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ABSTRACT
SEASONAL CIRCULATION AND THERMOHALINE STRUCTURE OFTHE CASPIAN SEAGündüz, MuratPh.D., Department of Physial OeanographySupervisor: Prof. Dr. Emin ÖzsoyFebruary 2008, 146 pagesA high resolution oean model (HYCOM) was designed to investigate theseasonal irulation, and the building bloks of the mesosale dynamis ofthe Caspian Sea. The model was able to reprodue the main oeanographiharateristis of the sea, namely, upwelling along the eastern oast, south-ward urrent along the eastern and western oasts, yloni irulation in theMiddle Caspian Sea (MCS) during winter, two-gyre struture in the SouthCaspian Sea (SCS) with an antiyloni ell northwest of the basin, and ayloni in the southeast, dense water formation near the northern shelf zoneand mesosale struture of the sea. The model also reprodued the observedseasonal variability of sea level and sea surfae temperature (SST) limatology.Three experiments have been designed beside the ontrol run to investigatethe relative e�ets of wind stress and river runo� on the irulation harater-istis of the sea: (1) barotropi sea, no thermal �uxes; (2) barolini sea, nothermal �uxes; (3) twin of ontrol run but no river runo�. By omparing theiv



results of these three experiments it is shown that barolinity is an importantfator for the generation of the yloni/antiyloni ell in the MCS and SCS.Rivers is also important as it intensify the yloni/antiyloni gyres in bothbasins.Keywords: Caspian Sea, HYCOM, seasonal irulation

v



ÖZ
HAZAR DEN�Z�N�N MEVS�MSEL S�RKÜLASYONU VE TERMALYAPISIGündüz, MuratDoktora, Fiziksel O³inogra� BölümüTez Yönetiisi: Prof. Dr. Emin ÖzsoySubat 2008, 146 sayfaYüksek çözünürlüklü bir okyanus modeli (HYCOM) Hazar denizinin mevsim-sel sirkülasyonunu ve temel mezosale dinamiklerini inelemek için dizaynedildi. Model denizin temel o³inogra�k özelliklerini, do§u k�y�s�ndaki upvel-ing, do§u ve bat� k�y�lardaki güneyli ak�nt�lar�, Orta Hazar Denizindeki (OHD)k�³�n olu³an siklonik sirkulasyonu, güney hazardaki iki-döngülü sistemi (bas-enin kuzeybat�s�nda antisiklon ve güney do§usunda siklon), kuzey s�§l�g�ndayo§un su olu³umunu ve denizin mezoskale durumunu, ba³ar�yla taklit etmi³tir.Model ayn� zamanda gözlemlenen deniz seviyesi ve deniz yüzey s�akl�§�n�nmevsimsel de§i³iminide ba³ar�yla taklit etmi³tir.Rüzgar stresi ve nehir ak�s�n�n Hazar denizinin sirkulasyon rejimi üzer-ine etkisini anlamak için kontrol deneyinin yan� s�ra üç deney daha dizaynedildi, bunlar; (1) termal �ux yokken barotropi deniz (2) termal �ux yokkenbarolini deniz (3) kontrol deneyinin ikizi fakat nehir girdisi yok. Bu deney-lerin sonuçlar�n� kar³�la³t�rarak, barolinity`nin siklon/antisiklon hürelerininvi



olu³umunda önemli oldu§u gösterilmi³tir. Nehir girdisi her iki basende sik-lon/antisiklon dönü³lerinin ³iddetini artt�ran önemli bir fakördür.Anahtar Kelimeler: Hazar Denizi, HYCOM, mevsimsel sirkülasyon
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CHAPTER 1
INTRODUCTION

The Caspian Sea extends for about 1200 km in the north-south diretion,between 36o34' to 47o13' N and for about 300 km in the east-west diretionbetween 46o38' to 54o44' E. It lies east of the Cauasus mountains, west of thevast steppe of entral Asia and north of the Elburz Mountains ( Figure 1.1) atthe boundary between Europe and Asia. The Caspian Sea is surrounded byontinental land masses with has high mountain hains, deserts and �atlands.The sea level of the Caspian Sea is urrently 28 m below the mean global sealevel.The relatively large meridional extent (> 10◦ in latitude) of the CaspianSea appears to be linked with a strong north-south gradient in its properties.Geographially, the Caspian Sea onsists of three distint basins (north, middleand south regions), eah of whih has its own physial and biologial properties.The Northern Caspian Sea (NCS), north of the line onneeting Chehenisland to Mangyshlak peninsula, is relatively shallow, with an average depthof approximately 5 m. The Ural Furrow is the only depression (8-10 m) inthe otherwise �at ontinental shelf area of the NCS. This shallow shelf areasuddenly deepens at the shelf edge to join the deeper basin of the MiddleCaspian Sea (MCS), whih has an average depth of 190 m, and a maximumdepth of 788 m (at the Derbent depression in the west). The western slope ofthis basin is quite steep, wheares the eastern slope has a milder slope. TheKara Bogaz Gol, a small enlosure of shallow water onneted to the basin1
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Figure 1.1: The land topography of the Euro-Asian-Mediterranean Regioninluding the Caspian Sea region, showing mountain hains, �at areas, nationalborders and rivers.with a narrow hannel, is loated east of the basin with a maximum depthof 10 m. Finally, the Southern Caspian Sea (SCS) is the deepest basin ofthe Caspian Sea, with a maximum depth of 1025 m. It is separated from theMiddle Caspian by the Apsheron Ridge (onneting Zhiloy island in the westto Cape Kuuli in the east). The bottom topography of Southern Basin inlinesto the west, reahing depths of 900 to 1000 m in separate depressions of thesame basin. Having suh topographial features makes the Caspian Sea anideal laboratory and a test-bed for studying ombined e�ets of oastal andopen oean proesses.While the NCS aounts for 1/100 of the total volume of the Caspian Sea,the MCS and SCS basins respetively aount for about 1/3 and 2/3 of thetotal volume. The Volga and Ural rivers (respetively aounting for %80 and
%5 of fresh water in�ow) loated in the NCS, and the Kura river (aountingfor% 7-8 of the in�ow) loated in the SCS are the main rivers of the Caspian2



Sea. Caspian Sea has brakish waters whih is three times less salty thanoeani waters. Salinity sharphy hanges in the northern part of the sea from0.1 % in estuaries of the Volga and Ural rivers, to 10-12 % at the borderwith the Middle Caspian Sea. Middle and Southern Caspian Sea basins havesalinities in the range of 12.5-13.5.At present, the enlosed Caspian Sea is a forgotten omponent of the globaloean system. It is inluded neither in the high resolution eddy resolving oeanmodels nor in the existing operational models. Given the lak of reliable eddy-resolving numerial oean models for investigating dynamial and physialproesses of the Caspian Sea, there is strong motivation to develop one. TheCaspian Sea is unique in that the surfae heat �uxes, evaporation and pre-ipitation as well as river �uxes have signi�ant in�uenes on surfae featuresand the dynamis of the irulation. In fat, sea level in this region is stronglyontrolled by seasonal hanges in evaporation and preipitation. The latter isrelated to variations in the amount of North Atlanti depressions reahing theinterior, that are in turn a�eted by yles of North Atlanti Osillation (NAO)(Rodinov, 1994). Despite its small size, these fators makes the Caspian Seaa hallenging region to study limate e�ets.Among many oean models available today, HYCOM seems to be a goodandidate for modeling of the Caspian Sea beause of the �exibility of its oor-dinate system and the physial proesses that an be represented in this model.The hybrid oordinate used by HYCOM is isopynal in the open oean, butsmoothly reverts to a terrain-following oordinate in shallow oastal regions,and to z-level oordinates in the mixed layer or in weakly strati�ed regions.The optimal oordinate is hosen using a hybrid grid generator at eah modeltime step based on the mass ontinuity equation (Blek, 2006). Therefore, themodel ombines the advantages of di�erent oordinate systems within a singleframework to allow for the optimal oordinate hoie in simulating oastal andopen-oean features. This �exibility is needed in the Caspian Sea sine thehybrid oordinate system extends the geographi range of appliability of the3



model from the deep basins ontinuously towards the shallow oastal regionsand unstrati�ed shallow parts of the Caspian Sea. The apability- to swithbetween z-level, sigma and isopyni oordinate systems is essential for theCaspian Sea to handle omplex interations between oastal and open oean,motivated by its spei� geometry and bathymetry.Previously, HYCOM was suesfully implemented for the Blak Sea, whereinterations between oastal and open oean regions are of interest (Kara et al.,2005b, Kara et al., 2005) and arry similarities with the Caspian Sea. Thereare distint similarities between bathymetries of these enlosed seas, both ofwhih have steep slopes between ontinental shelf and open oean regions.The Blak Sea has very shallow shelf area in the northwestern part where itreeives signi�ant in�ow from the Danube river, and similarly the CaspianSea has a shallow northern shelf whih is a�eted by the Volga River. The Seaof Azov is a relatively small body of water onneted to the Blak Sea in thenorthern part, similar to the very shallow northern shelf and the KaraBogazGol onneted to the Caspian Sea.The Caspian Sea has other unique harateristis, whih make it a veryhallenging enlosed body of water for oean modeling: The sea level displaysa lear seasonal yle, reahing its lowest value in winter and highest valueduring May-July, following the spring �oods (Rodinov, 1994). The hangein sea level is a funtion of evaporation minus preipitation and river �uxes,indiating that buoyany hanges assoiated with freshwater �uxes an be asimportant as those due to hanges in heat �ux.The Caspian Sea has very low salinity (< 13), whih is about one third ofthe typial salinity of seawater over muh of the global oean. In deep water,salinity varies little with depth (Kosarev and Tuzhilkin, 1995), and thermalproperties almost totally determine the density strati�ation. In addition, theexistene of extensive shallow regions sensitive to atmospheri foring in theCaspian Sea points to the importane of properly representing strati�ationand mixing proesses. Sine greater onstraints need to be imposed in formu-4



lation of surfae �uxes in an enlosed basin in omparison to semi-enlosed oropen oean domains, improperly aounting for mass or buoyany �uxes ouldlead to unrealisti trends of total stored heat, salt and mass in model. Giventhe fat that sea level hange is a diret result of water balane, whih de-pends on river in�ows, preipitation and evaporation, reliable determinationof buoyany �uxes due to salt beomes a ritial issue in the Caspian Sea.The HYCOM model has demonsted apability in similar situations and alsoinludes a thermodynami sea-ie model to be able to simulate ie proessesin the northern Caspian Sea.Using a fully eddy-resolving HYCOM Caspian Sea model, a series of numer-ial experiments have been arried out to address the following fundamentalquestions:(1) general and mesosale oean irulation features during a limatologialseasonal yle,(2) the individual roles of buoyany (fresh water in�ow, surfae �uxes), windsand topography, barortropi versus barolini irulations,(3) water mass harateristis, mixing and dense water formation proesses,(4) upwelling, mainly along the eastern oast.Neither the reasons for the observed general irulation features of theCaspian Sea nor the above physial proesses have been fully examined earlier,making use of eddy-resolving oean models. We attempt to provide a �rstglimpse to these unresolved or poorly understood dynamial features of theCaspian Sea.This thesis is organized as follows: Chapter 2 reviews ertain regional har-ateristis and oeanographi proesses in the Caspian Sea. Chapter 3 outlinesthe available data and desribes the model harateristis. In Chapter 4, themodel is evaluated by using the available observational data. Chapter 5 de-tails the spatial and temporal variability of the urrents derived from the oeanmodel. A number of sensitivity experiments designed to explore physial pro-esses are disussed in Chapter 6. The in�uene of the large sale limate5



patterns on the sea surfae temperature (SST) are investigated in Chapter 7.The main results of the thesis are disussed and reommendations for futureinvestigations are given in Chapter 8.
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CHAPTER 2
REVIEW OF REGIONALCHARACTERISTICS

2.1 Caspian Sea Level ChangeEnviromental disasters related to sudden hanges of the Caspian Sea Level(CSL) onstitute a major problem for loal ommunities (Dumont 1995). Fig-ure 2.1 presents Caspian Sea level hanges from 1837 to 2004. Large hangesin sea level have ourred during the past deades. After deades of dereasingwater level from 1930 to 1977, the sea level rapidly began to rise in 1978 andpresently it �utuates near the -27 m level.Large sale atmospheri irulation patterns suh as the El Nino - SouthernOsillation, ENSO, and the North Atlanti Osillation, NAO and Volga Riverruno� (whih in turn appears strongly related to these atmospheri patterns)are the main fators ontrolling the sea level in the Caspian Sea. For example,Arpe et al. (2000) have shown an integrated in�uene of the Southern Osilla-tion Index, SOI on the Caspian Sea level. On the other hand, Rodionov (1994)has shown the e�et of the NAO on the Volga river disharge and onsequentlyon the Caspian Sea level hange. Antropogeni e�ets, suh as the extensiveuse of Volga water for irrigation, and the build-up surfae oil �lms from oilprodution ativities resulting in a derease of evaporation, an also be shownto be important fators ontributing to the ontrol of the Caspian sea level7



�utuations (KLinge and Myagkov 1992).Preditibility of the Caspian Sea Levl (CSL) still remains an elusive matter,in relation to the unertainity in estimating the total evaporation from thesurfae of the Caspian Sea, a promient omponent of the Caspian Sea waterbudget.

Figure 2.1: Yearly mean values of the Caspian Sea level measured by sea levelgauges (1837-2004)
2.2 Atmospheri CirulationThe hanges in geographi and the land/sea surfae harateristis (arosslarge water bodies and high mountain hains, vast ontinental �atlands, aridand semi-arid lands) result in very steep limati gradients in the SoutwesternAsia region.Atmospheri onditions near the Caspian Sea is related to hanges in atmo-spheri irulation in the Atlanti-European setor of Northern Hemisphere.8



One of the known patterns governing the winter atmospheri onditions isknown as North Atlanti Osillation (NAO). This pattern haraterizes themotions of mid-tropospheri jet-stream over Europe, and therefore representsthe eastward extension and the in�uene over European-Mediterranean regionof the NAO pattern originating in the Atlanti setor.

Figure 2.2: Mean Sea Level Pressure distribution pattern (hPa) for winter(Deember-January-February) period of 1948-2007. Ieland low and Azorehigh are evident in the �gure, Siberian high pressure is seen in red olour nearthe eastern boundary of the plot.Atmospheri irulation is important in formation of the sea`s hydrome-teorologial regime in losed Sea like Caspian. Distintive general irulationof an atmosphere, �eld of temperature that is reated by the sea itself and arelief of its oasts determines the diretion and strength of wind blowing overCaspian. 9



Figure 2.3: Mean Sea Level Pressure distribution pattern (hPa) for summer(June-July-August-September) period of 1948-2007. Strong Azores high andTibetan low are evident.Atmospheri irulation over the sea shows very strong seasonal yle. Dur-ing the winter, the sea under the in�uene of Asiati anti-ylone (or known asSiberian anti-ylone, a semipermanent system of high atmospheri pressureentered in northeastern Siberia during the older half of the year), as learlyseen in Figure 2.2 in red olour near the eastern boundary of the plot. Thisanti-ylone reates easterly winds of old, lear air. Ieland low and Azoreshigh are also evident in winter months. During the summer, the weather isdominated by the Azores high-pressure ( Figure 2.3) that auses northerlywinds, partiularly along its western shore (Nihoul 2004). The Ieland lowseems to dissapear in winter months. The Tibetan low loated south of theCaspian sea and extend to the east (blue olor over the south-east part of the�gure) present during the summer. As a summary, there are two main at-mospheri irulation patterns over the Caspian Sea. First pattern omprisesstrong northern diretion winds (Northwest, North, and Northeast). Northerly10



winds are predominant in the ourse of the year with a probability 41 % withmaximum in the summer (Koshinsky, 1960). Seond group inludes strongsoutherly winds, yloni ativity over and to the west of the Caspian Seaauses this type of pattern.2.3 Sea Surfae Temperature (SST) variabilityFigure 2.4 shows the limatologial monthly mean SST in the Caspian Sea.SST in the Caspian Sea shows strong seasonal variability due to the geographiposition of the Sea. Sine Caspian Sea elongated in north-south diretion,there are three limate regime along its latitude. There is strong temperaturegradient from north to south, the SST gradient is about 0.8◦C per degreelatitude (Sur and Ozsoy 2000) in winter. SST is rather uniform from north tosouth in summer.The timing of the ooling and warming of the basins are di�erent. Thefastest ooling and warming is observed in the Northern basin beause of theshallowness of the basin. Same is true for the shallow eastern oast of thesouthern basin. The warmest basin is the southern part and the warmestregion in this basin is the shallow eastern oast. In Middle Caspian Sea thereis old water along the eastern oast in summer and early autumn beause ofthe oastal upwelling in the basin. In this basin, relatively old water is alsoobserved in the western oast in May.The three basins of the Caspian Sea shows distint features with respetto ooling/warming period and other thermal struture. The northern basinheats up rapidly in late spring and summer after ie melt and beause of itsshallowness, reahes very fast the same temperatures as the southern basin,while the entral basin lags in heating.Northern shelf seems to ool �rst in the eastern part and starts warming inApril-May uniformly over the shelf domain, but sometimes warming an ourat oastal areas and enter remains older or warming ours in the southern11
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Pathfinder SST (degC), Feb.
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Pathfinder SST (degC), Mar.
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Pathfinder SST (degC), Apr.
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Pathfinder SST (degC), May
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Pathfinder SST (degC), Jun.
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Pathfinder SST (degC), July

37N

38N

39N

40N

41N

42N

43N

44N

45N

46N

47N

47E 48E 49E 50E 51E 52E 53E 54E
 23.    

 23.5   

 24.    

 24.5   

 25.    

 25.5   

 26.    

 26.5   

 27.    

 27.5   

 28.    

 28.5   

 29.    
CASa0.04

ci 0.06
23.1 to 27.6

Pathfinder SST (degC), Aug.
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Pathfinder SST (degC), Sep.
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Pathfinder SST (degC), Oct.
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Pathfinder SST (degC), Nov.
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Pathfinder SST (degC), Dec.
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Figure 2.4: Climatologial monthly mean (January through Deember)AVHRR Path�nder SST (◦C).
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of the north shelf and northern part remains old. The most striking feature ofthe Middle Caspian Sea is the upwelling along the eastern oast, most learlyours in July-August-September but an also be deteted slightly in othertimes. The timing of maximum upwelling and its enter of ation hangesfrom year to year (sometimes our later, and in some years the entral part ismore ative, while in other years it shifts north). The southern basin is alwaysvery warm, the eastern part exept the easternmost shallow area seems alwayswarmer, the easternmost shallow shelf seems to ool faster in early winter andbeause of its shalowness, this basin warm up faster to a higher temperature.There is a urious onstrasting vein of warm water sneaking into the up-welling zone from the southern basin toward the middle basin, along the easternoast, this warm water vein seems to have bypassed the upwelling path andreah to northen part of the middle basin. Similar intrusion is seen in thenorthern shelf, old water from the northern shelf and the Volga along thewestern shelf extend into the southern basin, past Apsheron peninsula in someyears, and remains short of it in some other years.An important aspet of the Caspian Sea oeanography is the existeneof ie, typially formed in the shallow North Caspian Sea region in winter(Kosarev and Yablonskaya, 1994). During severe winters drifting ie is found asfar south as the Apsheron peninsula. As expeted, sea-ie profoundly modi�esthe surfae heat, mass and momentum exhange, and also alters the radiativeand turbulent omponent of the surfae heat balane due to its high albedo andlow thermal ondutivity. This results in redution of the absorption of short-wave radiation by as muh as 80%, and the turbulent heat �uxes by one to twoorders of magnitude. Ie generally forms in mid-November (in mild winters,ie formation starts 20-30 days or more later, while in severe winters it forms20-30 days earlier) and deays in mid-Marh. Ie typially disappears in thenortheastern part at the beginning of April (Kouraev et al., 2004). Therefore,it is essential to model the seasonal variation of ie related thermodynamis inthe Caspian Sea. 13



2.4 CirulationThere is some unertainty in onstruting seasonal irulation of the CaspianSea, as short term hydrographi data available mostly in the shelf zones areonly su�ent to haraterize some synopti variability of irulation withoutrevealing its essential details. Complexity arising due to strong variability ofthe atmospheri foring, its topography, the enlosed geometry of the basinwith shallow ontinental shelfes and sills, the ombined e�ets of barolini-ity reates signi�ant hallenges for diagnosing the seasonal irulation of theCaspian Sea.

Figure 2.5: Shemati representation of the Caspian Sea urrents (Lednev,1943) 14



The general irulation deteted by the avaliable data from hydrographisurveys from the end of the 19th entury till the 1950s has been desribed tobe yloni in the Middle Caspian Sea (MCS). The most striking results ofthe six instrumental surveys along the western oast of the MCS, arried outin 1935-37 (Stokman 1938, Baydin and Kosarev 1986), shows predominantlysouthward urrents along the western oast of the basin.Data from the regular oeanographi observations sine 1950`s in oastalareas of the sea have on�rmed the above mentioned southward urrents alongthe western oast of the MCS (Klevtsova 1968) and the semi-permanent anti-yloni vortex south of the Apsheron peninsula (Tsytsarev 1967). Southwardsurfae urrents along the eastern oast of the MCS (Klevtsova 1967, Bon-darenko 1993) are also evident in these observations whih ontradit with thementioned general yloni irulation of the MCS, but below this depitedsurfae irulation, northward urrents are known to exist along the easternoast of the basin with some seasonal dependene, supporting evidene forthe proposed yloni irulation. A southward urrent east of the Apsheronpeninsula passing to the southern Caspian Sea is inferred from the hydro-graphi observations, with urrents veloities of 50 − 60cm/s at the surfae,dereasing to 40 − 50cm/s near the bottom (Kosarev and Yablonskaya 1994).In the shallow northern Caspian Sea, the irulation appears to be almosttotally ontrolled by loal winds (Bondarenko 1992, 1993, Terziev et al 1992).Beause the information that an be dedued from hydrographi obser-vations is limited, the onstrution of the missing elements of the seasonalirulation pattern depends on the detailed results obtained from numerialmodels. The �rst numerial models designed sea were performed in the middle1970s. Later diagnosti models by Trukhhev et. al (1995) and Tuzhilkin et.al (1997) have indiated dipole strutures in the Middle Caspian Sea (MCS)and the Southern Caspian Sea (SCS). A yloni gyre in the nortwestern partand an antiyloni gyre in the southeastern part of the MCS. A similar pat-tern is also predited for the SCS, with an antiyloni ell in the northwest,15



and a yloni ell in the southeast. Based on above mentioned feature, Led-nev (1943) have generated the shemati represantation of the Caspian Seaurrents as shown in Figure 2.5.As a shallow basin, Northern Caspian surfae urrents are ontrolled byloal winds. (Bondarenko 1993, Terziev et. al., 1992). Middle Caspian Seashows yloni irulation with narrow �ow over the western oast of the basin,while northward urrents are observed along the eastern oast. The urrentsisolated from eah other at some extent, beause of the relief of the bottom.Reently, Ibrayev (unpublished) have shown the yloni irulation in theMCS in winter, southward surfae urrent and nortward subsurfae urrentalong the eastern shelf. Shrum have noted the same pattern as Ibrayev in win-ter, by using HAMSOM model onduting interannual simulation from 1979to 1993. However they showed that the pronuned yloni and topographydriven irulation turns for typial summer wind onditions to an antiyloniirulation in MCS ontradit with the �nding of the Ibrayev et. al.Besides modelling e�orts, the irulation harateristis of the Caspian Seawas also investigated by using satellite drived SST and hlorophyll by Sur et.al. They have revealed the sign of old southward �ow along the west oastand warm water intrudes nortward from the SCS to the MCS.The largest in�ow of fresh water omes from the Volga River, aounting forabout 80% of the limatologial mean river disharge of 250km3 yr−1 (Kosarevand Yablonskaya, 1994). It is known that, bouyant oastal river dishargeprodues large-sale plumes and oastal urrents in waters of the ontinentalshelf and shelf seas (Garvine, 2001). Thus, the in�ow from the Volga riverwould be expeted to play a signi�ant role in the dynamis of the region.The lak of information about upper oean quantities in the Caspian Seamakes it essential to study spatial and temporal variability of various variables,inluding diretion and magnitude of urrents in addition to SSH and SST overthe seasonal yle using an eddy-resolving oean model.The spetra of the urrent �utuations and water temperatures in the deep16



open sea there appear four basi period (Kosarev and Yablonskaya, 1994), thenatural synoptial of �ve days, the quasi-inertial of 19 hours, the semi-diurnaltidal, and the nine hour seihe period ( Figure 5.22). Near the oastline theenergy spetrum of the urrents are ompliated.

Figure 2.6: Energy spetrum of time variability for urrents at levels of 200mas reorded by moored station o� the Apsheron peninsula. Obtained fromKosarev and Yablonskaya, 1994
2.5 UpwellingIn summer through early fall there is ontinous upwelling along the easternoast of the Caspian Sea. This summer upwelling was studied by numerousauthors (Baidin 1986, Kosarev 1975, Terziev 1992, Kosarev 1990, Sur et al.,2000). Upwelled water is easily deteted by satellite SST data with relativelyolder waters along the oast and �laments penetrating o�shore from the up-17



welling region. Figure 2.7 shows suh a satellite SST image obtained fromAVHRR satellite. The upwelling region extends from 41◦ to 44◦N along theeastern oast with temperature 2 − 3◦C lower than the surrounding water in aregion extending 5-20 km from the oast. The upwelling at the entral part ofthe eastern oast appears more ative in this image, but a review of simiar datashows that the upwelling region shifts to the north or south during other times.The eastern oast upwelling is losely related with the predominant northerlywinds in summer. The upwelling distribution evidently hanges with the windintensity and diretion.

  

Figure 2.7: AVHRR SST (◦C) on 17 July 200118



Geometri / topographi irregularities along the oast suh as headlandsin�uene the upwelling, as well as the stability of the upwelling front (Pe�eyand O'Brien 1976).The struture of the marine atmospheri boundary layer is often modi�edby gradients in sea surfae temperature (Song et. al. 2006), suh as thosepresent in upwelling regions. These hanges have been observed and modelledin di�erent parts of the world oean (Chelton et al., 2001; Chelton 2005). Inthe Caspian Sea, the SST gradient along the eastern oast is likely to generatesimilar e�ets and is likely to in�uene the exhange with the atmosphere overthe sea and the adjaent desert land.Compared to the other biologially ative upwelling regions of the worldoean, plankton blooms with high hlorophyll onentration are peuliarly notevident in satellite images of the upwelling region along the eastern oast ofthe Caspian Sea.An important onsequene of Caspian Sea upwelling is the advetion of highsalinity water onto the shelf by ompensation urrents along the oast, reatingfavorable onditions (pre-onditioning) for dense water formation during thelater winter period, leading to intense slope onvetion that an ventilate thedeeper waters of the Middle Caspian Sea.2.6 Dense Water FormationVentilation of the deep waters of the Caspian Sea ours through omplexproesses. The rate of formation of dense water is ontrolled by omplexfators suh as the rate of ooling in the shallow ontinental shelf areas in thenorthern part of the Caspian Sea, ie formation in the North Caspian Sea,saline water ejetion by ie, the bakground strati�ation and fronts, freshwater input, surfae �uxes and meso-sale irulation. The fate of the sinkingdense water depends on topography whih also in�uenes the irulation.Dense water formation ontributes to renewal of the deep water, and thereby19



a�ets the irulation of the sea. The mehanism for dense water formation isnot lear in the Caspian Sea. Kosarev (1985) has suggested two possible meh-anisms for sinking of dense water: (1) in summer, evaporation inreases thedensity of sea water at the surfae, whih then sinks deeper, espeially alongthe eastern oast, (2) in winter, salt ejetion by freezing results in a saline sur-fae waters in the NCS. In addition, surfae waters �owing northward alongthe eastern oast of the MCS ome into ontat with the ie on the northernslopes of the MCS, beome denser by ooling and sink to greater depths ofthe MCS (Ferronsky 2003). Kosarev and Yablonskaya (1994) have also notedthat the onditions for development of winter-time vertial motions are morefavorable along the eastern oast ompared to the other regions.Based on two ruises performed in September 1995 and September 1996Peeters et al. (2000) have suggested a similar mehanism for dense water for-mation, whereby water transported north along the eastern part of the CaspianSea beomes older by enountering the ie and less saline old water in thenorth and sinks to the deeper parts of the Middle Caspian Sea. Climatologialdata show a old water mass with high density near the eastern oast at 44◦Nlatitude ( Figure 5.29).Based on isotope tehniques, Froehlih et al. (1998) investigated the deep-water renewal proess in relation to the e�ets of the water balane and sea-level hange. They onluded from a study of traers that the mixing in theCaspian Sea ours in several stages: �rst in the MCS and later transmittedinto the SCS by over�ow aross Apsheron sill. They also argue that, one ofthe possible mehanism for dense water formation (the surfae water of theMCS �ow northward along the eastern oast. After reahing the edge of theie on the northern slope of the MCS, they ool down, beome denser, andsink in deepwater layers of the MCS.) is onsistent with the harater of thelinear relationship between the isotopi omposition of O and the salinity indeep waters of the MCS. From their results, the average age of water in themiddle and southern Caspian Sea is 22 (1995-1973) and 25 (1995-1970) years,20



respetively. For samples of 1996, the age of water in the MCS and SCS wasestimated by 24 and 26 years, respetively. Therefore, they onluded that therate of the vertial mixing of seawater slowed down between 1995 and 1996,suggesting that the amount of river waters entering the sea diminished.

Figure 2.8: Cross setion (see inset for the loation of the setion) of salinity(psu) in the Caspian Sea (a) August 1976 and (b) September 1995. FromKostianoy and Kosarev 2005.Ventilation of deep waters is sensitive to hanges in sea level (Kosarev21



1975, Terziev 1992, Ferronsky 2003, Peeters 2000). Deep-water renewal inthe Caspian Sea appears to be an intermittent proess with extreme large-sale onvetive mixing events taking plae on an interannual basis. It isoften argued that the rise and fall of the Caspian Sea level assoiated withvarying degrees of fresh water in�uene hanges the strati�ation and therebya�ets the thermohaline irulation and the mixing proesses of the CaspianSea (Kosarev and Yablonskaya 1994, Ferronsky 2003).The dramati e�et of sea level hange on the mixing properties of theCaspian Sea an be easily seen in the Figure 2.8. In this �gure ross setion(see inset for the loation of the setion in the �gure) of the Salinity was shownfor two years. While upper �gure shows the ondition when sea level is lowest,the lower �gure shows the ondition when sea level is higer. In the upper�gure, the entire water olumn of two basins of the sea is mixed evident fromthe onstant vertial salinity ontours from surfae to the bottom of the sea.However, during the higher sea level onditions, the strati�ation is evident ar100 m depth.By using the isotopi omposition of water masses Peeters et al. (2000) andFerronsky et al. (2003) have also investigated the water-exhange proessesin this basin. They have onluded that the derease in sea level ould haveaused a major mixing event in 1976. It is reasonable that after that timeno major mixing has oured, beause the sea level rise leads to a derease insurfae-water salinity and thus redues the probability of large-sale onvetivemixing.
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CHAPTER 3
THE DATA AND MODEL

3.1 The DataThe following data have been olleted and analyzed in the present thesis, inorder to interpret and ompare the model results:3.1.1 Sea Surfae TemperatureThe Advaned Very High Resolution Radiometer (AVHRR) Oean Path�nderglobal equal-angle SST data set (Version 5.0) has been obtained from the U.S.National Oeanographi Data Center (NODC) publi web site (http://www.nod.noaa.gov/SatelliteData/path�nder4km/). This 4 km AVHRR Path�nderdata set is based on a new reanalysis of the AVHRR data stream, developedjointly by the Rosenstiel Shool of Marine and Atmospheri Siene, Universityof Miami (RSMAS) and the NODC. An improved version of the Path�nderalgorithm and its proessing steps have been used to produe twie-daily globalSST and related parameters sine 1985, at a resolution of approximately 4 km,the highest possible for a global AVHRR data set. Improvements in the data,relative to the original 9 km Path�nder SST data set, inlude a more aurate,onsistent land mask, higher spatial resolution, and the onsideration of seaie information.Monthly SST is alulated by averaging daily SST data, and the SST23



anomaly is alulated by substrating the limatoloal SST from these monthlyvalues. Beause we are interested in establishing relationships with limate pat-terns, and in partiular with the North Sea - Caspian Pattern (NCP), the SSTdata were then windowed to inlude data between February and May of eahyear, representing mid-winter to mid-spring months shown by earlier studies(Ghasemi and Khalili 2007, Tatli 2007) to be most relevant for the e�ets ofNCP on the limate of the region.The NCP index was alulated following Kutiel and Benaroh (2002),with the time range of the index extended to 2006. For this purppose, theNOAA/NCEP-NCAR monthly intrinsi geopotential height at 500 hPa wasaveraged over the two retangular enter regions de�ned by Kutiel and Be-naroh (2002): in the North Sea between 0◦E, 55◦N and 10◦E, 55◦N , and inthe North Caspian Sea between 50◦E, 45◦N and 60◦E, 45◦N), seleted on thebasis of linear orrelation analysis by the same authors3.1.2 MODIS hlorophyll onentrationThe 1 km resolution MODIS hlorophyll data, retrieved by instruments onboard the Aqua polar orbiting environmental satellite, are provided by theNASA OeanColor projet at http://oeanolor.gsf.nasa.gov/.Level 2 MODISdata, available sine from June 2002 till the present time were obtained andproessed by the SeaDAS (SeaWIFS Data Analysis System, version 4.9.4)software, with the data windowed in the 36.5◦N to 46.5◦N and 47.5◦E to
55◦E region. With Merator projetion, the the data array for eah image hasa size of 710 x 1224.3.1.3 Sea Level AnomalyThe Sea Level Anomaly (SLA) data overing the Caspian Sea were obtainedfrom A. Kostianoy, following the work of Kostianoy and Lebedev (2006). TheTOPEX/Poseidon (T/P) and Jason-1 (J1) satellites were used to onstrut theCaspian Sea SLA. The positions of the T/P and J1 ground traks are optimal24



for the analysis of sea level variations in the Caspian Sea. The orbital repeatperiod ( 10 days) enables the analysis of interannual and seasonal variabilityof sea level. These data represent the longest time-series of satellite altimetrimeasurements (from September 1992 to August 2002, yles 1 to 365 for T/P,whih is extended from August 2002 till the present time by the J1 along thesame traks).Kostianoy and Lebedev (2006) have analyzed 13 years of T/P and 3.5 yearsof J1 data for the September 1992 to Deember 2005 period, obtained fromthe NASA Goddard Spae Flight Center (GSFC) Oean Altimeter Path�nderProjet (Koblinsky et al., 1999).The limatologial monthly means of the data were alulated from thetime-series data available for the above period, and ompared with modelresults to evaluate model performane.3.1.4 DriftersThree SVP-BT Lagrangian drifters were deployed in the Caspian Sea. (theTehnial Spei�ation for the drifters is aessible on Marin-Yug site - http://marlin.stel.sebastopol.ua/). The drifters transmit the sea surfae temperature,air pressure and subsurfae temperature at the 12 m depth in every 60 min-utes. The longitude and latitude of the loation of the drifters transmitted inrandomly time intervals. The data is low-pass �ltered with one hour periodbefore alulating the drifter urrents.3.2 Model Charateristis and Setup3.2.1 The HYbrid Coordinate Oean Model (HYCOM)The model is a generalized (hybrid, isopynal / terrain�following σ / z�level)oordinate primitive equation model whose original features are desribed byBlek (2002). The hybrid oordinate extends the geographi range of appli-25



ability of traditional isopyni oordinate irulation models toward shallowoastal seas and unstrati�ed parts of the oean.The original hybrid oordinate approah was aomplished using a hybridvertial oordinate grid generator (Blek 2002). Any remapper of this kindmust be based on a full vertial pro�le that is onsistent with the model �elds(whih represent vertial averages aross eah layer). The original remapperin HYCOM assumed that eah �eld was onstant in the vertial within eahlayer. This is the simplest possible pro�le, and it may be the best hoiewhen remapping layers that are nearly isopynal. However, when remappinglayers that are far from isopynal this approah an lead to exessive di�usion.HYCOM's urrent remapper, as used in the Caspian Sea simulations presentedin this thesis, allows the pro�le to vary linearly aross a layer if the layer is notlose to being isopynal, whih signi�antly redues di�usion. The remappingproess an be thought of as �nite volume vertial advetion (Leveque 2002).In terms of the �nite volume methodology, the original remapper orrespondsto donor�ell upwind advetion, while the remapper used in this study is basedon the pieewise linear method with a monotonized entral�di�erene limiter(van Leer 1977).The model ontains a total of �ve prognosti equations: two momentumequations for the horizontal veloity omponents, a mass ontinuity or layerthikness tendeny equation and two onservation equations for a pair of ther-modynami variables, suh as salt and temperature or salt and density. Themodel equations, written in (x, y, s) oordinates, where s is an unspei�edvertial oordinate, are
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+ h̄θ, (3.3)where v = (u, v) is the horizontal veloity vetor, p is pressure, θ representsany one of the model's thermodynami variables, α = 1/ρ is the potential spe-i� volume, ζ = ∂v/∂xs −∂u/∂ys is the relative vortiity, M = gz + pα is theMontgomery potential, gz = φ is the geopotential, f is the Coriolis parameter,
k is the vertial unit vetor, ν is a variable eddy visosity/di�usivity oe�-ient, and τ is the wind� and/or bottom�drag indued shear stress vetor. Thevariable h̄θ represents the sum of diabati soure terms, inluding diapynalmixing ating on θ. Subsripts show whih variable is held onstant duringpartial di�erentiation. Distanes in x, y diretion, as well as their time deriva-tives u and v, respetively, are measured in the projetion onto a horizontalplane.The prognosti equations in the model are time�integrated using a split�expliit treatment of barotropi and barolini modes (Blek and Smith 1990).The split�expliit approah has proven to be advantageous for exeuting oeanmodels on massively parallel omputers beause it does not require solution ofan ellipti equation. Isopynal di�usivity and visosity values, inluding theone used for thikness di�usion (interfae smoothing), are formulated as ud∆xwhere ∆x is the loal horizontal mesh size and ud is of order 0.01 m s−1. Inregions of large shear, isopyni visosity is set proportional to the produt ofmesh�size squared and total deformation (Smagorinsky 1963), the proportion-ality fator being 0.2.HYCOM uses the K�Pro�le Parameterization (KPP) mixed layer model(Large et al. 1994), whih is partiularly attrative for several reasons. Itontains improved parameterizations of physial proesses in the mixed layer,inluding non�loal e�ets. It has also been designed to run with relativelylow vertial resolution, an advantage for OGCMs. The KPP model alulatesthe mixing pro�le from the surfae to the bottom of the water olumn, and27



thus provides an estimate of diapynal mixing beneath the mixed layer. Itprovides mixing throughout the water olumn with an abrupt but smoothtransition between the vigorous mixing within the surfae boundary layer andthe relatively weak diapynal mixing in the oean interior. The KPP shemehas primarily been tuned against Large Eddy Simulations (LES) and thereforetypially over short time sales (e.g. the diurnal yle) and in small regions.3.2.2 Caspian Sea ModelModel Resolution and ConstantsThe Caspian Sea model used here has a resolution of 1/25◦ × 1/25◦, on aMerator grid. Zonal and meridional array sizes in the model are 204 and354, respetively. The Merator grid has square grid ells with a resolutionof (0.04 × cos(lat) × 111.2 km), i.e., 4.44 km in the meridional diretion and3.37 km at the southern and 3.05 km at the northern ends of the domain inthe zonal diretion. Average zonal grid resolution is ≈ 3.2 km.The model has 30 hybrid layers (14 sigma levels � and 16 z�levels). Adetailed explanation is provided here on the distribution of the vertial layersin the Caspian Sea model. One advantage of HYCOM is the generalized ver-tial oordinate. Typially, the model has isopynal oordinates in the strat-i�ed oean but uses the layered ontinuity equation to make a dynamiallysmooth transition to z�levels (�xed�depth oordinates) in the unstrati�ed sur-fae mixed layer and σ�levels (terrain�following oordinates) in shallow water.The optimal oordinate is hosen every time step using a hybrid oordinategenerator. Thus, HYCOM automatially generates the lighter isopynal lay-ers needed for the pynoline during summer. These beome z�levels duringwinter. The density di�erene values were hosen so that the layers tend tobeome thiker with inreasing depth, with the lowermost abyssal layer beingthe thikest.In general, HYCOM needs fewer vertial oordinate surfaes than, say, aonventional z�level model, beause isopynals are more e�ient in represent-28



ing the strati�ed oean. For example, fewer isopynals than z�levels are neededto resolve the pynoline beause (1) the isopynals are Lagrangian oordinatesthat follow the simulated depth of the hosen isopynals with omputationalpreision, and (2) isopynal oordinates avoid the arti�ally large diapynaldi�usion that ours in z�level and σ�oordinate models. This allows isopy-nal models to maintain a sharp pynoline without the di�usion that plagues
z�level and σ�oordinate models. In ontrast, z�level models must resolve thepynoline by having high vertial resolution at all depths where the pyno-line may our. The high vertial resolution is also needed to allow lowervertial di�usion oe�ients below the mixed layer and thereby derease thepynoline di�usion. More z�levels than isopynals are also needed to resolvethe bottom topography, whih is represented by the bottom layer thikness inisopynal models. In the unstrati�ed mixed layer HYCOM uses z�levels (indeep water) and needs the same high vertial resolution as a z�level model.Constant parameters used in the Caspian Sea model are provided in Ta-ble 3.1.Bottom topographyThe bottom topography in the Caspian Sea model ( Figure 3.1) was on-struted from Russian bathymetry data with a resolution of 1/120◦ (GLOBEprojet. www.globe.gov). After interpolation to the Caspian Sea model grid,the �nal topography was smoothed twie with a 9�point smoother to reduetopographi vortiity generation at small sales poorly resolved by the modelgrid. The Caspian Sea has a �at wide shelf in the northern part as well asits southeastern extremity, and a steep ontinental slope along the westernand southern oasts and a wide shelf with a gentle slope in eastern part ofMiddle Caspian Sea. A mild ontinental slope also ours at the transitionbetween the northern shelf and the middle basin. The middle and southernbasin depressions reah maximum depths of 800 and 1000 m respetively. Thetwo deep basins are seperated by the Apsheron peninsula and its extension29



Table 3.1: Constant parameter values used in the HYCOM Caspian Sea sim-ulations. In the oean interior, the ontribution of bakground internal wavebreaking, shear instability mixing, and double di�usion (both salt �ngeringand di�usive instability) are parameterized by the KPP model. In the surfaeboundary layer, the in�uene of wind-driven mixing, surfae buoyany �uxes,and onvetive instability are parameterized. The KPP algorithm parameter-izes the in�uene of nonloal mixing of temperature and salinity, whih permitsthe development of ountergradient �uxes.Value Desription of the onstant used in the Caspian Sea model0.1 Deformation-dependent Laplaian visosity fator0.005 Di�usion veloity (m/s) for Laplaian momentum dissipation0.0067 Di�usion veloity (m/s) for biharmoni momentum dissipation0.005 di�usion veloity (m/s) for Laplaian temp/saln di�us.2.2 x 10−3 Coe�ient of quadrati bottom frition10.0 Thikness of bottom boundary layer (m)0.02 Minimum density jump aross interfaes (kg/m3)0.2 Equivalent temperature jump aross mixed-layer (degC)30.0 Referene mixed-layer thikness for SSS relaxation (m)0.45 KPP: ritial bulk rihardson number (Ri)50 x 10−4 KPP: max visosity due to shear instability (m2/s)50 x 10−4 KPP: max di�usivity due to shear instability (m2/s)1.0 10−4 KPP: bakground/internal wave visosity (m2/s)1.0 10−5 KPP: bakground/internal wave di�usivity (m2/s)10.0 10−4 KPP: salt �ngering di�usivity fator (m2/s)1.9 KPP: salt �ngering rp=(alpha*delT)/(beta*delS) ??R_\rho olaak?98.96 KPP: value for nonloal �ux term10.0 KPP: value for nonloal �ux adjustment term5.0 KPP: value for the turbulent veloity sale
30



forming the Apsheron sill with a depth of about 150 m and widh of about 70km at its rest (see Figure 3.1).
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  Figure 3.1: The Caspian Sea bathymetry (m) and the model oastline used inthe HYCOM simulations. The model land-sea boundary is the 4 m isobathwhih is shown with light brown in olor. The Kara Bogaz Gol is exluded inthe model simulations
Temperature and Salinity InitializationThe Caspian Sea simulations su�er from lak of good quality, �ne�resolutionsubsurfae temperature and salinity limatologies to be used for model initial-ization. Although ,the 1◦ × 1◦ World Oean Atlas 2005, the well�doumentedand ommonly used subsurfae temperature and salinity limatology of John-son (2006), overs the Caspian Sea region, only 5 standard levels have been des-31



ignated in WOA05 for the muh of the Caspian Sea. It is therefore not possibleto use this data until orreting the bathymetry used in WOAS05 limatologyalulation. It was therefore preferred to initialize HYCOM with tempera-ture and salinity data from the Russian limatologial data set (Kosarev andTuzhilkin, 1995). This limatologial data set has 0.25◦x0.2◦ horizontal gridresolution, and insu�ient data in the deeper layers. The model was initializedby interpolating the limatology data to the model grid points.
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Figure 3.2: Annual mean of basin averaged limatologial monthly mean tem-perature and salinity pro�les obtained from Russian data set.The annual and basin average potential temperature and salinity �eldsfrom this data alulated at 19 depth levels ranging from 0 to 800 m are shownin ( Figure 3.2). Annual and basin mean surfae temperature is warmer, thedeeper part of the Sea shows little temperature variation, and has approximetly
5◦C. A relatively fresh surfae layer of less than 30 m is observed in the salinity32



pro�le, salinity inreases from 10.43 psu at the sea surfae to 11.95 psu at 800m. There is a very shallow haloline with a depth of 30-40 m. The deep layerbelow 200 m are nearly homogeneous.Colder Sea Surfae Temperature along the either side of the Sea is evidentfrom the data obtained from hydrographi observationsa shown in Figure 3.3in February. During July, due to the upwelling along the eastern oast of theCaspian Sea, older temperatures present only along the eastern oast of theMCS. The detailed desription of the SST was made in Chapter 2 of this thesis.Sea Surfae Salinity (SSS) in the Caspian Sea shows strong seasonal andinterannual �utuations. Figure 3.4 shows the limatologial SSS based onthe hydrographi observations in February and July months. There is markedzonal gradients of salinity in the sea, the lowest salinity is observed in NorthernCaspian Sea as result of the Volga river input. Beause there are no permanentrivers or other runo� on the eastern oast of the Caspian Sea and beause theevaporation is also higher there, the salinity in the eastern part is relativelyhigher than the west whih is easliy observed in the Figure 3.4 for Februaryand July months as east/west gradient in salinity. South Caspian Sea also hashigh rate of evaporation. Waters of the eastern ontinental shelf of the SCSare more saline due to the high evaporation in that shallow region during thewhole year period.There is ontinous strati�ation in the South Caspian Sea, inluding thewinter months. The strati�ation in MCS is very strong in summer and weakerin winter due to mixing. Figure 3.5 shows the limatologial temperature andsalinity setion along the 50◦E. The data is interpolated to the model grid.The strati�an in temperature is obvious in the upper �gure. Deeper waters ofthe MCS has lower temperature omapred to the SCS. While the tmperature isabout 5◦C below the 400 m in the MCS, it is about 7◦C in the SCS. The qualityof the salinity data is not lear, but in general lower salinities are observed inthe upper and western part of the Sea as shown lower panel of the Figure 3.5.The mixed layer in the Middle Caspian Sea may reah to depths of 200 m33
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1.125◦ × 1.125◦ ECMWF Re�Analysis (ERA) 40 limatology35
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Figure 3.7: Climatlogialmonthly mean wind stress �elds (N/m2) over the Caspian Sea from January through Deember alulatedby using ERA-40 Re-Analysis data set and interpolated to the model grid.
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Northern Caspian Sea, wind diretion is very unstable, hanging diretionnorthward in winter to southward in summer.
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Figure 3.8: Climatologial monthly mean surfae heat �uxes averaged over theCaspian Sea from ERA-40 Re-AnalysisThe net heat �ux absorbed by the near-surfae waters Q(z), at any depthz, is parameterized by
Qsol(z)/Qsol(0) = (1 − γ) exp(−z/0.5) + γ exp(−zkPAR),

γ = max(0.27, 0.695 − 5.7kPAR),

Q(z) = Q(0) + [Qsol(0) − Qsol(z)],

Q(0) = QLW + QL + QS,38



where Q(0) is net heat �ux absorbed at the surfae, QLW is the downwardnet longwave radiation, QL is the latent heat �ux, and QS is the sensible heat�ux, in whih heat �uxes into the oean are denoted to be positive. Latent andsensible heat �uxes at the air�sea interfae are alulated using bulk formulaethat inlude the e�ets of dynami stability (Kara et al., 2002). Both sensibleand latent heat �uxes are alulated using model top layer temperature ateah model time step. Inluding air temperature and model SST in the for-mulations for latent and sensible heat �ux automatially provides a physiallyrealisti tendeny towards the orret SST. Cloudiness, used in the alulationof radiation �uxes (net shortwave and net longwave �uxes) is provided diretlyby the ECMWF data.The wind stress omponents and magnitude are alulated as follows:
τx = ρaCDu(u2 + v2)1/2

τy = ρaCDv(u2 + v2)1/2

τ = ρaCD(u2 + v2)Here density of the air (ρa) at the air sea interfae is alulated using theideal gas law formulation (ρa = 100Pa/Rgas(Ta + 273.16) in kgm−3)Figure 3.8 shows the basin averaged seasonal yle of the heat �ux ompo-nent. Among the heat �ux omponents for the Caspian Sea the ontribution ofsensible heat �ux to the total heat �ux is the smallest, it has a broad minimumfrom Marh to September. The latent �ux ontribution is relatively higher atit has maximum value at September. The seasonal �utuations of the long-wave radiation heat �ux are small. Latent heat �ux is maximum in Augustand minimum in April. As shown in the last panel of the Figure 3.8, totalheat �ux is negative from Marh to August (i.e., the oean waters gain heatfrom the atmosphere).
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Preipitation and EvaporationOrographi apture of the eastward propogating mid-latitude yloness gen-erated in the North ATlanti Oean and eastern Mediterranean are the mainsoure of the preipitation for the Caspian Sea.3.2.2 shows the limatologial monthly preipitation pattern based on theECMWF data. Preipitation over the Caspian Sea is extremely non-uniform.Maximum preipitation ours in the southernpart of the Sea, assoiated withmountain e�ets ourring at the Zagros Mountains. There is inreased pre-ipitation north of the Apsheron peninsula. Summer rainfall is very small.In the Caspian Sea extensive evaporation ours along east oast of the seaand NCS. There is east-west gradient of evaporation. Evaporation is stronglyseasonal: it is low in winter and high in summer, reahing its maximum inSeptember.River DishargesThe Caspian Sea model treats rivers as a �runo�� addition to the surfae preip-itation �eld. The �ow is �rst applied to a single oean grid point and smoothedover surrounding oean grid points, yielding a ontribution to preipitation in
m s−1. This works independently of any other surfae salinity foring. Lookingmore losely at the largest rivers in a given oean model domain is importantto represent evaporation and preipitation e�ets properly.HYCOM reads in monthly mean river disharge values. The monthly meanRivDIS limatology (Vörösmarty et al. 1997; 1998) is preferred for use in HY-COM beause it gives river in�ow values at the mouth of the river (Table Ta-ble 3.2). A total of three major rivers (Volga, Ural, Kura) that bring largeamount of freshwater to the Caspian Sea are used as preipitation foring. TheVolga River has the largest disharge with a river �ow of 6, 365.0 m3 s−1. Thepeak out�ows from these rivers our from April to July. During November toDeember the out�ow is minimum. In the simulations desribed here HYCOMdoes not inlude the diret Kara-Bogaz Gol out�ow.40



                        

Figure 3.9: Climatlogialmonthly mean preipitation (m/s) �elds over the Caspian Sea from January through Deember alulatedby using ERA-40 Re-Analysis data set and interpolated to the model grid.

41



Table 3.2: Climatologial mean �ow values obtained from RivDIS (see onlineat http://daa.ornl.gov/rivdis/), for the river disharge into the Caspian Sea.Volga (m3/s) Kura (m3/s) Ural (m3/s)Jan 3917.5 467.9 60.9Feb 3960.2 493.9 56.0Mar 4032.8 553.0 70.1Apr 7488.5 813.3 899.5May 24021.5 1067.2 1377.3Jun 20075.3 850.8 409.7Jul 8163.6 451.7 198.5Aug 5590.6 313.7 131.9Sep 5036.9 326.7 105.3Ot 5358.7 387.9 98.4Nov 5450.0 423.8 90.8De 3948.0 461.0 63.4Model SimulationsAll of the HYCOM simulations presented in this thesis were performed withno assimilation of any oeani data exept initialization from limatology andrelaxation to sea surfae salinity. The model was run until it reahed statistialequilibrium using 6�hourly limatologial foring (hybrid wind for wind stressand interpolated �leds for other air-sea surfae �uxes) as desribed earlier. Ittakes about 8 model years for a simulation to reah equilibrium and nearlyannual yle. After model reahed a statistial equilibrium model exhibits notemporal drift.The simulations were performed using several parallel superomputers. Themodel array size is 204x354 and performing a 1-month simulation takes 1-1.5 wall-lok hours using 64 Intel proessors. Most of the model run wereperformed by using the superomputers of National Center for High Perfor-mane Computing Center, Istanbul Tehnial University (ITU). Detailed in-42



Table 3.3: HYCOM simulations performed in this thesis to test the in�uene ofwind stress and river input on irulation pattern and buoyany �uxes on thesurfae properties of the sea. The model uses limatologial wind and thermalforing (i.e, air temperature at 10 m, air mixing ratio at 10 m, shortwave andlongwave radiation) onstruted from European Centre for Medium RangeWeather Foreasts (ECMWF) re-analysis produt.Expt. Desription of the experimentexpt 1 30 layer NCOM like HYCOM, sigma-z,KPP, variable kapref, ERA40-sea winds, thermal andpreip foring, initialize from January Russian limatology andNo SSS relaxationexpt 2 twin of expt 1 but NO thermal �ux and barotropi oeanexpt 3 twin of expt 1 but NO thermal �ux and barolini oeanexpt 4 twin of expt 1 but no river runo�expt 5 twin of expt 1 but no river runo�expt 6 twin of expt 1 but no E-Pexpt 7 twin of expt 1 but no river runo� and E-Pexpt 8 twin of expt 1 but output data is stored 3 hour intervalexpt 9 �oat experimentformation about the resoures of this enter an be found below web pagehttp://www.uybhm.itu.edu.tr/. 64 Intel proessors were used provided by thisenter to perform model runs.3.3 Float PakageHYCOM has been equipped with ode designed to deploy and trak syntheti�oats and drifters, or to seed the model with syntheti moorings, during modelrun time.The horizontal and temporal interpolation shemes used to advet the �oats43



were adapted from the algorithms developed for MICOM (Garra�o et al, 2001a;2001b). Horizontal interpolation is performed using a sixteen-point grid boxsurrounding the �oat. Two-dimensional polynomial interpolation is performedif a su�ient number of good grid points are available, while bilinear interpo-lation from the four grid points surrounding the �oat is performed otherwise.Temporal interpolation is performed using a fourth-order Runga-Kutta algo-rithm.In HYCOM, three types of �oats/drifters are supported based on the spe-i�ed vertial advetion rules. To follow water parels, the diagnosed vertialveloity �eld is used to advet three-dimensional Lagrangian �oats. Isobari�oats remain at presribed pressure levels while isopyni �oats remain at thedepths of presribed density surfaes. These latter two �oat types are inludedbeause atual drifters released in the oean are usually one of these two types.For example, surfae drifters an be spei�ed by setting the type to isobariand setting the initial drifter depth to be within model layer one. The useran also speify that the model be seeded with syntheti moorings, in whihase no advetion is performed. These moorings an provide high-frequenysampling of the water olumn at presribed loations, whih an be at theloations of observational moorings to failitate model-data omparison. Dy-namial and thermodynamial water properties are interpolated to the loationof eah �oat. Time series of �oat position and depth, along with the interpo-lated water properties, are arhived for further analysis. If syntheti mooringsare spei�ed, veloity omponents u, v, w are output instead of �oat positionand depth.The detailed algorithms for the FLOAT pakage an be found HYCOM website (http:// oeanmodeling.rsmas.miami.edu/hyom/doumentation.html)
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CHAPTER 4
MODEL VALIDATION

In this setion, sea surfae temperature (SST), sea surfae seight (SSH) andsub-surfae temperature obtained from a seasonal run of the HYCOM CaspianSea model are ompared with the avaliable observations. Model SST and SSHomparisons are made with seasonally analysed satellite observations whihprovide extensive spatial overage of sea surfae properties. Sub-surfae tem-peratures are ompared with the Russian limatology data set whih was usedto initilializethe model.4.1 Model omparison with Path�nder SSTSeveral statistial metris were used to interompare monthly mean SSTs ob-tained from the limatologially fored HYCOM simulation and to omparethem with a satellite-based limatologial SST dataset at eah model gridpoints. For evaluation of the model results, monthly mean SSTs were formedfrom daily �elds using the last model year (year 8).A statistial evaluation was performed by using the limatologial NOAAAdvaned Very-High-Resolution Radiometer (AVHRR) Oean Path�nder globalequal-angle SST data (Version 5.0) as referene. Sine the spatial resolutionof Path�nder SST is similar to model resolution of ~4km, the Path�nder li-matology is suitable for the model-data omparisons.Comparison of the SST values predited by the model (HYCOM SST) and45



those from the limatology (Path�nder SST) was made using several statis-tial measures. Path�nder SST was interpolated to the model grid, and thetime series ompared using the following statistial relationships between themonthly mean Path�nder SST (X) and HYCOM SST (Y ) at eah grid point:
ME = Y − X (4.1)

rms =

[

1

n

n∑
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(Yi − X i)
2

]1/2 (4.2)
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(4.4)where n = 12 for the 12 months of data, ME is the mean error, rms isthe root-mean-square di�erene, R is the orrelation oe�ient, SS is the skillsore, and X(Y ) and σx(σy) are the mean and standard deviations of thePath�nder and HYCOM SST values, respetively.The nondimensional skill sore SS in above equation inludes onditionaland unonditional biases (Murphy 1992). It is used for the model-data om-parisons beause one needs to examine more than the shape of the seasonalyle using R (and SS). The nondimensional SS measures the auray ofSST simulations relative to Path�nder SST. The onditional bias (Bcond) isthe bias in standard deviation of the HYCOM SST, while the unonditionalbias (Buncond) is the mismath between the mean HYCOM and Path�nderSST. The value of R2 an be onsidered a measure of "potential" skill, that is,the skill that one an obtain by eliminating bias from the HYCOM SST. Notethat the SS is 1.0 for perfet HYCOM SSTs, and positive SS is onsideredas a suessful simulation. The nondimensional SS takes bias into aount,something not done by R. Part of the redution in SS values in omparisonto R stems from the squaring of orrelation in the SS alulation. Biases are46



taken into aount in the rms di�erenes, but in some ases the latter anbe small when SS and R are poor. This an our where the amplitude ofseasonal yle is small.
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Figure 4.1: Annual mean model SST mean bias (◦C) and RMS di�erene (◦C)with respet to the satellite-based Path�nder SST limatologyAnnual mean HYCOM SST error and rms SST di�erene alulated overthe seasonal yle with respet to the Path�nder limatology are shown in( Figure 4.1). The departure of limatologial annual mean HYCOM STT fromthe Path�nder SST in Figure 4.1a indiates SST errors of less than ±0.5◦C inthe interior of the Caspian Sea, with relatively higher deviation southwest ofthe MCS and south of the Apsheron peninsula where eddy features are present.Near the eastern ontinental boundaries, espeially in the upwelling region, theerror of model estimated SST reahes a value of −1◦C, with the model SSTbeing ooler the than the Path�nder SST. A similar pattern is observed in therms SST di�errene statistis: while the rms di�erene is less than 2◦C overthe most part of the sea, it reahes a value of 3◦C in the upwelling region. In47



summary, the model has suessfully reprodued the observed SST struturein general, with relatively higher SST deviations in dynamially ative regions,primarily at the upwelling region.Monthly mean di�erenes between model generated and Path�nder SST�elds, shown in ( Figure 4.2) vary between −2.5◦C and +2.5◦C. Aordinglythe model seems to underestimate the surfae tempertures in summer andoverestimate it in winter, whih may indiate a more ative mixing in themodel as ompared to what may be atually required. In summer, modelSST has the highest negative deviation in the upwelling region, whih may bebeause of sharper upwelling features in the model. In ontrast, the highestpositive mean error in winter months ours at the enter of the antiylonieddy in the Middle Caspian Sea, where the mixed layer depth has a maximumvalue.With SST measurement auray limits of 0.5◦C of best satellite sensorsand given the fat that satellite derived temperatures near the oasts are prob-lemati due to ontamination by land e�ets, the level of suess in our simu-lations are understandible. There may be an additional reason for di�erenesnear the oast, assoiated with the appliation of land-sea mask used in theERA-40 atmospheri re-analysis data used for speifying surfae �uxes (Kara2007). Inreased error near the eastern boundary ould also be related withthe quality of satellite detetion, possibly being in�uened by atmospherionditions of the adjoining deserts.The skill with whih the HYCOM model predits SST is spei�ally re-�eted in the SS maps in Figure 4.3, indiating values lose to 1 over mostof the Caspian Sea, exept in the upwelling region. The highest skill SS isobtained at the shallow northern part. The minimum SS value is 0.46 at theupwelling region, supporting a suessful predition. It is in fat surprisingthat SST is so well simulated by the model, without any data assimilation.
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Figure 4.2: Climatologial monthly mean model SST Mean Error (◦ C) with respet to the Path�nder SST limatology whihhas a resolution of 4km. upper �gures: From January June, lower �gures: From July to Deember
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Figure 4.3: Skill sore4.2 Model omparison with satellite derived seasurfae heightThe model generated sea surafae height was ompared with the satellite mea-surements. Sine the satellite an only measure the sea level anomaly (SLA),to evaluate the model performane, SLA is alulated �rst by subtrating theannual mean model sea surfae height (SSH) from the monthly mean valuesof the model SSH. The measurement period for the satellite derived limato-logial SSH di�ers from the averaging time period of the ECMWF re-analysisdata whih were used to fore the model. However, the omparisons were madeby assuming that the permanent irulation patterns have seasonal variationsand do not show strong interannual variations.Satellite derived SLA in the Caspian Sea shows strong seasonal variability.The basin-wide yloni irulation in the MCS and SCS dedued from the50



SLA in winter months beomes antiyloni in summer. Although this summertime irulation pattern an not be learly inferred from hydrographi data,the satellite derived SLA learly indiates this antiylone during the summerand supports the model results. The antiyloni ell in the MCS reahes itsmaximum intensity in August, then beomes weaker and �nally dissapears inOtober.Figure 4.4 and Figure 4.5 ompare the model based and the satellitederived SLA in the months of January and August respetively. Consideringthat these two limatologial monthly mean �elds are based on limatologiallydi�erent time periods, in general the T/P-J1 SLA and HYCOM SLA are ingood agreement.Figure 4.4 shows the evaluation of SLA in January, please note the dif-ferent olor sale of this two �gures. In general model derived SLA has lowervalues ompared to the satellite derived SLA. This bias ould be related withthe imperfetness of the water budget balane of the model. Another possiblereason may be improper representation of the mean sea surfae and inversebarometri e�et whih are substrated from measured altimetry of the satel-lite data. There is a basin wide yloni irulation in this month, negativeSLA values are present over the whole basin. The yloni irulation reahesmaximum intensity in the enter of the MCS evident in both satellite andmodel derived SLA maps. The only di�erene between two �gures is the SLAover the shallow northern basin. While model derived SLA has positive valuesover this basin, satellite derived SLA has negative values.Winter time basin-wide yloni irulation type turns to antiyloni onein summer. The maximum positive values of SLA is observed reahing to 15-20 m in August. Figure 4.4 shows the model and satellite derived SLA inAugust. The satellite SLA indiates two antiylones over the two deep basinsof the Caspian Sea. The model SLA also indiates two antiyloni ells, but theintensity of the antiylone in the SCS is lower ompared to the satellite SLA.There is no detailed information dedued from the hydrographi observations51



  

(a) Model

  

(b) SatelliteFigure 4.4: Model and satellite based Sea Level Anaomaly (SLA) (m) in Jan-uary. Note the di�erent sale in eah �gure.about the existene of the antiyloni ell in the enter of the MCS observed inthe summer months. However, the satellite derived SLA shows this antiyloneand it is agree with the model derived SLA.In other months, model and satellite SLA shows good agreement in stru-ture and loation of the yloni / antiyloni gyres, however model derivedSLA underestimates SLA values ompared to the satellite derived SLA. Giventhe fat that the averaging period for the onstrution of the limatology di�ersfrom eah data set, the model performane is good.4.3 Comparison to Climatologial observationsModel evaluation was also made by omparing the model sub-surfae temper-ature with the limatology of the available sub-surfae observations.Figure 4.6 shows the temperature setion along the 51oE transet for the52



  

(a) Model

  

(b) SatelliteFigure 4.5: Model and satellite based Sea Level Anaomaly (SLA) (m) in Au-gust. Note the di�erent sale in eah �gure.month of August. Upper �gures shows the observed temperature, lower �gureshows the model derived temperature. Although there is general agreementbetween the model results and the observations, there are some di�erenes invertial struture. In both �gures, a strong thermoline is seen at about adepth of 30 m. The strati�ation obtained from the observations and modelresults di�er in the deeper part of both basins, with the model temperaturesbeing higher than the observed values in the 50�25 0m depth interval. Thequality of the information ontained in the Russian limatologial data is notknown. On the other hand, if we trust the quality of these observations, themodel is seen to suessfully reprodue the summer thermoline and with somedi�erenes, the sub-surfae temperature strati�ation.Basin-wide omparison of observed and model sub-surfae �elds was madeby averaging temperature at 0, 10, 50 and 150 m depths. Figure 4.7 showsthe model derived temperature and the limatology from observations at these53



depths. There is lear agreement between the model (red triangles) and theobservations (solid line) near the surfae and at thermoline level, while dif-ferenes of up to 1 − 2◦C our at greatyer depths. The HYCOM generatedtemperature is loser to the limatology in summer, ompared to the othermonths. Strong agreement between the modelled and observed temperaturestated that HYCOM Caspian Sea model is suesful to model the thermody-namis adequately.
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◦C along the 51oE transet for the month of August.Salinity omparison is more omplex. The quality of the observed salinitydata is not lear, espeially in the deeper part of the sea. Comparison of thesalinity with the model shows a lear di�erene with inreasing towards tothe deeper depth. The minor soure of the salinity in the Caspian Sea is the54



Volga river and evaporation at the sea surfae. Although the Volga dishargeis known at some auray, the alulation of surfae water budget is not easy.The possible reason for the variation of the evapoaration minus preipitationwill be investigated later on this thesis.
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Figure 4.7: Basin averaged model and limatology temperature ◦C at depthsof 0, 10, 50, 150 m. Solid lines are limatology from observation, red trianglesare model temperature.
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CHAPTER 5
ANNUAL MEAN ANDSEASONAL ANALYSIS

5.1 CirulationIn this setion, seasonal and annual mean irulation are desribed, based ona seasonal run of the HYCOM Caspian Sea model initialized with monthly li-matologial hydrographi data and fored with monthly limatologial surfae�uxes desribed in Chapter 2.Figure 5.1 shows the annual mean irulation of the Caspian Sea, whereurrent veloity vetors averaged over depth intervals of 0-30 m, 30-150 m,150-300 m. While daily variations of the surfae urrents in the Caspian Seaan be quite strong, annual mean averaged urrents are relatively weak, ofthe order of a few cms−1 with maximum speed reahing 7− 8cms−1 along theoastal regions. As stated by various authors, the Caspian Sea surfae urrentsare strongly orrelated with the wind, whih is known to have signi�ant dire-tional variability on a daily basis. As a result, the annually averaged urrentshave low values.The irulation in the shallow Northern Caspian Sea is very sensitive tothe wind diretion and speed. As a result, there are no stable urrent patternsand the annual mean urrent magnitudes in this region are very weak. Yet,the annual mean irulation indiates northward mean urrents, whih varies56



onsiderably from one season to another.The most striking features of the Caspian Sea irulation are the antiy-loni gyres in the western part of the MCS at 42◦N of the Derbent depressionand the yloni/antiyloni paired gyres at 38◦N and 39.5◦N in the deepestpart of the SCS. All of these strong irulation ells at the topographi depres-sions are mostly barotropi features preserving their shape and loation fromsurfae to the bottom.All three ells are persistent throughout the year but their intensity isinreased to a maximum in summer, onsistent with the seasonal hanges in thewind �eld. Sine wind-driven transport is a dominant part of the irulationin large water bodies like the Caspian Sea, the inrease in urrent magnitudeis reasonable, sine the wind magnitude also inreases in summer.Southward surfae urrents along either side of the Caspian Sea are ob-served features whih are suessfully reprodued by the model. The south-ward urrents along either oast seem to be trapped very near the oast (
depth < 20m ). The intensity of the urrent along the western oast dereasessouth of 42◦N , as part of the urrent beomes inorporated in the antiylonio�shore gyre and after reirulating around it, enters the SCS along the 100m ontour on the western side of the Apsheron sill. The southward surfaeurrent along the eastern oast of the MCS is also a well known feature of theMCS in the summer. This southward urrent at the surfae hanges diretionto the north in the deeper levels. This irulation pattern suggests the exis-tene of a basin-wide yloni irulation in the MCS. However, the persistentfeature identi�ed as the Derbent antiylone in the western part of the basinis loated inside the desribed yloni ell.Throughout the year, a ontinuous southward �ow is evident over the fullwater depth o�shore of the Apsheron peninsula at the western side of theApshereon sill. The urrent veloities are greater at the surfae and dereasetowards to bottom. This southward urrent is an observed feature of theCaspian Sea irulation (Kosarev and Yablonskaya, 1994). While southward57



      

Figure 5.1: Model-derived annual mean urrents (cms−1) from ontrol run averaged over depth intervals of 0-30 m, 30-150 m and150-300 m. Red lines shows the 100, 200, 300 m bathymetry ontours.
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Figure 5.2: Model derived monthly irulation from ontrol run averaged over the 0 to 30m, 30 to 150m and 150 to 300m forDeember
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Figure 5.3: Model derived monthly irulation from ontrol run averaged over the 0 to 30m, 30 to 150m and 150 to 300m for May
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Figure 5.4: Model derived monthly irulation from ontrol run averaged over the 0 to 30m, 30 to 150m and 150 to 300m forAugust
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urrents are evident at the western side of the sill, a northward urrent ourson its eastern side, transporting warm water of the southern basin to the north.This nortward urrent is also evident from satellite SST data, as a vein of warmwater originating from the SCS �owing towards the MCS at the eastern oast.Sill topography appears to be an important fator ontrolling the exhangebetween the two basins, whih in turn is tied to the struture of the seasonalirulation in the adjaent basins.In the South Caspian Sea, a persistent dipole pattern and a basin-wideyloni irulation trapped in 100-300 m bathymetry ontour are observed.The yloni shallow irulation enirles the inner basin dipole pattern. Ofthe dipole struture, the yloni ell is loated in the southwestern part of thebasin, while the antiyloni ell is loated to its north. The antiyloni ell,identi�ed as the 'Kura antiylone' by Trukhhev et .al. , (1995) and Tuzhilkinet .al. (1997), has �rst been desribed by Lednev (1943). These authors havealso found the yloni ell in the southeastern part of the SCS. This dipolepattern is a permanent feature of the SCS, evident during the whole year,with a mainly barotropi struture extending from the surfae to the bottom.The southward urrents originating from the MCS pass the sill o�shore of theApsheron peninsula, progressing in the form of a oastal jet along the westernoast of the SCS. This oastal urrent reahes its maximum intensity whenit beomes onentrated along the inner part of the shelf along the westernSCS. The oastal jet follows the shallow bathymetry to turn lokwise aroundthe SCS along the 100-300 m bathymetri ontours, �nally arrivimg at theeastern side of the Apsheron sill. Outside of the shallow syloni irulationand in the shallow, wide shelf area at the very eastern limits of the SCS, strongsoutherly urrents are observed.The irulation at the surfae, at intermediate depth below the mixed layerand at depth are shematized in Figure 5.5 based on the annual model iru-lation maps presented earlier in Figure 5.1. The �gures were onstruted byeliminating the urrents that have windspeed values greater than 2.5 m/s for62



the surfae, 1 m/s for the intermediate depth, 0.3 m/s for the deep part.The surfae irulation ( Figure 5.5(a)) onsists of narrow jet-like oastalurrents very near the oast, �owing south along the entire western and east-ern oasts and originating in the north. Part of these urrents esaping thenear-oastal veins, espeially near headlands and in proximity to other strongirulations are inorporated in these other elements of irulation. In this way,the oastal jets and the antiyloni / yloni gyres in the individual basinsare interonneted by thin streams of urrents whih follow the oast and theontinental slopes. In a number of ases a strong urrent following a streamis diverted by a nearby feature and turns opposite to its �rdt orientation; forexample at the headland along the northeast oast, along the western oast inthe proximity of the antiyloni gyre of the NCS, at the southern oast andon the eastern sides of the dipoles in the SCS.The intermediate irulation, Figure 5.5(b), is muh simpler, and onsistsof the antiylone in the NCS and the ylone/antiylone pair in the SCS,and a south to north urrent along the main eastern basin topographi slope(whih is about mid-basin in the SCS and loser to the eastern oast in theNCS). This northward urrent then onnets to the yloni / antiyloniells weighted in the western side of the basin.The deep irulation, Figure 5.5(), onsists only of the antiyloni ellin the NCS and the yloni / antiyloni pair in the SCS, without andappreiable slope urrent joining them.Overall, the three major ells of irulation and shelf urrents displayedin Figure 5.5 appear to have signi�ant barotropi omponents. To explorefurther the barotropi urrents of the Caspian Sea, vertial average urrentsalulated on a monthly basis are shown in 5.1. The winter irulation ap-pears relatively simpler, with the urrents basially enirling the middle andsouthern depressions of the Caspian Sea, following major topographi slopes.This may be a result of the derease in vertial strati�ation in winter. Atthe enters of the depressions again the barotropi signals of the antiyloni63



(a) Surfae (b) Intermediate () DeepFigure 5.5: Shemati representation of annual mean irulation of the Caspian Sea for the depth ranges (a) Surfae (0-10 m),(b) Intermediate (50-100 m) () Deep (200-1000 m).
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eddy in the NCS and the ylone / antiylone pair in the SCS survive, al-though their intensities are muh redued in the barortopi irulation is muhredued beause their signatures are mainly onentrated near the surfae.In the spring, the barotropi irulation breaks up into a set of yloniand antiyloni ells in the deep basins, but a muh wider ell of irulationexists in the shallower parts, ompleting a yloni ell and onneting to thedeep basin irulations through a number of esape points.Monthly mean irulation averaged over depth intervals of 0-30 m, 30-150m, 150-300 m, are plotted in the Figure 5.2, Figure 5.3 and Figure 5.4. TheCaspian Sea urrents are more energeti during the summer and autumn, whilethe winter is relatively alm, and the spring is a transition season. A ylonisurfae irulation dominates the Caspian Sea from Deember to Marh, whenthe wind blows from the east and north-east diretions. The irulation ofthe MCS beomes antiyloni at the beginning of June, when strong north,north-west winds prevail.In the MCS, the urrents are relatively weak in most part of the basinexept the jet urrents near the oasts and within the antiyloni ell detetedearlier in the middle of the basin. From Otober to January, a basin-wideyloni ell is evident. The northward urrent �owing along the SCS entersthe MCS at the eastern oast of the Apsheron sill, following the 100-300 mbathymetry ontours. After reahing the northernmost part of the basin, thisjet turns to the west and follows the western oast with inreased veloity. TheDerbent antiylone shows some seasonality: it is weakened in winter and almostdiminished in April but beomes stronger in June. The nortward �ow along theeastern oast of the MCS, transporting warm water originating from the SCSis evident in autumn to winter months. ( In summer, this �ow is diminishedbeause of the strong Ekman irulation onneted with the upwelling.In the SCS, the dipole pattern deteted in the annual mean irulation ismore stable ompared to the irulation patterns in the other two basins. Thisfeature is on�rmed by the earlier results of Peeters et al. (2000), who showed65



                        

Figure 5.6: Climatlogial monthly mean barotropi stream funtion (m3/s) over the Caspian Sea from January through Deember
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the enhaned stability of the SCS basin relative to the MCB, based on BruntVaisala frequeny alulations of deep CTD asts.Northward annual mean urrent veloity at four di�erent setions are shownin Figure 5.7. These setions are seleted at the enter of the MCS, aross theApsheron sill, along 38◦E and along 39.5◦E. Southward oastal urrents areobserved to �ow along both the western and the eastern oasts of the MCS, asshown in Figure 5.7a. The urrent appears trapped very near the oast, whereveloities exeeding 2 m/s are enountered. Just below the surfae on eitherside of the basin, ounter urrents are found to �ow north. On the easternside, the northward urrent has maximum intensity trappped along the oast,with a maximum value reahed at depths of 50-100 m. Figure 5.7 b showsthe northward veloity omponent along the Apsheron peninsula, where twourrent ores in opposite diretions, are deteted. While the southward ur-rents areonentrated along the western oast with a maximum value enteredaround 70 m depth, opposing northward urrents are evident along the easternoast.The northward urrent at the 38◦E latitude setion ( Figure 5.7 ), alongthe western oast of the SCS is a branh of the antiyloni ell �owing towardsthe Apsheron peninsula. The southward urrent on the western side and thenorthward urrent along the eastern side at the 39.5◦E latitude setion ( Fig-ure 5.7 d) are assoiated with the yloni ell at this latitude.5.2 TemperatureThe most hallenging task for modelling of enlosed-seas like Caspian Sea is toproperly represent the annual thermal yle, sine the thermal regime hangesfrom an entirely thermally mixed one in winter, to a strongly strati�ed one insummer (Beletsky and Shwab 2001, who deteted the same sequene in thease of lake Mihigan). Our simulations with the HYCOM Caspian Sea modelwere able to reprodue the following main features of the Caspian Seathermal67



Figure 5.7: Vertial ross-setion of the annual mean alongshore urrents along(m/s−1) the (a) enter of the MCS, (b) Apsheron peninsula () 38◦E and (d)
39.5◦E. 68



struture.Figure 5.8 shows the temperature ross setions along 50◦E in di�erentmonths of the year. In this �gure, the blak line shows the base of the mixedlayer. (The MLD is the shallowest depth at whih the density hange with re-spet to the surfae is the equivalent of 0.2◦C., Kara et. al 2000). Throughoutthe year there are onsidereable di�erenes in mixed layer depth (MLD) be-tween the two deep basins of the Caspian Sea. While the MLD in MCS is about100 m in winter, it only reahes to 20 m in the SCS. The most striking featureof the temperature strati�ation is the sharp ontrast between the vertialgradients and the relative levels of temperature in the MCS and SCS basins,whih results from the di�erene in mixing and the e�et of the Apsheron sillseparating the two basins.In the beginning of January, the upper 100 m of the two basins are wellmixed, with the mixed layer existing till the end of April. In winter months,the sharp thermal fronts limiting ontinental shelf areas are evident, indiatinge�etive shelf mixing and ooling proesses leading to dense water formation( Figure 5.29).Sine the density in the Caspian Sea is largely determined by temperature(in the absene of a strong salinity strati�ation), the temperature ontrastsbetween basins re�et pressure gradients developing as a result of density dif-ferenes. The largest temperature di�erenes at sill level develop in late winterand early spring when di�erential mixing and ooling ours in the two basins.As a result, the dense water in the MCS is expeted to �ow south aross theApsheron sill to the SCS. The weakness of thermal strati�ation in the SCSduring the following periods appears partly to be a result of the sill over�owand ensuing thermoline level injetions of dense water from the MCS intothe SCS. Temperature isolines of older water on the Apsheron sill area on-neted to those at thermoline level of the SCS provides limited evidene inthis diretion.Starting in April, the surfae layer of the SCS begins to warm more rapidly69
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ompared to the MCS, resulting in a lear latitudinal gradient of temperature,extending deeper to the di�ering thermoline depths in the two basins, withhigher temperatures in the the SCS.By the end of the spring, strati�ationbegins to develop and the Sea is strongly stratifed in summer exept in theshallow NCS.A well-developed thermoline generally persists throughout the summerwhen the mixed layer depth typially dereases to about 15 m. As the strat-i�ation develops in either the MCS and the SCS basins the the level of thethermoline beomes distintly di�erent between the basins. the MCS bothhas a larger density and a stronger strati�ation at thermoline level in theMCS as ompared to the SCS. While the 11 ◦C temperature is ours at about50 m depth in MCS in July, it sours at a depth of about 130 m in the SCS. .The most distinguishing feature of the model derived SST is the lear iner-tial frequeny osillations shown in Animation 1 provided in addendum. Thismovie shows all the belligerent features of the Caspian Sea irulation atingin harmony: upwelling along the eastern oast, the intrusion of warm waterfrom the SCS to the MCS along the eastern oast, and old water along thewestern oast of the MCS were suesfully reprodued by the model.Besides loal in�uene on temperature, there are also large sale limatiin�uenes on SST variability whih is also important. These e�ets of largesale limate patterns on the SST variability are disussed in the Large saleontrol hapter of this thesis.5.3 Mesosale CirulationsIt is important to haraterize the nature of the Caspian Sea mesosale vari-ability to determine its role in exhange proesses and general irulation.The Caspian Sea general irulation is dominated by large yloni antiy-loni gyres over the middle and southern basins, and by wind-driven andbuoyany-driven oastal boundary urrents. These irulation elements form71



jets and fronts that beome unstable and shed eddies. The eddies may playa pre-onditioning role in wintertime deep onvetion. The wind-driven andbuoyany-driven oastal urrents and underurrents are important transportmehanisms, as well as probable soures of mesosale variability. (e.g. Rahevand Stanev 1997 for the ase in Blak Sea)Di�erently from the monthly mean irulation pattern, the sanpshots ofsurfae variables like SST, SSH ans SSS are dominated by eddies and givequite di�erent view of the irulation pattern. While mean �elds are dominatedby the antiylone in the MCS and the antiylone/ylone pair in the MCSonneted through vaious oastal jets, the snapshots are dominated by severaleddies, with sales on the order of the 30-100 km. The movie of the irulation(Animation 2 in addendum) reveals numerous small and medium sale eddiesgenerated/dissipated over the upwelling region, along the oastal boundariesand in dense water formation sites.Figure 5.9 shows model eddy kineti energy (EKE) at the �rst level of themodel. In January, EKE is onentrated in the viinity of the eastern oastnad the northern ontinental slope whih are believed to be the main siteswhere dense waters form. Compared to the SCS, the MCS is more ative andEKE has its maximum value in the shallow NCS. Eddy kineti energy in theCaspian Sea has pronouned seasonal yle. EKE reahes a maximum duringthe summer season due to inreased energy onversions of the strati�ed regime,and minumum levels of EKE are found during winter and spring when thewater olumn is more uniform in the deep mixed layer. While maximumEKE isobserved along the eastern and western oasts of the MCS, no signi�ant levelsof EKE an be observed in the southern Caspian Sea. However, in summerhigh values of EKE are also observed in the SCS where yloni/antiylonipaired gyres are loated.Figure 5.10 shows the eddy kineti energy along the 50◦E transet inJanuary and August. The most distinguishing feature of this �gure is the highlevel of EKE in the MCS as ompared to the SCS, and the signi�ant inreases72



    

Figure 5.9: Model derived eddy kineti energy (m^2/s^2) map at �rst modellevel during (a) January and (b) August. The white ontours are the bathy-metri ontours from 100 m to 300 m with 100 m interval.
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of EKE in the surfae layers in the summer season assoiated with developingstrati�ation. In winter, high EKE regions our exatly in areas where densewater is formed. In January there is almost no eddy kineti energy in thesouthern basin indiating the extremely stable nature of the irulation in theSCS.5.3.1 Mesosale Features in the Northern and MiddleCaspian SeaFigure 5.11 shows urrents averaged over depth interval of 0-30 m in the MCSin July. An outstanding feature of the July irulation is the southward/south-westward urrent along the north-eastern part, near the eastern oast of theMCS. This oastal jet urrent starts forming in June. The urrents inrease inintensity in July and ontinue to intensify in August (ref to earlier Figure!!).This �ow ompletely disappears in winter, replaed by a northward urrent inthe same area assoiated with the basin yloni irulation. This oastal jetarries the fresher, and as it will be shown below, also high hlorophyll waterof the NCS towards the MCS along its eastern oast.The headland, just north of the 43◦N on the easetern oast, is the plaewhere the �ow seperates from the oast and also divides into two branhes:while one branh turns to the north and follows the 100-300 m depth topo-graphi slope, the other �ows west towards the interior of the sea. Later, inSeptember, the branh that �ows into the interior of the sea inreases in in-tensity and pumps relatively fresh water originating from the oastal part ofthe NCS into the entral part of the MCS.Figure 5.12 shows the model derived Sea Surfae Salinty (SSS) for themodel days 210, 212, 213, 214, 215, 221. Above mentioned oastal jet isalso present in this �gure, identi�ed with less saline water trapped near theeastern oast of the MCS. The urrent arries the fresher and older water ofthe NCS southwestwards to the interior of the MCS. Another distinguishingfeature deteted from SSS �eld is the mushroom like pattern present along74



Figure 5.10: Eddy Kineti energy (m2/s2) along the 50◦E transet in Januaryand August
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Figure 5.11: Model derived urrent in July over the MCS. The southward �owalong the north-eastern oast of the MCS is evident in this �gure.the western oast of the Sea between 42◦N and 43◦N latitude. This �lamentis related with the antiyloni ell exist here. The western branh of theantiyloni ell pumps the oastal waters of the MCS to the interior of theSea.Di�erent than above mehnanism there is another �lament whih is evidentin Figure 5.12. The reason for that mushroom like pattern is the meeting ofnorthward �ows with southward �ows along the western oast near the 42◦N .Figure 5.12 shows the hlorophyll onentration and model derived SSS. Inthese two �gures, It is evident thatSome mesosale struture of the Caspian Sea an also be dedued fromthe satellite measured hlorophyll onentration. Cirulation features of theCaspian Sea was investigated by analysing the hlorophyll onentration. Phy-toplankton is both a passive traer transported by water irulation and an a-tive biomass growing under favorable onditions (light, nutrients, et.). Thesetwo proesses should be onsired when interpreting the irulation harateris-tis inferred from the hlorophyll maps. For the irulation patterns dissussedhere, it is assumed that biology is ontrolled by the irulation patterns.76



            

Figure 5.12: Sea Surfae Salinity (SSS) for a series of model days 210, 212,213, 214, 215, 221.
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Analysis of hlorophyll data show that the existene of southward �ow alongthe western oast of the Caspian Sea. In july and August, there is relativelyhigh hlorophyll onentration trapped very near the oast with sometimesbloked near the 42◦N and do not penetrate to the south. However, beginningwith the September the high hlorophyll along the western oast of the Seabeome more thiker and over the whole oast.The southward oastal jet over the north-eastern part of the MCS in Julyto Otober period was also evident in hlorophyll data. Figure 5.13 providea sequene of hlorophyll onentration during July-August 2004. Beginningwith the 27 July 2004, Figure 5.13 a, there seems to be movement of watertoward to the south. The relatively high hlorophyll onentration in theinterior of the MCS is the results of pumping of high hlorophyll data by thismehanism in the period 1-17 July 2004 (not shown). After two days, 29 July2004, high hlorophyll onentration is evident a little bit south, the intrusionof high hlorophyll is ontinue in the next day (30 July 2004). During the 1-2August 2004 ( Figure 5.13 d,e) the urrents �ows to the south and interior ofthe sea. Finally the jet deteh in 8 August 2004.Above mentioned southward urrent is also observed in other years. Forexample Figure 5.14 shows a series of hlorophyll maps during June-July2005 period. The minor di�erene in the struture of the southward oastalurrent between this year and 2004 is that the urrent in 2005 is more loseto the oast than 2004. Similar strutures as explained for 2004 and 2005years is also evident for other years. It an be onluded that this feature is apermanent struture of the general irulation of the Caspian Sea.5.3.2 Mesosale Features in the Southern Caspian SeaFigure 5.15 shows six partiular snapshots of daily irulation pattern ofthe SCS from January to June (at partiular days 15, 45, 75, 105, 135, 165).Figure 5.15 a, desribing the onditions during day 15 of the model day, revealsone big yloni gyre whih is loated southwestern part of the SCS. A small78



            

Figure 5.13: Sequene of hlorophyll onentration (inmgm−3) on 27,29,30 July and 1,2,8 August of the year 2004. The hlorophyllonentration ontours are plotted with di�erent olours and intervals for a better visualization of struture.
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Figure 5.14: Sequene of hlorophyll onentration (in mgm−3) 29 June and 1,4,7,8,9 July of the year 2005. The hlorophyllonentration ontours are plotted with di�erent olours and intervals for a better visualization of struture.
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antiyloni ell presents just above of this yloni gyre. There is a oastal jetalong the southern oast of the SCS. Besides these organized struture, thereare numerous number of small eddies loated in the shallow eastern shelf ofthe basin, whih is evident in day 45 Figure 5.15. The ylone is the persistentstruture of this basin in winter months. It is seen almost all the winter maps.There is always southward urrent along the eah oast of the SCS. In June,a basin-wide yloni irulation begins to develop.Figure 5.16 shows the snapshots of daily �ow �eld from July to Deember atpartiular days (195, 225, 255, 285, 315, 345). The basin-wide yloni oastaljet whih is already present in June beomes more intense in July shown inFigure 5.16 a. This oastal jet appears to follow the 100-300 m bathymeryontour. This jet seems to be similar to the Rim urrent in the Blak Sea.While this strong Rim urrent in the SCS bloks the exhange of propertiesbetween the oastal zone and inner sea while jet like instabilities, mesosaleeddies, �lament mushroom-like struture play important role in shelf-slopewater interations. The bloking of water and material by this jet is easily seenin the hl-a onentration data deteted by satellite. High hl-a onentrationis observed along the south western and southernmost oast of the SCS withoutany intrusion to the interior of the Sea. The irulation map in day 225,Figure 5.16 b, reveals the similar pattern as day 195 but the magnitude ofthis urrent is more intense in this day. In Figure 5.16 b, a small antiylonivortex near the 51◦E also begins to form. It then grow gradually in day 255by expanding toward the east. In this day the urrents along the Iran oastis more stronger, this oastal urrent is also evident from drifter observarionsand suessfully reprodued in the HYCOM Caspian Sea model. Figure 5.16d shows the evolution of this antiylone. In this �gure, day 285, the antiyloneis more stronger. However, the strong oastal urrent along southernmost partdisintegrates into smaller antiylone and this antiylone grows gradually in day315. A jet is also present transporting the southeastern oastal waters of theCaspian Sea to the interior of the sea. This jet is also evident from the satellite81



derived SST as a �laments assoiated with large o�shore protrusion of the jettowards the interior of the SCS basin. This pumping mehanism exists untilthe end of Deember. The antiylone near the 51◦E dissipates all together inday 345 as the irulation system begins to swith to its winter regime. Theirulation in the SCS is more learly de�ned and intense in summer than inwinter. In winter, eddy ativity is more pronouned mostly loated boundarybetween the shlef water and slope water.A series of hlorophyll data (18, 19, 20, 21, 22, 26 August of the year 2006)were shown in the Figure 5.17. This �gure reveals important irulationfeatures of the SCS. The oastal jet along the south western part of the basinis most easily deteted feature of the irulation struture. This jet divided intoyloni and antiyloni gyres due to the struture of the oast or depending onthe intensity of the oastal urrent. There seems to be a permanent antiylonigyre at 51◦E and yloni gyre just north-west of this antiylone. The intensityand loation of this gyres hanges from day to day. Flow struture after the
51◦E determined by the intensity of the antiylone and hanges from year toyear. When this antiylone is weaker, the jet follows the southern oast andturns to north following the 100 m bathymetry ontour. If this antiylonebeome stronger the jet do not follow the oast.Another important mesosale ativity ours over the south-eastern partof the Caspian Sea. In this region, the wide ontinental shelf oupies theeastern oast with a shelf break depth of 100 m. The broad shelf terminatesabruptly (the depth suddenly inreases from 100 m to about 500 m) to the west.There are very important physial proesses (ross-frontal exhange, eddies,shelfbreak fronts, et.) take plae at the shelfbreak whih divides the shelf andslope water. These physial proesses extensively studied by various authorsat Middle Atlanti Bight o� the east oast of the United States (Beardlesy etal., 1985, Gawarkiewiz 1991), the southern oast o� Brazil (ref??).In winter, there are numerous eddies assoiated with the shelf-slope waterinterations. Figure 5.18 shows a snapsot of model derived SST at model day82



            

Figure 5.15: The evolution of the �ow �eld in the SCS during (a) 15 (b) 45 () 75 (d) 105 (e) 135 (f) 165 days of the model daysoverlain on urrent magnitude
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Figure 5.16: The evolution of the �ow �eld in the SCS during (a) 195 (b) 225 () 255 (d) 285 (e) 315 (f) 345 days of the modeldays overlain on urrent magnitude
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Figure 5.17: Sequene of hlorophyll onentration (in mgm−3) on 18,19,20,21,22,26 August of the year 2006. The hlorophyllonentration ontours are plotted with di�erent olours and intervals for a better visualization of struture.
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70. The eddies along the shelfbreak is learly seen in this �gure.The south-eastern shallow orner of the South Caspian Sea is a suitableplae to investigate the behaviour of the oastal �ow due to topographi varia-tions. In this region bathymetry seems to play important role in the strutureof the oastal jet. There are numerial and modelling studies related with thissubjet. Sanson et al., 2005 studied by means of laboratory experiments andnumerial simulations and desribe the e�et of topography on a barotropioastal urrent. They onluded that when the �ow goes �ow deep to shallowwater, a part of or even the whole urrent might be fored to move along theontours of the topography, away from the oast. The situation in the SCS issimilar to this study, the oastal �ow ome from the west (from deeper part) toshelf and move along the ontours of the 100 m bathymetry. (Figure?? surfaeurrents at day 222 and bathymetry)Some information about the �ow struture of the Caspian Sea an be alsodedued from the deployed drifters in the Caspian Sea. Three drifters, twoin the MCS and one in the SCS, were deployed in the Caspian Sea duringbeginning of November 2006, and they operated approximately three monthsproviding the loation, temperature and barometri pressure on their ourses.The most striking feature of the Caspian Sea dynamis based on the driftersare the inertial osillation and strong variability of the urrents. One of thedrifters in the MCS was deployed at 41.8◦N, 50.2E◦ and the other at the o�-shore of the Appsheron Peninsula. This two drifters shows yloni motion.First drifter, Figure 5.19 move northwad and turn to west near 41.8, andthen �ows soutward as a oastal jet along the western oast of the MCS. Aftertrappnig the oast it moves faster and it reahes to the Apsheron peninsula inalmost 10 days. The speed of the drifters along the weastern oast is nearly20-25 m/s. The drifter moves west and east in 6 days aross the Apsheronsill and then move northward.Other drifter whih is shown in Figure 5.20, begin to move to north fromthe o�shore of the Apsheron sill. This drifter also shows yloni irulation86



  

Figure 5.18: Snapshot of model derived SST (◦C) at model day of 70, the blakline shows the 100 m bathymetry ontour. The strong temperature gradient isevident at the shelfbreak seperating the shelf water from the slope inner water.The unstable motions, meanders along the blak line are also evident in this�gure.
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similar to the other drifter. In this two drifter, the inertial osillation is evident.

Figure 5.19: The trajetory arising from September 2007 deployment. Dotindiate the deployment site.There is only one drifter in the SCS Figure 5.21, it moves southward afterdrifting west of its deployment plae in 6 days, then turn to southward. Thedrifter �ows into a antiyloni ell. Interestingly, after reahing the end ofthe antiylone, the drifter showed almost no displaement of 15 days at thesoutheastern oast of the basin, around 50.8◦E, 37.8◦N . The small urrentsand almost no displaement an be related with the alm wind regime whihsuspeted to be one of the reasons of the yanobaterial bloom in this basin. Inontrast, when the drifter �ows along the southern oast of the basin, it reahesmaximum veloity like 35cm/s. This oastal jet is also reprodued in themodel. It seems that the wind is not a prinipal ause of formation of jet alongthe southern oast. The on�guration of a oast, morphology of a bottom ismore important than wind. Another distinguishing irulation feature deteted88



Figure 5.20: The trajetory arising from September 2007 deployment. Dotindiate the deployment site.by drifters trajetories is the strong variation of urrent diretions. Althoughthe drifter passes the same loation, at the southernmost of the antiylonigyre, two times with nearly one month interval. In the �rst pass (28 Otober)it turned to the north and �ows into the antiyloni gyre, but in seond pass(23, November) it turned to the south and followed the southern oast as aoastal jet. This is the result of the strong variation in diretion of surfaeurrents. The drifter shows a strange movement at the eastern part of its pathjust below the 38◦N , the diretion of the drifter hange abruptly to the southwhen it was moving to the north. It an be suspeted that the reason of thisstrong turnning is wind, however it is interesting that the drifter followed thesame path whih it ha followed before returning. The topographi e�et ouldplay a possible role in this abrupt hange in diretion, while the drifter movealong the shelfbreak and folow the topography as a oastal urrent, drifterhanged diretion at a plae where there is a headland.89



Figure 5.21: The trajetory arising from September 2007 deployment. Dotindiate the deployment site.5.3.3 High Frequeny VariabilityIn above setions, the annual, season and monthly mean harateristis of theCaspian Sea dynamis was investigated by using model. satellite and drifterresults. In this setion the high frequeny variability of the Caspian Sea isinvestigated. HYCOM Caspian Sea model output was stored by 3 hour intervaland the spetra of the urrent omponent was omputed.The urrent data near the oastal stations of the Caspian Sea were in-vestigated by various authors (Kosarev and Tsiganov 1972, Bondarenko andKosarev 1990). Based on the spetral analysis of the long-term observations,they have found that at most of the stations four energy maxima emerge atperiods of several days and approximately 24, 17 and 12 hours. Although theexat values of suh maxima at di�erent stations are not the same. Typialsynoptial hangeability of the winds period has a variation of �ve days, the24 hour maximum was probably due to warming and ooling of the sea. Iner-90
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5.4 UpwellingFigure 5.23 shows snapshots of model SST at days 200, 215, 230, 245 and 260of the model annual yle, at the upwelling region along the eastern oast ofthe Caspian Sea. Mesosale dynami features suh as old �laments, single andmushroom shaped dipole eddies, squirts are often evident in the SST patternsthroughout the whole model year. The upwelling at times overs the entireeastern oast, while at other times (e.g. day 245), it almost vanishes. Irregu-larities along the oast, suh as headlands and hanges in orientation or slopeof the omplex topography a�et the struture of the upwelled waters (Pringle,2002). Filaments of upwelled old water reah the interior of the basin follow-ing the generally westward Ekman drift urrents at the surfae. Upwellingfeatures in the model simulated SST are onsistent with satellite observationsbased on the Path�nder SST data set reviewed in previous hapters.The reason of oastal upwelling along the eastern oast of the Sea is theprevailing, upwelling-favorable, northerly wind in summer and autumn. In-homogenity of the wind �eld also e�ets the formation site and timing of theupwelled water. To detet the timing and spatial extent of the upwellingevents, Howmoeller plots of temperature are generated in Figure 5.24. This�gure plots the longitudinal variation of SST averaged over 40◦ - 42◦N latitude(x axis) as a funtion of time(y axis). The upwelling in this �gure is markedby the lower temperatures ouring near the eastern oast, at around 53◦ Elongitude throughout the upwelling period from June to Otober. While theinterior of the sea has an average temperature of 8 − 9◦C in winter, it warms upvery rapidly in the spring and reahes a maximum temperature of 23 − 24◦C inAugust. The appearene of lower temperatures along western oast at around
49.5◦ N in winter is not related with upwellling; it is a result of the advetionof old surfae water from the Northern Caspian Sea. Similar feautures areobserved in the surfae density (not shown). In the Caspian Sea, persistentnortherly winds tilt the pynoline so that it beomes shallower towards theeast, �nally reahing the surfae and forming a density front (outropping)92



          

Figure 5.23: Snapshot of the model SST (◦C) of the 8th model year. Themodel days are shown at upper left side of the eah �gure.
93



Figure 5.24: Howmoeller plots of sea surfae temperature (◦C) averaged over
40◦ - 42◦N. X axis is the longitude and y axis is time.near the eastern oast. This front is then displaed o�shore under suitablewind onditions, resulting in "full upwelling" (Csanady 1977) whih bringsold water from the depths of the basin to the surfae.Figure 5.25 shows north-south urrent distribution in the upwelling regionaveraged between 41◦ - 44◦N latitude for the month of August. A southwardjet with a maximum speed of 20 m/s ours in the shallow oastal regionon�ned shoreward of the 30 m isobath along the eastern oast. O�shore fromthis shallow urrent, northward urrents are observed, extending from thesurfae to a depth of 100 m, with relatively weak magnitude on the order of
2−3cm/s. This subsurfae oastal urrent is trapped by the topographi slopeand masked at the surfae by the predominant e�ets of the Ekman upwellingsystem urrents driven by winds. This oastal irulation pattern (i.e theounter urrents) has similarities to those observed in other upwelling sytemssuh as the California urrent system in the western part of the Ameria, andthe Vietnam oastal jet in the South China Sea. The northward surfae urrenttransports warm water from the Southern Caspian Sea, deteted as a vein of94



Figure 5.25: August alongshore urrents (north-south) in the upwelling regionaveraged over 41◦ - 44◦N. Positive (negative) means toward to north (south).warm water in satellite images desribed in Chapter 2. Further o�shore of thenorthward �owing jet, there are southward �owing surfae urrents one againnear 50.8◦ E with a maximum speed of 10 m/s, below this the subsurfaeurrents are very weak and mostly north diretion.The southward oastal jet (alongshore �ow parellel to the wind) is the resultof the aross-shore pressure gradient whih is a typial feature of an upwellingsystem. The seasonal variation of the northward �ow an be dedued from thedaily v-veloity �elds. Figure 5.26 shows the v-veloity, salinity and densityevolution during the model annual yle at the station 51◦E, 43.4◦N (insidethe upwelling region, very near the oast). Beginning with the June, southward�ows (negative and blue region after day 150) is observed and this �ow arryless salty water of the NCS, as it is evident in the salinity time series. Thissouthward urrent is very onsistent and exists nearly 90 days until end of theAugust. The time of the derease in the salinity and density oinide with thesouthward �owing jet. While the fresher northern water is transported by thissouthward urrent, the northward urrents (positive red) transport the saltierwater of the southern Caspian to the north.95



Figure 5.26: (a) V-veloity (m/s), (b) salinity (psu) and density evolutionduring the model annual yle at 5 m at the station 51◦E, 43.4◦N . X axis ismodel annual yle (366 days).
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Figure 5.27: August temperature and ross-shore (east-west)urrents in theupwelling region averaged over 41◦ - 44◦NIn Figure 5.27, a ross-setion of temperature and ross-shore urrents forthe month of August, averaged over 41◦ - 44◦N latitude oiniding with theupwelling region, are presented. The signature of upwelling is learly seen fromtemperature isolines rising to the surfae near the oast. O�shore of the up-welling, westward (o�shore) Ekman urrents are observed in the shallow ( 20m) surfae boundary layer, with maximum speed of 3 m/s. The westwardtransport of old upwelled water very near the oast manifested by old �la-ments in the satellite images reates o�shore transport and mixing with theambient waters. There is strong strati�ation in August, with temperaturedereasing dramatially from 22◦C at the surfae to 9◦C at 100 m depth.Positive vertial veloities averaged over the whole depth in August (notshown) are present near the eastern oast of the MCS, showing the pathesof upward motion feeding the upwelling system. The upwelling ours verynear the oast, however the irulation system, the shape of the oast and thebottom topography transport the old upwelled waters away from the oast.97



For example, the old water an be found o�shore of the headland loated nearthe north of the 43◦N , showing the e�et of headland. The spae and timevariation of the upwelling along the eastern oast will be investigated in the"Float" setion of this thesis.Figure 5.28 shows the time and zonal dependene of wind-stress url av-eraged over the upwelling region, based on the ECMWF ERA-40 dataset. Inaddition to diret Ekman upwelling e�ets resulting from the orientation ofwinds near a oast, wind stress url an also ontribute to upwellling or down-welling (Gill, 1982, O`Neill 2005). It is observed that the wind stress urlnear the eastern oast has strong seasonal variability with a positive maximanear the oast in summer and negative values o�shore. The wind stress urldiminishes in autumn The timing and spatial extent of the upwelling seemsto be assoiated with the stronger positive wind stress url over the region ofinterest during the upwelling season. The positive wind stress url reahes itsmaximum value in July, suggesting that the seasonal variation of upwelling isrelated to positive wind stress url ating over the upwelling region in summer.There are many fators a�eting oastal upwelling, inluding heat �uxes,wind stress and urrents. The a�et of heat �uxes on upwelling properties havebeen investigated by onduting an additional experiment. In this experiment,all heat �uxes are swithed o� and the model is only fored by the windstress. Interestingly there was no upwelling generated along the eastern oastof the Sea in this experiment, whih strongly suggests that the heat �uxes wereritially important for the upwelling.5.5 Dense Water FormationIn this setion, possible dense water formation sites and mehanisms in theCaspian Sea are investigated. Comparison with other observations in regionalseas are also made.Although the shallow Northen Caspian Sea is a good andidate for dense98



Figure 5.28: ECMWF wind-stress url averaged over 41◦ - 44◦Nformation, examination of the density maps (not shown) from the limatologi-al hydro data do not provide diret evidene for deep water formation in thisshallow basin. On the other hand, limatologial observations indiate a oldwater mass with high density at around 44◦ latitude near the eastern oast. Asmentioned in earlier setions, there is reason to expet dense water formationin this area, where urrents oming from the south along the eastern oast anmeet sea ie or old water, and onsequently sink to the deeper parts of theMiddle Caspian Sea.Similar dense water formation proesses are known to take plae in theAdriati and Aegean Seas. Dense water formation in the northern basin ofthe Adriati Sea was investigated by numerous authors. The ombined e�etof (1) surfae heat �uxes and vertial mixing, (2) surfae water �uxes (E-P)and water disharges, and (3) LIW in�ow and advetion towards the northernAdriati are beleived to be the major driving mehanisms of the dense waterformation in this sea (Vilibi and Supi 2005). The dense water formed in the99



northern basin �ows southwards along the Italian ontinental shelf / slope atdepths of 50-150m (Vilibi 2004, Vilibi and Supi 2005) and �nally ontributesto deep waters by being separated from the oast near the Gargano peninsula.Northern shallow shelf of the Aegean Sea is also known to be a dense waterformation site, driven by wind and thermal �uxes.Similar to the Adriati and Aegean Sea, dense water is formed along theeastern oast of the MCS and the shallow north-eastern part of the basin.A vein of dense under�ow is transported southward and reahes the interiorof the MCS following loal topography. It is haraterized respetively bysalinity and density ranges of 12.7-12.8 and 9.8-9.9. HYCOM Caspian Seamodel allowed to indetify the evolutionary harateristis of this under�ow.Figure 5.29 shows the density setion at 50◦E. The most distinguishingfeature of the density setion is the lear evidene of the dense water formationover the northern part of the MCS. The well mixed water in the shallow north-ern basin nearly at 44◦N attains a high value of density in January. One monthlater, this dense �ow starts to sink to about 200m depth. The dense wateroriginally generated at 40-50 m depth in the shelf zone ontinues to sink untilApril. In summer, a highly strati�ed water olumn is observed, and sinkingmotions ease. Interestingly, high salinity water is observed during the ourseof the year in the ontinental shelf region near the dense water formation site,but salinity alone does not aount for sinking during the warmer part of theyear in the presene of strong density strati�ation.Another important feauture inferred from this �gure is the di�erene indensity of the deep waters of the SCS and the MCS. The dense water of theSCS appears to derive from the MCS, where water of the same density generallyours at shallower depths. The denser water formed in the MCS over�owsthe Apsheron sill, ontributing to the deeper waters of the SCS.To identify the dense water formation site and its temporal variability,monthly density setions along the 49◦E, 49.5◦E, 50◦E were plotted (notshown). From these maps it has beome obvious that dense water forma-100
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Figure 5.30: Density (sigma) setion along the 49.5◦E in February.tion site was loalized between 49.5◦E and 50◦E. Figure 5.30 shows one ofthese �gures, the density setion along the 49.5◦E in February, demonstratingthe high density at 50 m depth over the shelf near 44.5◦N latitude. The gen-eration of dense water and its sinking to a depth of 200 m along this setionan be observed from Animation 3 provided in addendum.As dense bottom urrents �ow down the ontinental slope and into thesea interior, they entrain mass from less dense ambient water, thus beom-ming more buoyant. The properties of the interior oean water masses thatresult from dense water formation is partly determined by this entrainment.(Papadakis et al2003). Along the way to join the oean interior, dense waterover�ows the bottom topography. Figure 5.31 shows the evolution of bottomlayer density at the dense water formation site. Beginning with January, day20, dense water is evident along the eastern oast of the sea, trapped towardsthe oast. The density of waters along the eastern oast gradually inrease byday 40 and begin to move to the interior of the sea. From day 60 to day 80,dense water �ows down the ontinental slope and starts to �ll the interior ofthe sea. Beginning with April, the bottom density starts to derease, signallingthe end of dense water generation along the eastern oast.102



            

Figure 5.31: Density of deepest depth at model days 2, 20, 40, 60, 80, 100.white areas shows the density less than 9
103



The e�et of momentum and heat/salt �uxes at the sea surfae is transmit-ted to the oean by the surfae mixed layer, where relatively uniform propertiesare generated by turbulent onvetion / mixing proesses driven by ooling andwind stirring. The distribution of mixed-layer depth (MLD) generated by themodel provides information on mixing proesses and interesting features anoften be found in maps of MLD. MLD is a diagnosti quantity alulated bydeteting a spei�ed density di�erene with respet to the surfae along thevertial density pro�le. In our ase, the MLD is de�ned to be the shallowestdepth at whih the density hange with respet to the surfae is the equivalentto that given by a temperature hange of 0.2◦C. (Kara et. al 2000)Figure 5.32 shows the MLD for the Caspian Sea. The winter onvetionreahes about 120 150 m in the Middle Caspian Basin from Deember to April.The white areas show plaes where the mixed layer reahes to the bottom. Inthe Caspian Sea there are three types of onvetive mixing: polar, subpolarand subtropial (Zubov, 1947). Most of the basin experienes subpolar typeof onvetion as a result of ooling of the surfae waters in winter, this type ofonvetion is evident along the eastern oast of the Middle and South CaspianBasins. A di�erent type, alled subtropial onvetion, ours in the easternpart of the Southern Caspian Sea from August to Otober, as a result of theinrease in salinity of the surfae waters resulting from intensive evaporationin summer.In summer there is strong strati�ation in Middle and Southern CaspianSea with the thermoline loated nearly at 50 m depth, learly shown by thestrati�ation in the meridional ross setion at 51◦E. In winter and earlyspring months (i.e Deember to Marh), temperature in the the Middle andSouthern Caspian Sea orresponds to well mixed onditions, and in April theshallower part of the basin warms up �rst, with temperature inreasing in thesurfae layer. Temperaure strati�ation develops from April to September,and later surfae ooling and onvetion starts to develop the surfae mixedlayer. 104



                        

Figure 5.32: Mixed layer depth (m) of the ontrol run from January to De-ember 105



  

Figure 5.33: Depth of 9.8 density at the model day 80In the previous setion, the dense water was found to have a harateristidensity of 9.8. Figure 5.33 shows the depth of 9.8 density on model day 80,revealing important features of the dense water proess and its e�et on thegeneral irulation in the Caspian Sea. The most striking feature is that densewater is formed along whole shallow shelf zones of the eastern oast of the sea.There is no onnetion between the formed dense water and interior of the seaexept in the northern end. The dense water formed along the eastern oastmoves to the north and sinks there.
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5.5.1 E�et of Freshwater and E-P on MLDThe e�et of river runo� and the net water balane at the surfae (evapora-tion minus preipitation: E-P) on the mixing and surfae water properties ofthe Caspian Sea is investigated by onduting a series of experiments in thissetion. Rivers like Volga and Ural are the major soures of freshwater inthe Caspian Sea. Freshwater a�ets the surfae properties of the sea throughhanges it reates in the absorption of heat leading to hanges in SST, andhanges in the surfae mixing properties. For example, in the Adriati Sea,it has been argued that the dense water formation depends on the freshwaterbudget, whih is linked to sea level hange (Bethoux and Gentili 1994). Besidesloal atmospheri events, the hange in dense water formation in the Mediter-ranean Sea may be be a response to the preonditioning of surfae water bythe hange in freshwater inputs (Bethoux and Gentili 1999).Although some evidene has been found on the e�et of Caspian Sea Levelon the buoyany of the sea and onsequently on the vertial strati�ation, thereis no detailed study investigating the e�ets of riverine input on the mixingproperties of the Caspian Sea.The rising of the Caspian Sea level is related with the inrease in riverinein�ow to the Caspian Sea from the Volga River. Peeters et al. (2000) havesuggested that the derease in buoyany of the surfae water following the risein water level has a�eted the mixing of the sea. Suh mixing has ourredin 1976, aording to some evidene stating strong mixing in entire MiddleCaspian Sea during the period. Sine there is few data in winter, the proposedmehanism has not been proved yet.To test this idea, a ouple of sensitivity tests was onduted. Table 5.1summarizes the test runs in detail. Expt 01 is the ontrol run desribed earlier.Expt 02 is the same as Expt 01 but there is no relaxation of sea surfae salinityin this run. Expt 03 is the twin of Expt 02 but no net surfae �ux due toEvaporation minus Preipitation (E-P) has been spei�ed. Expt 04 is the twinof Expt 02 but there are no rivers. Expt 05 is the twin of Expt 02 but no E-P107



and no rivers are spei�ed.Table 5.1: HYCOM simulations to test riverine input.Expt Desription of the experiment01 30 layer NCOM like HYCOM, sigma-z,KPP, variable kapref, ERA40-sea winds, thermal andpreip foring, initialize from January Russian limatology andNo SSS relaxation02 twin of 02 but NO E-P03 twin of 02 but NO rivers04 twin of 02 but NO E-P and NO rivers
Figure 5.34 shows plots of surfae variables along the 50◦E transet inMarh. There is no signi�ant hange in SST and net heat �ux in this monthfor all the experiments, beause the salinity in the Caspian Sea is alreadylow, and therefore freshening does not signi�antly in�uene heat absorbane.In the no river ase (i.e.Expt 03), the salinity is muh higher ompared tostandard run (Expt 01) as expeted, the di�erene being signi�antly higherin the northern part. Mixed Layer depth (MLD) hanges substantially betweenexperiments stating the importane of freshwater �ux to the mixing propertiesof the Sea. In the no river ase, Expt 03, the MLD is deeper than the standardrun (Exp 01). The MLD reahes a depth of about 200 m. in Expt 01, but inExpt 03, it deepens to more than 300 m. The di�erene is muh higher in theMiddle Caspian Sea ompared to South Caspian Sea, sine the freshwater fromthe Volga river has major in�uene in this part of the sea. Beause the surfaewater budget of the Caspian Sea is positive (i.e. evaporation is greater thanpreipitation), surfae salinity is lower in Expt 02, when E-P �ux is nulled,ompared to the standard run. When the E-P �ux is added, the mixed layerdepth (MLD) is inreased. 108
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The above experiments indiate the in�uene of the surfae and riverinebuoyany �uxes on the MLD. It an be speulated that during low sea level(dereased Volga River input), mixing is less intense as a result of the lowerstability of the water olumn assoiated with inreased surfae salinity. In thehigh sea level situation there exists less saline surfae water and more intensemixing.5.5.2 Float ExperimentsIn previous setions, it was shown that the eastern oast of the Caspian Sea isa dense water formation site. The �oat pakage of the HYCOM (Halliwell et.al 2003, the detailed desription of the Float pakage an be found in Chapter3 of this thesis) was used to investigate the timing and spatial extent of thedense water formation proess along the eastern oast of the Caspian Sea.For the this purpose, a ouple of experiments have been designed. Total 40�oat whih an move in three dimension have been released and the determinedplaes shown in the Figure 5.35 overing the most of the oastal and interior ofthe Caspian Sea. The initial depth of the all �oats were set to 5 m and all �oatsintegrated 30 days from the beginning of the eah month. After �nishing the30 day integration, �oats were released again at the same positions as shownin Figure 5.35.The role of the shallow eastern oast of the Caspian Sea as a possiblesite for the dense water formation has been emphasized earlier. The vertialtemperature gradient in the eastern oast of the MCS is very weak due tothe oastal upwelling along this oast. The vertial salinity gradient alongthe eastern oast of the SCS is also small due to the intensive evaporation insummer months. These onditions provide preonditioning for winter mixingand make the whole eastern oast of the Caspian Sea a suitable plae for thedevelopment of dense water formation.Figure 5.36 shows the trajetory of the �oat number 8 for the 30 days ofintegration beginning for three montsh (red, green, yellow orresponds to De-110
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Figure 5.35: Float positions released in HYCOM, eah �oat was integrated30 days. The �oats released again at the same loation in eah months. The�oats an move in three dimension.ember, January and February respetively). The important feature deduedfrom the deployed trajetories is the yloni movement of the trajetorieswithout any sign of sinking (the �oats �ow the same depth as it is deployed)exept the sinking of the three �oat at the upper northern part of the sea inDeember. It is onluded that Deember is the preonditioning month fordense water formation.In January, Figure 5.36, the situation is di�erent from Deember. All the�oats along the eastern oast of the MCS sink suggesting the possible densewater formation site. The �oats along the western oast of the Sea do not sink.The dense water formation in this oast is partly bloked by the intrusion ofthe freshwater from the Volga river. 111



In February, Figure 5.36 and Figure 5.37, the �oats ontinue to sinking.Compared to January the �oats sink more shallower depths. This month isthe ending period of the dense water formation and after this months there isno evidene of formation of dense water.

Figure 5.36: Float paths, olor-oded to reveal monts, red is Deember, greenis January and yellow is February. Eah �oat was integrated 30 days. The�oats an move in three dimension.In summary, �oat experiments help to prove the above proposed mehanismfor the dense water formation in the Caspian Sea. While the �oat along theeastern oast direted toward to north in Deember, they begin to sink inJanuary and this proess ontinue to the end of the February.The �oats was also used to investigate the spatial extent of the upwellingover the eastern and western oast of the MCS. Figure 5.38 shows the �oattrajetories in July. The westard (eastward) Ekman drift at the sea surfaeis evident from the eastern (western) oast to the interior of the Sea. These112



Figure 5.37: Float pats, olor-oded to reveal monts, red is Deember, green isJanuary and yellow is February. Eah �oat was integrated 30 days. The �oatsan move in three dimension.results proved that the origin of the old water along the western oast ofthe sea is loal upwelling not the soutward old water originating from thenorthern Caspian Sea in summer.Compared to eastern oast, upwelling along the western oast is more lo-alized. Below 42◦, the �oats sink. Downwelling is evident at this latitudeompanseting the upwelling along the eastern oast.

113
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Figure 5.38: Float paths, olor-oded to reveal depths along the paths, in July.The numbers indiate the release points of the �oats. Eah �oat was integrated30 days. The �oats an move in three dimension. The ontours in the �gureshow the 20 m and 50 m depth.
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CHAPTER 6
SENSITIVITY EXPERIMENTS

The e�ets of river disharge, surfae buoyany and momentum �uxes, andbaroliniity on the general irulation of the Caspian Sea was investigatedthrough a number of numerial experiments in this Chapter. These experi-ments were designed to understand the relative importane of individual for-ing mehanisms in driving the basin-wide and mesosale irulation and to es-tablish their roles on the intetnsity of upwelling / downwelling features, whihare not yet fully understood.The generation of the antiylones along the western oasts of the MCS andthe SCS appears related with downwelling along this oast to ompensate forthe eastern oast upwelling. These antiylones were also observed in the modelstudy by Shrum et al. (unpublished), whih integrated the HAMSOM modelin an interannual simulation using 6 hourly atmospheri foring obtained fromthe 15 year ERA-15 re-analysis data set. Both HYCOM model results andthose of Shrum show these features to have a typial seasonal signature.In addition to the downwelling e�et quoted above, generation of the anti-yloni irulation in the MCS ould be aided by the density driven alongshoreoastal jet, whih follows the urved oastline towards the Apsheron peninsula.This jet advets less salty water towards the south and ould have possible in-�uene on the generation of the Derbent antiylone. This hypotesis will beinvestigated in the sensitivity experiments.115



6.1 Buoyany e�etThere is ample numbers of studies on buoyany-driven urrents generated byriver disharges on ontinental shelf regions (e.g. Kourafalou et al. 1996,Lazure and Jegou 1998, Chen et al. 1999, Garvine 1999). In the Blak Sea, theshelf irulation driven by freshwater in�ow of the Danube river, omparable tothe Volga in its volume �ux, was studied by O§uz et al. (1995), onluding thatthe lateral buoyany foring by the Danube and the Bosphorus are importantfators for the mainly yloni general irulation of the Blak Sea. It is knownthat the fresh water from rivers of the northern Aegean Sea in�uene of theirulation and hydrography of the Aegean Sea. The river runo� turns out to bevery important in ertain northern Aegean subbasins suh as the ThermaikosGulf (Kontoyiannis et al. 2003, Kourafalou et al. 2004), but the out�ow ofBlak Sea originated relatively fresh water from the Dardanelles Strait is themost important buoyany foring, exeeding that of all rivers (Kourafalou andBarbopoulos 2003). A large number of rivers disharging into the Adriati Seasimilarly have signi�ant in�uene on its irulation (Artegiani et al., 1997).In the Blak Sea (oastal �ow along the western ontinental shelf in�uenedby the Danube and other major rivers in the northwest), the Aegean Sea (theEvoia jet) and the Adriati (the Po-river driven jet along the Italian oast),buoyany driven oastal urrents are unanimously generated. In all of theseases, as well as the Caspian Sea, the jet �ow interats with urved oastlines,headlands or peninsulae, sills and shelf topography, produing responses thatseem to have some ommon features as well as di�erenes orresponding to theatual onditions in whih they are set.The above ommon features observed in di�erent seas guides us to inves-tigate the e�ets of river-runo� on the irulation of the Caspian Sea. Thegeneration of southward oastal jet-like �ow along the western oast of theMCS appears to be fored by the buoyany input from the Volga river, whihis the most important soure of freshwater in the entire Caspian Sea. Totest this statement, an experiment was designed in whih the river-runo� was116



  

Figure 6.1: Model surfae veloity vetor mean and rms vetor amplitude overthe year simulation, with rivers and without rivers. Means are denoted witharrows while rms amplitude is olor ontoured. Every fourth vetor is shownin the along-shore and aross-shore diretion.swithed o� and the model was only fored with the limatologial surfae�uxes as in the ontrol run.Figure 6.1 shows the annual mean surfae urrent and root mean square(rms) as a olor ontoured with and without rivers. The most striking ontri-bution of the fresh water disharge is the generation of pronouned southward�owing urrent along the western oast of the MCS. This results show therelative in�uene of river run-o� on the intensity of the oastal jet.One of the generation mehanism for the antiyloni gyre near the westernpart of the sea is the density-driven urrent along the western oast, whihadvets less salty water towards the south. Sine this oastal jet less intense inwithout river simulation, the intensity of the antiyloni gyre derease also in117



this simulation. Another imporatnat feature whih an be deteted from theFigure is the derease in intensity of the urrent near the north-eastern oastof the basin. While it is transporting the waters of the NCS to the interiorof the sea in river simulations, in no river simulation this urrent seems todiminished partly.In SCS, the yloni gyre in north-west part of the sea is very weak inno river runo� experiment during the whole year period. However, the basin-wide yloni gyre is more intense in no river simulation and the follow thetopography as in the ontrol run.Although the intensity of the oastal jet along the western oast of the basinderease, it is not ompletely diminished stating the e�ets of other fatorsbesides river run-o� on the generation of this oastal jet. Wind ould be theanother important mehanism driving the southward oastal urrent, the e�etof wind on the general irulation of the Caspian Sea will be investigated inthe next setion.6.2 E�ets of wind stress and baroliniityTo understand the relative ontribution of the wind stress and baroliniity indriving the limatologial irulation, additional experiments have been ar-ried out as desribed in Table 5.1. In experiment 2, a purely wind-driven andbarotropi oean aomplished by swithing o� the surfae thremohaline for-ing and river runo�. Constant basin averaged temperature and salinity (5◦Cand 12 ppt) was used as initial onditions. Using this barotropi oean, thedriving of irulation was investigated by the wind stress exluding all otherforing mehanism. Experiment 3 is the twin of the barotropi experiment (i.eexperiment 2) but instead of onstant temperature and salinity initilization,the 3-D limatologial temperature and salinity was used as a initial onditionaiming to investigate barolini fators. Experiment 4 is twin of the ontrolrun but river runo� swith o�. Table 5.1 summurized the all experiments.118



                

Figure 6.2: Cirulation pattern averaged over di�erent depth intervals inFebruary for the four experiment mentioned in the text, upper �gures 0-30mlower �gures 30-150m
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Figure 6.3: Cirulation pattern averaged over di�erent depth intervals in Au-gust for the four experiment mentioned in the text, upper �gures 0-30m lower�gures 30-150m
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Figure Figure 6.2 and Figure Figure 6.3 show the omparison of the depthaveraged irulation patterns for the above mentioned four experiments inFebruary and August. In shallow northern basin the irulation pattern donot hange too muh in all four experiments. This suggest that the irulationmehanism ontrolling this shallow basin is purely wind stress and the e�etof baroilinity and other fators is minor.The most striking feature of the wind-driven barotropi oean irulation isrelatively weak urrents ompared to ontrol run exept the southward oastalurrents along the either oast of the Sea. As shown by various authots thereis strong relationship between the wind and the urrents along either side ofthe MCS. Thus the irulation is strongest in the extensive shallow shelf areas,taking the form of oastal jets in response to the wind stress. This southwardurrents are evident during the whole year period from surfae until the 100m depth whih is the boundary of this urrent. It an be onluded that thesouthward shelf urrents are the diret response of the wind driven Ekmantransport.In the interior of the basin, the irulation is dominated by westward andsouthwestward urrents originating from the southward �owing jet along theeastern oast of the MCS. The most prominent feature of the deeper irulationof the wind driven-irulation experiment is the presene of a pair of ounter-�owing urrent system along the eastern oast of the MCS. There is ontinous�ow to the north passing Apsheron sill, the origion of this urrent is the northwestern oast of the SCS. In this experiment three antiyloni/yloni ellevident in the ontrol run diminishes in the SCS and MCS basins stating theminor importane of the wind stress to generate these ells. The mehanismfor generation of this dipole ould be the variability in thermal foring �eldsor barolini fators.Experiment 3 whih is the wind driven barolini simulation shows verysimilar irulation pattern as the ontrol run in the SCS and MCS stating theimportane of barolinity in driving the seasonal irulation in this basins and121



the minor importane of the thermal �uxes on the general irulation patternin winter.In all of the four experiment Ekman urrent due to the upwelling alongthe eastern oast preserved its struture, stating the dominant e�ets of thisurrent.Topography is another important fator a�eting the general irulationpattern of the Caspian Sea, from above experiment it is obvious that after windforing generate the irulation, topography modify the urrents. Most obviousevidene of the topographi in�uene is the Derbent depression in the westernoast of the MCS, this urrent follows the onstant depth and it thiken nearthe oast as bathymetry. But the a�et of topography on the SCS irulationis minor. While barotropi oean does not generate any signi�ant irulationpattern in this basin, barolini run without thermal �uxes is very similar tothe ontrol run. Above fat state that the main mehanism for ontrolling thegeneral irulation in the SCS is the barolinity not topography.Above experiments shows that the driving mehanisms for the seasonalirulation of the Caspian Sea hanges from basin to basin and eah basinshould be investigated seperately. Cirulation in the Northern Caspian Sea isompliately wind driven due to its shallownest. In Middle Caspian Sea, wind,barolinity and bottom topography have an impat on the general irulationof the basin, thermal foring is very weak ompared to other forings. In on-trast, baroliniity are the primary foring �eld to form the general irulationpattern in the Southern Caspian Sea.
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CHAPTER 7
LARGE SCALE CONTROLS

7.1 A possible link between North Sea CaspianPattern (NCP) and SST over the CaspianSeaThe seas of the Euro-Asian-Meditterranean region are under the in�uene oflarge sale limati variability assoiated with the atmospheri systems ofNorth Atlanti and Eurasian regions. One of the most studied patterns inthe region is the North Atlanti Osillation (NAO). The in�uene of NAO onthe Euro-Mediterranean region in winter is well known (Hurrell, 1995; Mar-shall et al., 2001). Paz et al. (2003). Oguz et al. (2006) have found theombined e�et of the NAO and North Sea Caspian Pattern (NCP) on thehydro-meteorologial and eologial properties of the Blak Sea. Ghasemi andKhalili (2007) have studied the e�ets of NCP on the winter temperature inIran and onluded that NCP exerts signi�ant in�uene on temperature vari-ability. Gunduz and Ozsoy (2005) found the NCP to be the most importantteleonnetion pattern a�eting the Euro-Mediterranean and Caspian regions.Their analysis based on the EOF (Empirial Orthogonal Funtions) showedthat wind stress, air temperature, and surfae �uxes over the Caspian Sea isstrongly a�eted by NCP.We disuss here the e�et of large sale weather patterns, suh as those ex-123



empli�ed by the NCP, on the Caspian Sea surfae properties based on satelliteSST data.The orrelation oe�ient between the NCP index and SST for wintermonths of February-May has been alulated for the 20 year window of dataavailable at eah grid point in the Caspian Sea, as shown in Figure 7.1.This �gure shows onsiderably high values of orrelation between SST and theNCP index (up to≈ 0.8) espeially in the SCS where surfae atmospheri �eldsassoiated with the pattern have most in�uene on SST. The orrelations arevery weak in the shallow northern part whih is more often overed by loudsand also a�eted by ie formation and the onsequent limitation of surfaeheat exhange.One way to inrease the statistial reliability of the orrelation estimateis averaging over similar data points and eliminating of data low data quality�ags. For this purpose, zonally averaged SST is alulated from data pointswith reliable quality �ags, after whih a better time series of quality ontrolledSST data for the 20 years of data available at eah latitude. This onsiderablyimproves the spae-time series on whih the analysis is based. The omputedorrelation oe�ent between the NCP and the zonally averaged SST in Fig-ure 7.2 indiates orrelation oe�ient values of better than 0.6 at all latitudesof the MCS and SCS exept for the shallow regions of the NCS north of the
44◦N latitude.The lag orrelations between NCP and SST with lag values of up to twomonths were also omputed, but there was no signi�ant improvement in or-relation. It was also interesting to test orrelation months window, and theorrelation oe�ent was found to derease onsiderably when the month ofJanuarywas added to the time series, most likely due to the -lak of SST datain this month. The same analysis was also made for other atmospheri teleon-netion patterns like NAO andENSO, but no signi�ant orrelation was foundbetween SST and these large sale limate patterns.Figure 7.3 shows the time series of SST (averaged zonally and over the124



 

Figure 7.1: Correlation oe�ients between moving averaged SST with 2 pointsand NCP index for the time period from February to May
36 − 38◦N in the southern Caspian Sea) and the NCP index. The two timeseries follow eah other, showing orrespondene between warmer SST periodswith negative NCP index and old SST periods with positive NCP index. Theorrelation oe�ient between these two time series is 0.5 for the entire lengthof reord. However, onsidering only the period after1990, the orrelationinreases dramatially to a value of 0.75.Based on our analysis, it is found that NCP, whih is one of the mainatmospheri patterns a�eting the study region, is highly orrelated with theSST over the Caspian Sea in the February to May period.
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Figure 7.2: Meridional dependene of the orrelation oe�ient between zon-ally averaged SST of the Caspian Sea and the NCP index

Figure 7.3: Time series of SST averaged meridionally and over the 36 − 38◦N(i.e southern Caspian Sea) ,blue triangles, and NCP index red dots. The timeseries was also moving averaged with a 2 point
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CHAPTER 8
CONCLUSIONS

A high resolution oean model (30 layers in the vertial and approximetely 4km horizontal resolution), available satellite data images (hl-a, SST and SSH),model trajetories and drifter observations were used together to dedue the�ow harateristis and main oean hydrodynamial proesses. The modelhas been initialized and driven by limatologial data to study the seasonalirulation and mixing harateristis as a �rst step to understand the physialvariability of the Caspian Sea under real environmental onditions. This studyrepresents one of the few opportunities for in-depth examination of the relevantproesses, in the relatively poorly studied Caspian Sea.Comparison of the seasonal evolution and the spatial struture of the modelgenerated SST with the Path�nder satellite limatology showed that the modelreprodued the generally observed surfae thermal strutures: e.g. upwellingalong the eastern oast, north to south gradient of the SST. The model seasurfae height (SSH) results were also ompared with sea level anomaly (SLA)obtained from altimeter measurements. Although these two data sets showedminor di�erenes, it is shown that the large sale seasonal irulation strutureof the Sea is aptured by the model. The most important �nding dedued fromthe SSH �elds is the hanging of irulation regime in the Middle Caspian Sea(MCS) from yloni in winter to antiyloni in summer.The main features of the general irulation in the Caspian Sea an besummarized as follows: There are southward oastal jets along either side of127



the MCS. In sharp ontrast to the surfae southward urrent, an underlyingnorthward urrent is evident below the mixed layer along the eastern oast. Infat, the orientation of urrents also hange in the o�shore diretion, hangingwith depth along the ontinental shelf/slope topography. This type of ounterurrents regime is typial of other upwelling systems suh as the CaliforniaCounter Currents (CCC) system. There is a basin wide shallow yloni iru-lation in the MCS and inside this gyre an antiyloni irulation is observed.In the SCS, there is a dipole pattern, with an antiyloni gyre in the deepnortwestern part and a yloni gyre in the southern part that follows theoastline geometry. Although the model has been run with seasonal limato-logial foring, there appears to be a very ative meso-sale in most parts ofthe Caspian Sea. The energy in the meso-sale part of the spetrum an beexpeted to be muh larger in realisti ases.Three sensitivity experiments are onduted to investigate the fators driv-ing the general irulation of the Caspian Sea. These experiments are 1-barotropi oean, no heat �uxes, 2- barolini oean, no heat �uxes 3- noriver runo�. Based on these sensitivity tests, it is found that the barolini-ity is an important fator driving the general irulation of the Caspian Sea.Wind stress is the predominant foring mehanism only in the shallow northernbasin, and in the shallow oastal regions of the Sea. Altough the river runo�is represented as an additional point soure of surfae fresh water without in-duing a �ux of momentum, the model seems to suessfully reprodue theobserved enhanement of urrents along the western oast of the MCS induedby river runo�. The freshwater oming from the NCS reates density drivenurrents and enhanes �utuations in the surfae urrent over the shelf alongthe western side of the MCS.A set of experiments are onduted to understand the e�ets of bouyanyon the surfae properties of the Caspian Sea. While the mixing properties ofthe sea hange in aordane with the buoyany foring applied at the surfae,the SST does not hange signi�antly. Comparing the seasonal variation of128



SST for di�erent model runs, it is found that the buoyany is not a key fatorfor the simulation of the SST.One of the important oean proesses in the Caspian Sea is dense waterformation. Until now, only hypotheses based on very limited observationsexisted for dense water formation. In this thesis, it is shown that dense waterforms in the peak of winter along the entire eastern oast of the sea witha pre-onditioning period in Deember. Float experiments showed that theentire eastern oast of the Sea is suitable for dense water formation, as aresult of preonditioning by upwelling and evaporation proesses. The sloperegion onneting the shallow northern basin to the relatively deep MCS isalso a topographially suitable region for dense water formation and over�owto deep water. The water sinking in this region �ows westward following thebathymetry arriving at the interior of the MCS.Based on our analyses, it is found that the North Sea - Caspian Pattern(NCP) whih is one of the main atmospheri patterns a�eting the study regionis highly orrelated with the Caspian Sea SST in the February to May period.The orrelation strongly depends on the quality and avaliability of the SSTdata, whih is partly bloked by loudiness. If the reliability of the SST datais inreased, for example by sreening and zonal averaging, the orrelations arealso inreased. The high orrelation obtained over the southern Caspian Seais partly related with less loud over in the region. No signi�ant orrelationould be found between Caspian Sea SST and other atmospheri indies suhas the NAO or ENSO, suggesting that their far �eld e�ets do not seem to besigni�ant for the Caspian Sea.Furher statistial analysis of the data seems to be needed, e.g. EOF analysisof the reontruted SST to determine the main modes of variability in SST,anonial orrelation analysis (CCA) between the SST and geopotential height�elds, et., to understand mutual interations. The aurate predition of theCaspian sea level (CSL) depends on the information on evaporation from thesea surfae. Sine the SST is one of the key fators to ompute evaporation, the129



relation between the geopotential height and SST stated in this thesis ouldbe used to improve the quality of the CSL predition.The SST - NCP orrelation dereases towards the north and along theoasts, most probably due to lak of satellite SST data in shallow regions.These �ndings are important, sine it is shown for the �rst time in the CaspianSea that there is strong relation with SST and 500 hPa geopotential height usedin the alulation of the NCP index, and a main indiator of mid-tropospheriirulation in atmospheri models used to predit the future state of the li-mate.Although the HYCOM Caspian Sea model reprodued the observed SSTand SSH variability of the sea, it needs to be improved further to enable 1- for-ing by a muh �ner resolution surfae atmospheri �elds, 2- realisti runs withinterannual to daily and hourly sale foring �elds, 3- wetting/drying shemesto aount for the e�ets of sea-level hange in the �at regions surrounding thesea, suh as along the northern oast.The oarse resolution of the ECMWF atmospheri foring (1.125 degree) isone of the limitations of the model. These data were the only available foringwith whih to run the model at present. The spae and time resolution of theforing data is expeted to signi�antly a�et the properties of the upwellingregion, the dense water formation, as well as the general irulation and mix-ing harateristis of the sea. In future studies, foring by �ner resolutionhydrometeorologial �elds are needed. In fat, oupled models are needed forenlosed seas like the Caspian Sea to fully understand the hydrologial yleand dynamis of the basin inluding the surrounding land.The impat of the interannual variations in the Caspian Sea is evident fromobservations. It is known that the mixing properties, the plae of the upwelledwaters of the sea an hange from year to year. Sine the Caspian Sea levelexperienes dramati �utuations in interannual time sales, a long time run(i.e 40 years) of the model with the available ECMWF data deserves attentionin a future study. This simulation ould be used to detet the interannual130



variations of the general irulation, the e�ets of atmospheri teleonnetions,and the variations in mixing properties of the sea.
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