this intention in mind, a mixed layer model was oneived and developedfor this purpose, whih uses presribed veloity and temperature �elds provided bya realistially fored Modular Oean Model (MOM), version 2 run (Vehi & Harri-son, 2003). The numerial mixed-layer model is fored by the net freshwater input(Evaporation minus Preipitation, E-P) to determine the salinity �eld. It should benoted that Mixed Layer Depth (MLD) is treated as a variable. Above the MLD thesalinity �led was set up to respond the atmospheri in�uenes (E-P) plus advetionand entrainment determined from the hydrodynami model, while below the MLD itis derived from the the hydrodynami model alone. In this ontext, the model mergesthe atmospheri input of freshwater to the upper oean with the underlying oeanistruture and in so doing adds or redues buoyany as appropriate, proeeding to al-ulate a new depth for the mixed layer, in terms of "mixed", i.e. vertially averagedsaline properties. Further details of the oeani mixed layer model are desribed in thesetion "The numerial oean modeling", on page 81.Consequently, the proposal is to explore the atmospheri in�uenes of the atmo-spheri freshwater exported to the region through an oeani numerial model; whihuses the preipitation rate related to the atmospheri �ow of freshwater as an inde-pendent variable of input. With the variable (E-P) reonstruted from the previousanalyses based on the oupling between the P and FTr and between the P and FSth,it may be possible to entrust suh a model with the task of estimating how eah oneof the atmospheri transports of freshwater exlusively and independently ats within



48the surfae waters of the eastern Pai� Oean, one delivery as preipitation is made.The general on�nes of the oeani mixed layer model now proposed are shown inFigure 3.10 along with the moored buoys of the TAO/EPIC array of the NationalOean and Atmospheri Administration (NOAA). The TAO database is a welomeresoure for model validation, while atmospheri freshwater input is derived from theECMWF-ERA40.

Figure 3.10: The TAO array of the NOAA. The proposed oeanimodel domain is indiated by the broken line (adapted from:<http://www.pmel.noaa.gov/tao/proj_over/diagrams/> - 30/Jun/2006)
With the objetives of this phase in mind, and therefore in order to ensure thatany model response produed may be diretly related to the atmospheri �ow of fresh-water as an independent variable, it is of ourse important to experiment by hangingonly that independent variable while maintaining all other parameters as �xed. Theintention initially then is to use the original atmospheri �elds of the ECMWF-ERA40as input and to ompare model output with in situ data from the TAO buoys. In thismanner a resultant output will be provided whih may be used as a referene againstwhih omparisons may be made with the output of subsequent model runs. In thelatter ases, alterations are to be imposed only on the atmospheri �ow of freshwater,thereby hopefully leading to a better understanding of the response of regional seasurfae salinity.



49
This path may appear to be an unjusti�ed diversion at this stage when themodel has yet to be de�ned in detail and its algorithms justi�ed. The indulgene ofthe reader is requested given that the aim is to use this model initially as a ompara-tive tool rather than a serious searh for absolute fat. For the present then, perhapsthe model and this proedure are onsidered temporarily aeptable and adequate forthis limited role, although due regard to onventional treatment of its development willappear in the later setion of this work (Part II, on page 79). In order then to maintainthe fous of the present setion, the intention is to be aepted as onditional "ControlRun" to be referened simply as "Ctrl" the result of the numerial experiment withthe input �ow of freshwater from the ECMWF-ERA40.Subsequently the numerial experiments with the oeani model will be simu-lated twie more with di�erent �ows of the atmospheri freshwater input. The inputvariable used will be the �ow of atmospheri freshwater (E −P ) based upon the studypreviously developed here. In the �rst run, the atmospheri freshwater transportedby the Atlanti Trade Winds is set up as the only soure of variability in the rainfallover the Pai�, while in the seond, the atmospheri freshwater transported by theSoutherly winds is set up as the only soure of variability in the rainfall over the easternPai�. The latter two results will be ompared with the Control Run, (Ctrl).



50Numerial experiments with reonstruted preipitation rateTwo independent runs of the hydrodynamis assoiated with the mixed layermodel were performed to quantify the role of the atmospheri freshwater exported tothe region shown in Figure 3.1 (Page 30) both by northern hemisphere Trade Winds(FTr) and by Southerly winds along the west oast of South Ameria (FSth), as in-dutor fators for the variability in the rainfall (P), whih is shown in the same �gure.The preipitation rates were reonstruted based on the three �rst SVD modes for theoupling between P and FTr and similarly for the oupling between P and FSth (See:Table 3.1, on page 37).Within this ontext, the preipitation in the horizontal region shown in Fig-ure 3.1 is reonstruted from the lassial equation whih uses the deomposition ofthe �eld in its formulation as being the sum of the mean �eld plus the perturbationassoiated with it, as follows:
P (x, y, t) = P̄ (x, y) + P̃ (x, y, t) (3.1)

where, P (x, y, t) is the reonstruted preipitation �eld, P̄ (x, y) is the time averagedpreipitation downloaded from the ECMWF data server and P̃ (x, y, t) is the perturba-tion reonstruted from the �rst three leading SVD modes of eah onsidered oupling.The intention is to reah, for every grid point in the horizontal region shown in Fig-ure 3.1, two independent preipitation �elds where the anomaly in the preipitationis due to eah one of the ouplings, exlusively and independently. Thus, in the hori-zontal region of the Figure 3.1, the �rst independent run will have a preipitation �eldin whih the anomaly is indued only by the atmospheri transport of freshwater bythe northern hemisphere Trades Winds (FTr), and in the seond run, the preipitation�eld whih the anomaly is indued only by the atmospheri transport of freshwaterby the Southerly winds along the west oast of South Ameria (FSth). Preipitation



51outside the region was kept unhanged, thus representing the e�et of the Pai� ITCZ.The evaporation �eld was kept unhanged for the entire domain. The new variables
(E − P ) were omputed based on those distint senarios, whih were used to replaetheir equivalent in the Equation 4.1, on page 84.a) Numerial experiment with the variability in the preipitation rate re-onstruted from the oupling between P and FTrIn this simulation, the atmospheri �ow of freshwater used as an independentvariable had the preipitation rate reonstruted, using Equation 3.1, with the vari-ability imposed from the three �rst SVD modes for the oupling between P and FTr,in the horizontal region shown in Figure 3.1, while external to the region, the preipi-tation rate was kept unhanged, thus representing the e�et of the Pai� ITCZ. Theevaporation �eld was kept unhanged for the entire domain. The variable (E − P )was omputed and based on this senario, and it was used to replae its equivalentin the Equation 4.1, on page 84. Results of the oeani numerial model are shownin Figure 3.11, whih gives the time series of the Sea Surfae Salinity (SSS) along theEquator, for longitudes 140◦W (a), 125◦W (b), 110◦W (), and 95◦W (d), respetively.



52

Figure 3.11: Comparison between time series of Sea Surfae Salinity (SSS), in PratialSalinity Unit (PSU), on the Equator at 140◦W (a), 125◦W (b), 110◦W () and 95◦W(d) as alulated by the numerial model. The blak line is the result using originalpreipitation data from ECMWF-ERA40 ("Control Run" - Ctrl), the blue line whenusing reonstruted preipitation (with variability omputed from the �rst three SVDmodes of the oupling between P and FTr) into horizontal plane shown in Figure 3.1.See Table 3.1 for details.



53b) Numerial experiment with the variability in the preipitation rate re-onstruted from the oupling between P and FSthIn a similar manner to the previous simulation, the atmospheri �ow of fresh-water used as an independent variable had the preipitation rate rebuilt from the three�rst SVD modes, but at this time referring to the oupling between P and FSth in thehorizontal region shown in Figure 3.1; again, external to the region the preipitationwas kept unhanged, thus representing the e�et of the Pai� ITCZ. The evaporation�eld was kept unhanged for the entire domain. The variable (E − P ) was omputedbased on this senario, and it was used to replae its equivalent in the Equation 4.1,on page 84. Results of the oeani numerial model are shown in Figure 3.12, whihshows the time series of the SSS (PSU) along the Equator, for longitudes 140◦W (a),125◦W (b), 110◦W (), and 95◦W (d), respetively.
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Figure 3.12: Comparison between time series of Sea Surfae Salinity (SSS), in PratialSalinity Unit (PSU), on the Equator at 140◦W (a), 125◦W (b), 110◦W () and 95◦W(d) as alulated by the numerial model. The blak line is the result using originalpreipitation data from ECMWF-ERA40 ("Control Run" - Ctrl), the red line whenusing reonstruted preipitation (with variability omputed from the �rst three SVDmodes of the oupling between P and FSth) into horizontal plane shown in Figure 3.1.See Table 3.1 for details.



55The omparison of the time series of the SSS as output from the model on-sidering the variability in the preipitation (in the horizontal region of the Figure 3.1)indued by the FTr (Figure 3.11), does not show apparent signi�ant di�erenes withthe output by Ctrl. In a similar way, for the seond independent run, there are noevident signi�ant di�erenes between the time series of the SSS as output of the Ctrlwith the SSS as output of the model run onsidering the variability in the preipitationindued by the FSth (Figure 3.12).However, the previous analyses arried out earlier in this work (Setion 3.1 -Splitting the transport of atmospheri freshwater), with regard to the variability in thepreipitation and its relationship to the independent soures of atmospheri freshwa-ter have dislosed that, during El Niño periods, the variability in the preipitation isassoiated with the atmospheri freshwater transported by the FSth, whereas duringLa Niña periods, the variability in the preipitation is assoiated with the atmospherifreshwater transported by the FTr. This behavior in both time series assoiated withthe reonstruted preipitation rate (either when indued by FTr or FSth) re�ets dur-ing El Niño - La Niña events the hanges in the Hadley irulation (north-south) andin the Walker irulation (Oort & Yienger, 1996). As disussed earlier in this study,the hanges in the atmospheri ells of irulation impose hanges in the atmospheritransport of freshwater exported to the region, and onsequently induing hanges inthe preipitation rate related to those atmospheri transports of freshwater (FTr andFSth). In both independent runs, the SSS must have assimilated suh harateristisin their outputs, even so these do not reveal the expeted harateristis in an evidentbehavior.In this ontext, a joint investigation of the outputs ahieved by the independentruns is pursued with the objetive of learly disriminating between the two indepen-dent soures of atmospheri freshwater insofar as they aount for the SSS in the easternPai�.
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Analysis of the independent runsThe intention of this setion is to searh for evidene in the SSS of the in�ueneof the variability imposed upon the preipitation in the horizontal region shown inFigure 3.1 due to the two soures of atmospheri freshwater onsidered in this study.In this attempt, the output of both independent runs will be onsidered simultaneously.The time series of SSS(FTr) did not present signi�ant di�erenes from thetime series of SSS(Ctrl) (Figure 3.11). Both time series ran together with extremelysmall di�erenes inluding those assoiated with La Niña periods. During El Niñoperiods, the SSS(FTr) was of higher salinity than output by the SSS(Ctrl). After ElNiño events, the di�erene between SSS(FTr) and SSS(Ctrl) stabilized, and they ranparallel to eah other. This behavior was, in some way, expeted from the omparisonof the both spatially integrated �elds P and FTr. The integrated approah suggestedthat during El Niño periods, the variability in the preipitation indued by FTr shouldderease as a onsequene of the smaller amount of atmospheri freshwater assoiatedwith the FTr brought into the region, and onsequently, no signi�ant dilution in thesalinity �eld would be observed. These features were partiularly evident in the east-ern equatorial Pai� Oean (along the Equator, at 95◦W and 110◦W). Further west(along the Equator, at 125◦W and 140◦W) the time series showed the same features,with redued amplitude and some time lag, suggesting that the Atlanti freshwatersignal was adveted into the region by the South Equatorial Current.Alternatively, when the model was fored by preipitation bearing the variabil-ity assoiated with the Southerly winds, it presented throughout a more saline timeseries for SSS(FSth) than for SSS(Ctrl) (Figure 3.12). This result ould suggest thatatmospheri freshwater transported by Southerly winds did not have an important rolein the rainfall in the eastern Pai� Oean, or even present the omplementary role



57in relation to the SSS during El Niño periods with regard to the results ahieved byatmospheri freshwater transported by Atlanti Trade Wind analyses.In this ontext, it is relevant to reiterate some of the points ahieved earlierin this work in the integrated approah phase. Firstly that most of the atmospherifreshwater reahing the region has its origin in the Atlanti side of Central Ameria;seondly that any relevant addition of atmospheri freshwater arried by the FSth isrestrited to El Niño events and, �nally, that the atmospheri freshwater arried bythe FTr (and in bigger amounts) still maintains better oupling with the preipitationin the region (based on the results of the SVD analyses). Then, if the salinity in themixed layer of eastern tropial Pai� Oean an be reprodued so well from Atlantifreshwater import (FTr), what is the role of the freshwater transport assoiated withthe Southerly winds (FSth), whih also showed a similar result, but saltier in the mixedlayer salinity?In order to address the latter question, due to its privileged position in relationto the horizontal plane in Figure 3.1, the geographial position of 95◦W-Equator washosen for a study ase. Considering that the preipitation anomaly during El Niñoevents is assoiated with the FSth, and in a similar way, during La Niña events to theFTr, it an also be assumed that the anomalies in the SSS experiene their in�uenesthrough the anomaly in the preipitation indued by these transports, aording to thetemporal ourrene of suh events. Then, the di�erene between the time series of theSSS from both independent runs (using only atmospheri freshwater transported bySoutherly winds (FSth) and using only atmospheri freshwater transported by AtlantiTrade Winds (FTr)) might hold a relationship with the ENSO yle. Thus, the timeseries of the di�erene between SSS(FSth) and SSS(FTr) (∆S = SSS(FSth) - SSS(FTr))is ompared with the ENSO yle through the SOI. SOI is a onvenient index to eval-uate the ENSO status through the di�erential sea level between Tahiti and Darwin asan indiator of the loation in longitude of the tropial oean warm path (Trenberth,1997). The resultant time series ∆S and SOI signal are shown in Figure 3.13.
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Figure 3.13: Blak line: The time series of the monthly mean of the di�erene ofsurfae salinity (PSU), at 0◦, 95◦W, between the model's results when the anomaly inthe preipitation rate was indued by northern hemisphere Trade Winds and when theanomaly in the preipitation rate was indued by Southerly winds along the west oastof South Ameria. In both runs, the preipitation in the region shown in Figure 3.1was rebuilt, aording to the Equation 3.1, from the �rst 3 SVD modes, respetively(∆S = SSS(FSth) - SSS(FTr)). Blue line: The Southern Osillation Index (SOI) basedon the Trenberth method - monthly standard deviation. SOI unit: hPa (1000 hPasubtrated). Both the time series are six months smoothed.
The time series ∆S presents surfae salinity as a response to preipitation withits variability indued by atmospheri freshwater transported by Atlanti Trade Windsduring La Niña periods, and at same time, a response to preipitation with its vari-ability indued by atmospheri freshwater transported by Southerly winds during ElNiño periods. Furthermore, from the Figure 3.13 it is evident that there is a time lagbetween the signals. Thus, the orrelation analysis was applied between the ∆S and theSOI. The orrelation index between the signals is 50%, but when a time lag is applied,the best orrelation oe�ient is 56%, whih is reahed when the analysis is led by theSOI with a two months lag. Delroix et al. (1996) arried out a statistial analysisusing preipitation and SSS in an attempt to establish a relationship between them inthe tropial Pai�. The Delroix et al. study used interpolated and monthly-averagedsalinity data olleted by the "ship-of-opportunity" program with preipitation derived



59from satellite remote sensing via Outgoing Longwave Radiation (OLR). Their �ndingwith referene to the lag time between the ENSO yle and respetive hanges in thepreipitation, in the eastern tropial Pai�, is in agreement with the urrent study.The methodology produed in this work with regard to the analysis of theoutput of both independent runs simultaneously then, by foussing upon the temporalharateristis of a salinity anomaly ourring in a partiular loation, was able toon�rm a relationship between that anomaly and an independent soure of freshwaterfound to bear an assoiated temporal anomaly. In this manner a salinity anomalyourring in a partiular loation was able to be linked and identi�ed in terms of theadjustment of SSS as an oean response to an assumed independent soure of atmo-spheri freshwater in a di�erent loation.In a similar manner then, the analysis depited in Figure 3.13 follows the leadand aims to investigate, for the entire domain the relative roles of potential soures ofatmospheri freshwater. For this stage of the study, there was omputed the di�erenebetween the SSS output by the model run whih ontained the variability of preipita-tion of FSth and the SSS output by the model run whih ontained the variability ofpreipitation of FTr (∆S = SSS(FSth) - SSS(FTr)). The map of best orrelation index(%) is shown in Figure 3.14 (upper panel), while the respetive time lag (months) foreah grid point applied to the analysis to ahieve the best orrelation index (the timelag analysis is led by the SOI) is shown in the same �gure in its lower panel.
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Figure 3.14: a) The best orrelation index map (%) of the di�erene between the SSSfrom both independent runs (∆S = SSS(FSth) - SSS(FTr)) and ENSO yle (using theTrenberth method). b) Time lag (months) applied to the orrelation analysis between
∆S and the SOI to ahieve the best orrelation. The time lag analysis is led by theSOI.

From the simultaneous analysis of both panels of the Figure 3.14, it is possibleto detet that the equatorial region presents the highest indies of orrelation in thedomain (upper panel), together with an inrease of the time lag (to ahieve that bestorrelation) from the easternmost region towards the date line (lower panel). Fromthe Figure 3.14 it may be inferred that the best orrelation between the signal of thesalinity anomaly and ENSO yle is ahieved by a westward propagation of the signalof the salinity anomaly along the Equator. With intention to estimate the rate ofsuh propagation and following the lead of the earlier analysis here, then, the fouswill onentrate on the Equator only. Figure 3.15 displays in its upper panel the bestorrelation index (%) between ∆S and the SOI along the Equator, whereas in its lowerpanel, the time lag (in months) to ahieve the respetive best orrelation index is given.
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Figure 3.15: a) The best orrelation index (%) along the Equator between the signalof the salinity anomaly (∆S = SSS(FSth) - SSS(FTr)) and the ENSO yle (using theTrenberth method). b) Time lag (months) along the Equator applied to ahieve therespetive best orrelation index between ∆S and the SOI. Led by the SOI.
The best orrelation ahieved throughout the Equator is nearly onstant at ap-proximately 55% (Figure 3.15 - upper panel), whereas the time lag to ahieve the bestorrelation has its minimum value in the Longitude 90◦W (at 2 months) and its maxi-mum value in the Longitude 139◦W (at 10 months) (Figure 3.15 - lower panel). Thus,based on these features, the propagation rate of the signal of the salinity anomaly alongEquator may be estimated through the slope of the linear regression, whih points tothe propagation rate of the signal of the salinity anomaly along Equator as approxi-mately 6.1 degrees per month, or about 0.25 m.s−1. The propagation rate of the signalof the salinity anomaly as estimate by the above approah is in agreement with theobserved zonal veloity obtained by meridional ADCP setions measurements as pre-sented in Johnson et al. (2002b).



62With the estimate of the propagation rate of the signal of the salinity anomalyalong Equator, the quantitative studies referring to Part I ome to a onlusion. Thenext setion will be dediated to the assessments of the results ahieved so far.
3.3 Assessment and Re�etions - Part IGiven the intention to ahieve the desired objetives introdued on page 12,ertain hypotheses have been suggested as follows:

• The Preipitation (P) reeived by the eastern Pai� Oean in the region adjaentto Central Ameria owes its origin at least in part to orographi proesses drivenby the Atlanti Trade Winds as they experiene the transit of the Cordillera soreleasing atmospheri freshwater, and
• Then the same region may reeive preipitation similarly from the freshwaterarried by the Southerly winds of the Pai� itself, as they approah parallel tothe ontinental west oast line of South Ameria into the ITCZ where proessessimilar to those of orographi type of the former ase, may our in the abseneof land-based topography.And, as onsequene of these hypotheses, an explanation for the low salinity ofthe eastern tropial Pai� as result of the links between atmosphere and oean irula-tion was pursued. The analyses and modeling were done in relation to the atmospherifreshwater transport �elds and the preipitation aording to the restritions of thethree dimensional domain desribed on page 30, whih are represented graphially inFigure 3.1 (Page 30).



63The role of the atmospheri freshwater transportThe fous in Chapter Three has initially addressed a statistial treatment ofatmospheri freshwater transport and then has made an attempt to disriminate be-tween the two potential geographial soures.The balane of the atmospheri freshwater transportThe �rst question to be examined was the relative proportion of the atmospherifreshwater reahing the region and soured in the nominated wind systems. The rel-ative proportion of the atmospheri freshwater transported by northern hemisphereTrade Winds (FTr) and atmospheri freshwater transported by Southerly winds alongthe west oast of South Ameria (FSth) was estimated by the spatial integration of therespetive vetor �eld of the atmospheri freshwater transport. The spatial domain ofintegration is shown as the vertial planes in Figure 3.1 (Page 30). The result, pre-sented as a ratio index (FTr/FSth), demonstrated a lear annual yle (Figure 3.2, onpage 32). In the �rst instane, the time series of the ratio index between FTr and FSthould be seen as merely a onsequene of the imbalane of the intensity of the windomponents in the ITCZ region, as desribed in MGu�e & Henderson-Sellers (1997).But the urrent study presents a more a omprehensive approah to this issue than asimple on�rmation of that imbalane. The intention until this point is to establish areliable and onsistent atmospheri data set as input to the eastern Pai� oean region.In this ontext, and as previously reported by Oort & Yienger (1996), the on-netions between the atmospheri ells of irulation and the major global atmospheriphenomena, with speial attention to the ENSO yle ould be evaluated. Hene theonsidered atmospheri systems of freshwater transport are a onsequene of those ells,the ratio index between FTr and FSth should hold a similar relation to the ENSO y-le. This relation was more evident during the 97/98 El-Niño event, when the ratio



64index dropped to near one unit, as onsequene of the strengthening of the Hadleyirulation (Figure 3.2, on page 32). It is also possible to relate the time series of theratio index to the NAM signals, when during the NAM ourrene, part of the easterlyTrade Winds in the equatorial Atlanti shifts towards Mexio and North Ameria, thusfeeding these regions with moist air (Yang et. al., 2001; Xu et al., 2005). Convetiverainfall also requires surfae temperatures warmer than a ritial value (∼27◦C) andthus the emergene of the equatorial old tongue in boreal summer auses the ITCZ tobe displaed northward (Mithell & Wallae, 1992). The northward migration of theITCZ ats as a barrier to the delivery of atmospheri freshwater from the Atlanti sidedue to the ordilleras in the Central Amerian ontinent. Then, the ombined e�etsof the hanges on the atmospheri irulation ells, the NAM and the meridional mi-gration of the ITCZ are the main reasons for the shape of the time series of the ratioindex between FTr and FSth. Thus, the time series of the ratio index between FTr andFSth drives us to onlude that the northern hemisphere Trade Winds are the majorplayer in the delivery of the atmospheri freshwater to region.Giving ontinuity to the analysis of the atmospheri approah to the easterntropial Pai� Oean, with regard to the relative roles of the FTr and the FSth, itemerged that for the greater part of the period, the freshwater ontribution by FTrprevailed over FSth, being at least 2-3 times larger during boreal winter, whereas,during the boreal summer, the ratio is nearly one. This analysis reinfored our pri-mary hypothesis that most of the atmospheri freshwater whih reahes the easterntropial Pai� Oean has its soure on the Atlanti Oean side of Central Ameria.Moreover, from the same analysis onerning the relative proportion of atmospherifreshwater whih reahes the region from either the FTr or the FSth soures, there wasevidene of a derease in the ratio index (FTr/FSth) during El Niño events. Althoughprevious works reported the imbalane in the omponents of the Trades Winds in theITCZ region (MGu�e & Henderson-Sellers, 1997) and the onnetions between theHadley and Walker irulations with the ENSO yle (Oort & Yienger, 1996), none of



65them had quanti�ed the amount of atmospheri freshwater transported and assoiatedwith those features. Nevertheless, with the basi ratio established, together with itsrelationship with the major atmospheri features reognized (ENSO, NAM and atmo-spheri irulation ells), the fous of attention shifts to an examination of the role ofloal preipitation and in partiular its relevane in omparison with the produts ofatmospheri transport.The relationship between the atmospheri freshwater transport and the loal preipita-tion The links between P and FTr together with the links between P and FSth wereaddressed by an integrated approah of these �elds. From spatially integrated versionof the respetive �elds, new versions were onstruted, based upon normalization withreferene to the respetive standard deviations . Then, the normalized time series wereompared by pairs (Figure 3.3, on page 35). P and FTr showed essentially no or-relation (about 4%), while that the orrelation index between P and FSth was 57%.The indies of orrelation, based on the analyses by pairs, suggest that P has a betterrelationship to the FSth than to the FTr. It was also worthy of note that the atmo-spheri freshwater transported by northern hemisphere Trade Winds dereased duringthe strongest El Niño event (1997/98) ontemplated in this study, suggesting that dur-ing that period, the preipitation in the eastern tropial Pai� Oean was related toan event other than atmospheri freshwater oming only from the Atlanti Oean. Inthis ontext, the strengthening of the Hadley irulation (north-south) during El Niñoevents, in whih, as onsequene ausing a reinforement in the Southerly winds alongthe west oast of South Ameria, the atmospheri freshwater transported by the FSth�lled the gap left by the FTr during the 1997/98 El Niño event. A signi�ant inreasein the amount of freshwater in the study region transported by FSth was notable atthat time (Figure 3.3 - lower panel, on page 35).



66A �rst simultaneous examination of the results of these analyses suggested apossible ontradition. Using only the spatial integration of the atmospheri transportsof freshwater, the basi premise of this study was on�rmed: namely that the mainsoure of the region's atmospheri freshwater is imported from the Atlanti Oean sideof Central Ameria, and transported by the FTr. However, when the omparisonsbetween the spatial integration of the preipitation and the spatial integration of theatmospheri transports of freshwater were arried out, the orrelation of the preip-itation was greater with the FSth than with the FTr. This latter analysis opposesanother premise of this study: namely that the preipitation in the eastern tropialPai� Oean must, in its main harateristis, be related to the FTr. But these pre-liminary results should be examined arefully, beause they were analyses arried outby spatial integrated �elds. Suh analyses gave only an overview of the all possibleproesses underway and, for this reason, they ould lead to a misreading. The bestway to expose the detail of potential mehanisms, if they exist, was to deompose theatmospheri freshwater transport and preipitation �eld by their main modes.Thus, with the intention of reahing a better understanding of the relationshipsbetween the loal preipitation and the atmospheri transports by the nominated windsystems, the SVD statistial tehnique was eleted to make suh an analysis. It wasproposed that the SVD proedure would allow the identi�ation of those pairs of EOFand the prinipal omponents responsible for the frations of ovariane between twojointly analysed variables. The results of the SVD analyses demonstrated that the �rstthree modes aount for, on average for both ases, about 74% of the total variane.The impliation then is that three quarters of the variane in the preipitation experi-ened in the eastern tropial Pai� Oean an be explained by atmospheri freshwaterimported to the region (Table 3.1, on page 37).



67These results already make an impression upon the residual unertainties fol-lowing the integrated approah. The Preipitation (P) makes a very strong ouplingwith the FTr, whih is represented by the very high absolute orrelation - above 90%- in the �rst three SVD modes. Also, a signi�ant oupling between P and FSth wasahieved, although not reahing the strength of its ounterpart. SVD results were usedto explain the previous apparent ontradition on�rming that FTr is responsible formost of the freshwater that reahes the region and has a very high oupling with thevariability in the preipitation there. It is worthy of note that when the e�ets ofthese modes were spatially integrated, these features were masked, giving the FSthan opportunity to show its strength. However, it still remained to explain how thesefeatures would at independently, beause both ouplings, between P and FSth andalso between P and FTr, are still omparable in magnitude.The lue to simplify this puzzle was pereived when re-examining the relativeproportion of the spatial integration of the atmospheri freshwater transports (Fig-ure 3.2, on page 32) and their relation to the spatially integrated preipitation �eld(Figure 3.3, on page 35). In those analyses are presented evidenes that both thetransports did not maintain a periodi pattern. This feature led the way to investigatenon-periodiity in the time series assoiated with the spatial pattern of eah ouplingas result of the SVD analysis. The fous of attention then turned to an examinationof the time-frequeny harateristis of the ouplings, in whih the Wavelet analysiswas the eleted statistial tool. Thus, the Wavelet tehnique was applied to every timeseries assoiated with eah SVD mode of both members of the ouplings analysed: theoupling between P and FTr, and similarly the oupling between P and FSth. Then,the Wavelet tehnique was applied 9 times in this proess.The disussion of the results an be made here for only one of the variablesinvolved in eah oupling, as a onsequene of the absolute orrelation between thevariane of the analysed variables, whih was so high that it prevented any redundany



68in the following disussions. The results are shown in Figure 3.4 (Page 41) for theWavelet tehnique applied in the �rst SVD mode for the oupling between P and FTr;Figure 3.5 (Page 42) for the seond, and Figure 3.6 (Page 43) for the third SVD modeof the oupling between P and FTr.The result of the Wavelet analysis when applied to the �rst SVD (Figure 3.4)mode shows a signal of approximately a 6 month period with no lear periodiity duringthe studied period. The last strong El Niño event (1997/98) is evident, despite the fatthat its signature is below the Cone of In�uene (COI). "The COI is the region of thewavelet spetrum in whih edge e�ets beome important." (Torrene & Compo, 1998).But, the most notieable feature remains the one year period signal, whih omes toits high variane oinidene with La Niña events. The �rst SVD mode representingthe oupling between P and FTr, whih orresponds to 46% of its total variane, showsthat La Niña events indue a high variane in the preipitation rate within the one yearperiod. Thus, during La Niña events, the preipitation in the eastern tropial Pai�Oean presents variability assoiated with the annual period, whih is indued by theFTr. Both the results of Wavelet analyses for the seond and the third SVD modes(Figure 3.5 and Figure 3.6, respetively) show an annual yle (time series plot - up-per panels) that is far more intense (global wavelet spetrum - right panels) than anyother yles presented for these modes. The one year signal is present during all pe-riods overed by this study (wavelet power spetrum - middle panels). The sum ofthe variane for seond and third SVD modes aounts for 34% of the total varianeof the oupling P and FTr. The seond and third SVD mode display very high neg-ative orrelations, whih indiate that the variability of the preipitation and of theatmospheri freshwater transport assoiated with FTr imply opposition, i.e. while Pis inreasing, FTr is dereasing, however, both displaements our in the same timeand with the same frequeny (very high absolute orrelation). Thus, these two SVD



69modes show that, for example, during the period studied, the inrease in the pre-ipitation rate with annual periodiity simultaneously ours at a time of dereasingvolume in the freshwater reahing the region in assoiation with FTr. This interpreta-tion also an be used in relation to preipitation with semi-annual periodiity, howeverwith lesser e�et, beause it is related to the third SVD mode only. The latter oneaounts for 7.4% of the total variability explained by the oupling between P and FTr.The same treatment was given to the interpretation of the results of Wavelettehnique when applied to the oupling between P and FSth, despite the fat that theydid not present so high an absolute orrelation. The results of the Wavelet tehniqueapplied to the oupling between P and FSth are shown in Figure 3.7 (Page 44) for the�rst SVD mode; Figure 3.8 (Page 45) for the seond, Figure 3.9 (Page 46) for the thirdSVD mode.The �rst SVD mode related to the oupling between P and FSth (Figure 3.7)shows a lear and very strong annual yle (middle panel), whih an be on�rmed byits time series (upper panel) as well as by its global wavelet spetrum (Figure 3.7 - rightpanel). Again, this annual yle is related to the strength of the Trade Winds in theeastern Pai�. The northern hemisphere Trade Winds present weak intensity duringthe boreal summer, whih provides the FSth the opportunity to reah the region withits stronger in�uene, bringing in water vapour to the region (the opposite happensin the boreal winter). This feature automatially implies that the preipitation in theregion has an assoiation with the atmospheri freshwater related to the FSth. Stilllooking at its time series, it is notieable that reinforement of FSth during the laststrong El Niño event (1997/98), on�rms the analysis performed in the integrated ap-proah presented earlier in this setion. The variability in the loal preipitation duringEl Niño periods was seen to be related to the atmospheri freshwater transport assoi-ated with the FSth (strengthened of the the Hadley ell). Conerning the relationshipbetween the FSth and preipitation during El Niño events, referene to the wavelet



70power spetrum (Figure 3.7 - middle panel) indiates the presene of a strong El Niñosignature for the period 1997/98, whih is felt above the COI. It is notieable that inthe time span overed by Figure 3.7, the El Niño signature an be seen to extend insome form over 1 to 8 years. The �rst SVD mode of this oupling between P and FSthaounts for more than 35% of the total variane.The results of the Wavelet analysis for the seond mode of the oupling betweenP and FSth (Figure 3.8) is almost a perfet opy of the results of the Wavelet analysesfor the seond SVD mode related to the oupling between P and FTr. The most notie-able feature is the remarkable similarity of all aspets: the time series (upper panel),the global wavelet spetrum (right panel), the wavelet power spetrum (middle panel),and last but not least, the amount of the total variane represented: 26.6% for theoupling between P and FTr, and 24.5% for the oupling between P and FSth. How-ever, among all the harateristis, the most relevant to be notied in this omparisonrefers to the time series of both: they are in ounter phase (see: Figure 3.5 - b - upperpanel for the time series of the expansion oe�ients of the seond SVD mode whenapplied to FTr, and Figure 3.8 - b - upper panel for the time series of the expansionoe�ients of the seond SVD mode when applied to FSth). This opposing behaviourrefers to the atmospheri freshwater transport to the region assoiated with either FTror FSth (the boreal winter/summer as desribed earlier). Of partiular interest is thatboth atmospheri transports represent equivalent varianes in relation to the induedvariability in the loal preipitation (26.6% for the oupling between P and FTr, and24.5% for the oupling between P and FSth), on�rming that the seond SVD modeof both transports represents the annual ITCZ migration.When onsidering the third SVD mode of the oupling between P and FSth(Figure 3.9) whih aounts for 7.4% of the total variane, it is possible to make aomparison with its ounterpart (third SVD mode of oupling between P and FTr).In this omparison, it is worthy of omment that the one year period signal of the



71third SVD mode in both ases presented remarkable variability in the last strong ElNiño (1997/98). Within this ontext, it is important to examine the respetive timeseries that represent the preipitation and the atmospheri transport of freshwater forboth ouplings (in both ases, they aount for 7.4% of the total variane). Firstly, thetime series representing the oupling P-FSth are in phase throughout, while seondly,for the oupling P-FTr they are in phase only during the last strong El Niño event.Thus, with the exeption of the last strong El Niño event, when both the ouplingshad funtioned in a onstrutive assoiation, it is reasonable to suggest that there is avariability in the loal preipitation (about 7.4%), and displaying an annual yle asa onsequene of the addition of freshwater brought by the FSth (time series of theFSth in phase with the time series of the P) and of the derease of the atmospherifreshwater assoiated with the FTr (time series of the FTr in ounter phase with thetime series of the P). In addition, the El Niño event for the third SVD mode betweenP and FSth has one more signi�ant feature: during the last strong El Niño event(1997/98), the one year period was almost disrupted, but, alternatively, its signal wasspread by periods varying from six months up to eight years. This feature is very wellrepresented by the wavelet power spetrum (middle panel) and by the global waveletspetrum (right panel) through to the Figure 3.9-b).The wavelet maps, jointly with the previous integrated approah, promptly pre-sented an overwhelming amount of information whih alled for ompression so as tofous upon the urrent purpose, namely to identify and quantify the independent rolesof the atmospheri freshwater exported to the region shown in Figure 3.1 (Page 30),whih allowed us to examine their in�uenes in the loal preipitation. Ultimately, theresults ahieved up to now will be used to reognize the in�uenes (loal versus remote)of the atmospheri freshwater transports on the SSS in the eastern equatorial Pai�Oean. Before disussing how the preipitation indued by this atmospheri transportof freshwater an leave its imprint on the sea surfae salinity, the aomplishments of



72the roles of the atmospheri freshwater transport an brie�y be summarized as follows:
• Most of the freshwater whih feeds the eastern tropial Pai� Oean is importedfrom the Atlanti side of Central Ameria via the northern hemisphere TradeWinds (FTr) during normal and La Niña periods, with a drasti redution duringEl Niño periods, when the regional water vapour is brought into the region bythe Southerly winds along the west oast of South Ameria (FSth).
• The atmospheri freshwater exported by the two assumed atmospheri systemsto feed the region aount for about 74% of the total variane of the preipitationin the region.
• The spatially integrated atmospheri �eld system driven by the FSth is betterrelated, on a time basis, to the loal preipitation than to the spatial integratedatmospheri �eld system driven by the FTr.
• The migration of the Inter-Tropial Convergene Zone (ITCZ) an explain about25% of the total variane of the loal preipitation. The variane of loal preipi-tation due to ITCZ e�ets is equally shared by the ontributions of both systems(FTr and FSth). Furthermore and in the spatial sale of this study, the latitudi-nal displaement of the ITCZ an be assoiated with the strength of the northernhemisphere Trade Winds and North Amerian Monsoon.
• During El Niño periods, as a onsequene of the derease of the atmospherifreshwater transported to the region by the FTr (weakening of the Walker ir-ulation), whih reinfores the atmospheri freshwater transport assoiated withFSth (strengthening of the Hadley irulation), the loal preipitation holds astronger oupling with the system driven by the FSth; and in a omplementaryfashion, during La Niña period, when the atmospheri ells of irulation are inopposition in relation to the El Niño periods, the system driven by the FTr isreinfored and the loal preipitation holds a stronger oupling with it.



73Response of the oeanGiven that the harateristis of the atmospheri freshwater importation to theregion have now been identi�ed together with their relationship to potential preipita-tion �eld, the interest now advanes to a new phase. Tehniques mainly of a statistialnature have hitherto ahieved muh of interest but the fous turns to further lari�a-tion of the basi theme, but now addressed through the medium of numerial modelingwhih o�ers loser examination of the dynamial proesses involved.For the present, however, the theme remains with the independent roles offreshwater transport to the eastern Pai� Oean by the northern hemisphere TradeWinds (FTr) or by the Southerly winds along the west oast of South Ameria (FSth)while taking a loser interest in the response of the SSS of the eastern tropial Pai�Oean. The method hosen for this proess was to reonstrut the preipitation ratefrom its independent ouplings with FTr and FSth. The preipitation rate was re-onstruted as a sum of the mean �eld of the preipitation (as downloaded from theECMWF data server) plus the preipitation variability indued by the FTr or FSth(Equation 3.1, on page 50). Thus, as a result of this approah two preipitation �eldswere obtained with the following features:
• Preipitation �eld with its variability indued by FTr, whih meant the variabilityindued by atmospheri freshwater soured on the Atlanti Oean side of CentralAmeria.
• Preipitation �eld with its variability was indued by FSth, whih meant thevariability indued by atmospheri freshwater transported by Southerly windsalong the west oast of South Ameria.



74These reonstruted preipitation rates were used in two autonomous runs ofthe numerial modeling of the oean as one omponent of the foring variable: evapo-ration minus preipitation (E − P ). The evaporation rate used was downloaded fromthe ECMWF-ERA40 data server. This approah allowed independent quanti�ation ofthe oeani response, with respet to the SSS when the variability in the preipitationwas indued by these suggested atmospheri transports of freshwater.The sea surfae salinity resulting from both independent runs was omparedwith the Sea Surfae Salinity results of the Control Run (heneforth SSS(Ctrl)), whihused the original preipitation rate from ECMWF-ERA40. When ompared with theSSS(Ctrl), neither preipitation rate, whether it is derived from the induement of FTror by FSth presented signi�ant di�erenes for the SSS in model runs. Referene maybe made to Figures 3.11 and 3.12 on pages 52 and 54 for omparison purposes, respe-tively. With these results in mind, it was oneived to be opportune to proeed onthe basis of a onept of salinity anomaly, where this assumes a temporary treatmentso as to determine the response of the model to a series of runs in whih the salin-ity anomaly signal indued was derived from, and therefore ontained the assoiatedvariability signature of eah one of a set of independent runs. In aordane with thisassumption, the signal of salinity anomaly was de�ned as ∆S = SSS(FSth) - SSS(FTr),where SSS(FSth) is the SSS as output of the numerial model with the preipitationvariability indued by the FSth and SSS(FTr) is the SSS as output of the numerialmodel with the preipitation variability indued by the FTr.The signal ∆S was analysed through lag orrelation with the SOI for one studyase. The result of this analysis showed that the orrelation between the ∆S and theSOI is 50%, inreasing to 56% when the ∆S signal held a 2 month lag led by SOI (Fig-ure 3.13, on page 58). Extending the approah for the entire domain, it was possible to



75estimate the speed of propagation of the ∆S along the Equator, whih result pointedout the propagation rate as to be 6.1 degrees per month, or approximately 0.25 m.s−1(Figure 3.15, on page 61).The results ahieved from this approah using the priniple of salinity anomaly,were as follows: �rstly analyses performed with ∆S in assoiation with the SOI pre-sented the time delay between the ENSO and the onsequent hanges in the preipita-tion in the eastern tropial Pai� to take plae; seondly, the individual ontributionof the atmospheri freshwater exported to the region by both systems of atmospheritransport onsidered in this study in the SSS; and �nally, an estimation of the propa-gation of this anomaly indued by hanges in the pattern in the eastern tropial Pai�to reah the western boundary of the domain of this study.The analyses arried out in the setion "Response of the Oean" were performedon the basis of an assumption that the atmospheri �ow of freshwater (as previouslydetermined) be aepted as the main omponent of the foring variable, while all otherparameters were kept unhanged. Thus, in a similar manner to the previous topi, themain results are listed, as follows:
• The resultant Sea Surfae Salinity (SSS) of the numerial simulation using theindued variability in the preipitation due to the atmospheri transport of fresh-water by northern hemisphere Trade Winds (FTr), when ompared with SSS ofthe numerial simulation that used the original atmospheri data of the ECMWF-ERA40 (Ctrl), showed that, during most years simulated, the di�erene betweenthe respetive SSS was very small and pratially onstant. This pattern washanged during El Niño periods, when the di�erene between the two salinitytime series inreased. This result, taking into aount the preeding atmospherianalyses, was in some way expeted; therefore it re�ets the integrated as wellas the wavelet analyses, in whih both analyses suggested that during El Niñoperiods, the variability in the preipitation indued by FTr should derease, andonsequently, no signi�ant dilution in the salinity �eld would be observed.
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• When a numerial simulation was made using the indued variability in the pre-ipitation due to the atmospheri transport of freshwater by Southerly windsalong the west oast of South Ameria (FSth), the omparison of its result withSSS(Ctrl) presented, for all time, a more saline SSS(FSth) than SSS(Ctrl). Thisresult also ould be expeted as the e�et of the variability in the preipita-tion indued by the FSth. The preeding atmospheri analyses had shown thatthis system does not aggregate a onsiderable volume of water vapour (whenompared with its ounterpart), whih ould be released as rainfall, and, onse-quently, ause a signi�ant dilution of the salinity in the oeani mixed layer inthe eastern tropial Pai� Oean.
• The de�nition of one signal of the salinity anomaly (∆S = SSS(FSth) - SSS(FTr)),showed that both the atmospheri transports of freshwater indued hanges inthe SSS and these alterations are ENSO related.
• The ∆S re�ets the El Niño events aording to the variability in the preipitationindued by FSth and, similarly, re�ets the La Niña events aording to thevariability in the preipitation indued by FTr.
• The time lag between the hanges in the SSS in the eastern tropial Pai� Oeanas a onsequene of the hanges in the preipitation pattern (ENSO yle) wasestimated as two months.
• The rate of propagation of the ∆S along the Equator was estimated to be 6.1degrees per month (approximately 0.25 m.s−1).



77In onlusion to Part I, the onsidered approah to haraterize the e�et ofthe atmospheri transport of freshwater from two geographially independent soures,inluding the ombination of both, in the eastern tropial Pai� Oean with the re-spetive impliations on the super�ial salinity revealed was adequate for this purpose.The use of statistial tehniques supplied the tools to quantify and to hara-terize the individual role of eah one of the atmospheri transports of freshwater inthe regional preipitation, and also for the ombination of both; while the use of anoeani numerial model, in assoiation with the preeding atmospheri results, gavethe needed support for the study of the impliations of the indued variability in thepreipitation �elds ontributing to those atmospheri transports to be found to residein the SSS of the eastern tropial Pai� Oean.


