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Chapter 1IntrodutionThe Balti Sea is the World's largest brakish water system. It is stably strati�edfor the whole year, whih prevents di�usive oxygen transport to its deep waters. Thesaline inows from the North Sea are the only mehanisms whih provide oxygen forthe deep Balti Sea, therefore studying of these inows is ruial for understandingthe Balti Sea eosystem.Major Balti Inows are the only known proess for the ventilation of the BaltiSea deepest basins (Wyrtki, 1954; Matth�aus and Frank, 1992; Lass and Matth�aus,1996; Feistel et al., 2006). They our one a few years and are very well inves-tigated (Matth�aus and Frank, 1992). Besides MBIs smaller inow events, alledmedium-intensity inows are of similar importane. In ontrast to MBIs they gainedawareness just before a few years. These inows our several times per year andare vital for the ventilation of intermediate layers in the Bornholm Basin. Theyenter the Balti Sea �rst and most e�etively via the Sound and then via the DarssSill (see �g. 2.1 and 2.2 for oastlines, bathymetry and geographial names) and areaused by barotropi or barolini pressure gradient. On their way over the sills,through the Arkona Basin and over the Bornholm Channel the medium-intensityinows propagate as dense bottom urrents, and are subjet to entrainment of theoverlaying brakish waters whih redue their density and thus derease the densityof the isopynal surfae at whih they sandwih into the haloline of the BornholmBasin.This master thesis investigates a medium-intensity saline water inow in Novem-ber 2005. The inow was barotropi over the Drogden Sill, and here we fous onthis inow pathway only. This study also ompares the observed inow with modelsimulations. The main data set analyzed in this master thesis is obtained from Pol-ish Aademy of Siene ship R/V Oeania. During the November 2005 9 days shipruise (see set. 3.1) took plae, just after a medium-intensity inow has started.1



2 CHAPTER 1. INTRODUCTIONDuring the ruise 18 CTD and ADCP transets were made (�g. 3.5 and 3.6). In thesame period two other vessels were observing the inow. Moreover to estimate thesize and the intensity of the inow, as well as the veloity of the inow propagation,data from moorings in the Arkona Sea and inside the Sound were analyzed. Dataregarding the Sea Surfae Height (SSH) were used from the stations in the northof Sound (Viken) and in the south of Sound (Skanoer) (marked rosses on �g. 3.4).The ADCP and CTD data were available for the period of interests from measure-ment stations at Arkona Basin, Darss Sill, Kriegers Flak South and North as wellas from the Drogden Sill (the moorings are marked triangles on the �g. 3.4).For simulating dynamis of a medium-intensity inow events the General Estuar-ine Transport Model (GETM) (Burhard and Bolding, 2002; Burhard et al., 2004;Umlauf and Lemmin, 2005) has been applied. The model results were arried outby Hannes Rennau from Leibniz Institute for Balti Sea Researh in Warnem�unde.The paper is organized as follows: �rst the theory neessary for understandingof this thesis is explained (hapter 2). Then the �eld observation of a medium-intensity inow in November 2005 are desribed in hapter 3. Next observationaldata analysis is made (hapter 4) as well as omparison of the observational datawith the model (hapter 5). Finally, the results are disussed in hapter 6.



Chapter 2Theoretial part
2.1 Bathymetry and hydrography of the BaltiSeaBalti Sea is a landloked sea, the only onnetion with the open oean takesplae through the North Sea. The Balti Sea is divided into a few deep basinsonneted by the narrow hannels and sills (�g. 2.1). The Balti Sea is onnetedwith the North Sea via three straits: the Sound, the Little Belt and the Great Belt.The exhange transition area is Kattegat.The natural oeanographi boundaries between the North Sea and the Balti Seaare the Darss Sill (0.8 km2 ross setion and 18 m sill depth) and the Drogden Sill(0.1 km2 ross setion; 7 m sill depth). Highly saline water passing the sills is ableto ow downward into the entral Balti Sea to replae the water body near or atthe bottom. However, the time needed for the advetion from the Kattegat intothe Balti Sea depends on the route it takes. The shorter route via the Sound andaross the very shallow Drogden Sill (about 100 km) takes 1 to 3 days. The wateroming through this pathway is more saline (due to lower mixing) and has lowervolume. The longer route through the Great Belt, Fehmarn Belt and MeklenburgBight and aross the Darss Si11 (about 300 km) seems to be more e�etive (largervolume), but takes signi�antly longer time for water to arrive at the Arkona Basin.The water inowing this pathway is also less saline. It is assumed that highly salinewater rossing the Drogden Sill into the Balti Sea is generally not able to renew theentral Balti Sea deep water signi�antly. Only the transport of larger volumes ofhighly saline water aross the Darss Sill supported by the inow aross the DrogdenSill is onsidered to generate the major inows (Huber et al., 1994).3



4 CHAPTER 2. THEORETICAL PARTThe �rst of a hain of a Balti Sea basins looking from the west is the ArkonaBasin (AB). To enter AB water has to pass through the Drogden Sill or throughthe Darss Sill (see map on �g. 2.2). In the western part of the basin there is arelatively shallow area, Kriegers Flak, with depths from 17 to 40 meters. Theinowing waters normally tend to ow around the Kriegers Flak both along thenorthern and southern anks. The AB is 45 meters deep in its deepest plae and isonneted with the Bornholm Basin (BB) by the Bornholm Channel. The BB hasan almost round shape with a diameter of about 80 km and a maximum depth ofabout 100 m. East of the BB there is a S lupsk Furrow. It is a hannel like basin withwidth of nearly 80 km in the east-west diretion and depths of 110 meters in thedeepest plae. In the northeast diretion Supsk Furrow is onneted to the EasternGotland Basin (EGB). EGB is the largest and the entral of all Balti Sea basins.It is enlosed by a 150 m isobath and has a maximum depth of about 250 meters.In the east of EGB the Gulf of Riga is loated. North of EGB the Fearoe Deepontinues the hain-like alignments of the basins. In the Western Gotland Basin(WGB), separated from EGB by the island of Gotland there is the Landsort Deep,the deepest plae in the Balti Sea with depths up to 490 meters. The easternmostpart of the Balti Sea is the Gulf of Finland with an east-west extension, whereasnorthernmost part is the Gulf of Bothnia with north-south extension. The Gulf ofBothnia onsist of the Bothnian Sea in the south and the Bay of Bothnia in theNorth.Saline inows from the North Sea produe strong lateral salinity gradients in theBalti Sea, with salinities in the Kattegat transition area reahing 30 PSU, while inthe Gulf of Bothnia salinity is around 5 PSU (Reissman et al., 2009). The BaltiSea is the worlds largest pool of brakish water. The Balti Sea low salinity ismostly due to a high preipitation and a big river disharge. The annual river run-o� is 436 km3 (Reissman et al., 2009) mainly due to a big drainage area and humidlimate. The annual water budget amounts to 224 km3 preipitation, 184 km3evaporation and 947 km3 surfae water outow (Brogmus, 1952; HELCOM, 1993)and is ompensated by inow of nearly 500 km3 of saline water from the North Sea.The water exhange between the Balti Sea and the North Sea is restrited by theonneting straits and sounds.In the Balti Sea a permanent haloline separates the surfae water from the waterin the deep Balti Sea basins. In the AB haloline is found from 35 to 40 m depth,in EGB it is signi�antly deeper: at 70 to 90 m depth (Stigebrandt, 1987a; Elken,1996). A seasonal thermoline develops during the summer at depths between 10and 30 m (Matth�aus, 1984). The thermoline disappears in winter due to oolingand mixing of the surfae water by wind and onvetion. These proesses do not
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Figure 2.1: Bathymetry of the Balti Sea. The frame marks the area where the obser-vations disussed in this master thesis were taken. For the area north of the 64th irleof latitude no bathymetry data was available.a�et the deep water whih is isolated from the surfae water by the haloline. Thiswater an be only replaed by the inowing water from the North Sea. Beause ofits high salinity inoming water spreads along the bottom and is subjet to a furtherentrainment of brakish surfae water on its way. Therefore, bottom salinities of thedeeper basins derease from west to east. During the stagnation periods (desribedin set. 2.6) the oxygen in the Balti Sea deep waters beomes depleted and hydrogensul�de may our.2.2 Saline water inows
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Figure 2.2: The enlarged map of the part of the Balti Sea where the observational datawere aquired.The Kattegat, whih onnets the Balti Sea with the North Sea has a salinities ofabout 17 PSU in the surfae layer and up to 30 PSU in the deep waters. The BaltiSea as mentioned before is the brakish sea, with salinities in the surfae waters up to10 PSU and strong vertial and lateral gradients. The resulting density di�erenesause episodi saline water, near-bottom, barolini inow into the Balti Sea andsurfae, brakish water outow from the Balti Sea, hampered by the narrow andshallow Danish straits, their tidal osillations and hanging wind ondition in thewestwind belt. Also barotropi inows our, aused by sea level di�erenes betweenthe Balti Proper and the Kattegat.Only under spei� meteorologial irumstanes signi�ant inow is possible.When the salty water reahes the Balti Sea through both the Darss and the Drog-den Sill it propagates eastwards along the system of sills and hannels and renewthe old, bottom water in the deep Balti Basins, as well as re�ll the Balti Seasalt budget. Those inows our very irregularly, from repeated events within a



2.2. SALINE WATER INFLOWS 7single year, to stagnation periods lasting over a deade or more. The inows havea signi�ant inuene on physial, hemial and biologial status of the Balti Sea,whih will be disussed shortly in set. 2.6.The inows into the Balti Sea an be generally divided into the barotropi-onesand barolini-ones. So-alled barotropi inows have been haraterized by Franket al. (1987), Matth�aus and Frank (1992), Fisher and Matth�aus (1996), Feistelet al. (2003b) and Reissman et al. (2009) as follows:� They are driven by barotropi pressure gradients, espeially sea level di�er-enes.� They appear during persistent westerly gales (mostly in autumn, winter andspring).� They import salt (typially 2 Gt) into the Balti Sea along with the watervolume transport (typially 200 km3).� They import oxygen-saturated water (typially 1 Mt of O2) if they our inwinter or spring.� They typially pass through the Sound and the Belt.In ontrast the barolini inows are haraterized by Welander (1974), Jakobsen(1980), Feistel et al. (2003a) and Mohrholz et al. (2006):� They are driven by barolini pressure gradients, espeially horizontal salinitydi�erenes.� They appear during persistent alm wind ondition (usually in late summer).� They import salt into the Balti Sea along with the water volume export.� They import oxygen-de�ient water, but ventilate the deep Balti basins byentrainment of oxygenated surfae water.� They pass only through the Great Belt gateway.Moreover barotropi inows an be further divided into Major Barotropi Inows(MBI's), medium intensity inows and weak inows, what will be disussed furtherin subsetions 2.2.1 and 2.2.2.



8 CHAPTER 2. THEORETICAL PARTWinter and spring inows of either type raise the deep Balti Sea basins salinitiesand oxygen, while lowering the temperature. The autumn and summer ones inreasesalinities and temperature, but arry only little oxygen.2.2.1 Major Balti Inows (MBIs)The volume of water with a higher salinity rossing the sills during the very fre-quent but weak inows (10 - 20 km3) have little impat on the deep and bottomwaters. Suh inows are generally insuÆient to displae the bottom waters orsigni�antly hange the oeanographi ondition in the Balti Sea deep basins, be-ause their water will be interleaved in or ow just beneath the permanent haloline.Episodi inows of a larger volume (100 - 250 km3) of highly saline (17-25 PSU)and oxygen rih water, whih penetrates deep into the Balti, �lling eah of thedeep basin with a fresh water represent the most important mehanism by whihthe Balti Sea deep water is replaed and renewed to a signi�ant degree. Suhinows are harateristi basin-sale oeanographi phenomena of the Balti Sea.For this proess �rst German names 'Salzeinbruh' (Wyrtki, 1954) and later'Salzwassereinbruh' (Dikson, 1973) were used. In English written papers mostfrequently used term is Major Balti Inow (MBI) oined by Dikson (1973).The volume of highly saline water passing into the Balti Sea aross the DrogdenSill is generally thought to be insuÆient to renew entral the Balti Sea deepwaters signi�antly. Therefore only the transport of larger volumes of water arossthe Darss Sill supported by the inow through the Drogden Sill onstitutes a majorinow.Frank et al. (1987) used the following empirial riteria at Darss Sill to identifythe MBIs:� The strati�ation oeÆient G = 1 - S/Sb, where S is the surfae salinity andSb is the bottom salinity, must be � 0:2 for at least 5 onseutive days.� The bottom salinity Sb must be higher then 17 PSU.The total of 96 major inows were reognized at the Darss Sill during the periodfrom 1897 to 1995, exluding two world wars (Matth�aus and Frank, 1992). Allinows ourred between the end of the August and the end of the April. Suhevents are most frequent between Otober and February (90 perent) and are lessommon in August/September and Marh/April. Major inows have never ourredbetween May and mid August. The inows usually our in lusters (17 ases), but



2.2. SALINE WATER INFLOWS 9some were isolated events (6 ases). A luster omprise all inows separated byintervals of less then 1 year. Most lusters last for 2 or 3 seasons, but none lastedmore than �ve (Fisher and Matth�aus, 1996). The events were haraterized bymeans of parameter Q, whih arranges major events aording to their relativeintensity. The intensity index is de�ned as:Q = 50(((kGR � 5)=25) + ((SGR � 17)=7)) (2.1), where kGR is the duration of the inow and SGR is the mean salinity of theinowing water (Fisher and Matth�aus, 1996). The intensity index Q varies between0 (kGR = 5 days and SGR = 17 PSU) and 100 (kGR = 30 days and SGR = 24 PSU).Major inows were lassi�ed by their intensity index into weak (Q� 15) , moderate(15 � Q � 30), strong (30 � Q � 45) and very strong (Q>45) . Weak inows, whihare about one half of all major inows, never last more then eight days and have amaximum salinity of 18.6 PSU. Intensity index Q has a seasonal variation with thehighest intensities from November to January (Fisher and Matth�aus, 1996). Theintensity of the inows from period 1897-1939 is given on �g. 2.3

Figure 2.3: Major Balti Inows between 1880 and 2005 and their seasonal evolution(upper right) shown in terms of their relative intensity Q and a �ve year running means ofriver runo� to the Balti Sea (inside the entrane sills) averaged from september to marh(shaded). Blak boxes on the time axis: MBIs arranged in lusters (Matth�aus, 2006).



10 CHAPTER 2. THEORETICAL PART2.2.2 Small and medium intensity inowsBesides the Major Balti Inows whih take plae with a small frequeny, there existalso medium-intensity inows taking time several times per year. They transportsmaller amount of saline water into the Balti Sea and therefore are not as eÆientin renewing the Balti Sea deep waters. However mixing of these water masseswith ambient water in the Arkona Basin results in density anomaly between 7 and8 PSU in the Bornholm Channel (Burhard et al., 2005). Water of this densityhas the apability to ontinue to ow into the intermediate layers of the BornholmBasin (whih is at times subjet to oxygen depletion) and maybe even further intothe Eastern Gotland Basin. As the Arkona Sea is known to signi�antly reduethe density of suh inowing water by means of turbulent mixing, quanti�ation ofrelevant water mass transformations in this area is essential for understanding of thesensitivity of the Balti Sea to limate hange and human impat. The importaneof salt water inows into the Balti Sea drives throughgoing researh of exhangemehanisms and the assessment of enhaned mixing by man-made obstrutions(Sellshopp et al., 2006).2.2.3 Dense water pathwaysThe inow event over the Darss Sill in the west of the Arkona Basin typiallyours a few days after the inow through the Drogden Sill suh that the latteran be investigated separately. Saline water propagating over the Drogden Sillpropagates southward and branhes into two plumes. The northern plume owsdownhill into a trenh at the northern rim of Kriegers Flak (�g. 2.4), whereas thesouthern plume follows the isobath and passes through the gap between KriegersFlak and M�n Island. The further motion of the latter plume is a spiral alongthe western and southern rim into enter of Arkona Basin, where it ontributes tothe dense bottom plume water (Lass and Mohrholz, 2003a; Burhard et al., 2005).The main inow pathways an be seen on the �g. 2.4. Numerial simulations showthat the ore of the northern plume has both higher salinity and higher eastwardveloity ompared with the southern plume (Paanowski and GriÆes, 1999; Lasset al., 2005). Another plume passing the Darss Sill ows onto a wedge-shapedsubmarine terrae from the sill to Cap Arkona where it joined the Western DrogdenSill plume assoiated with mixing and eddy shedding (Meier et al., 2006).2.2.4 Foring mehanismsInside of the medium-intensity inows 'warm summer inows' an be distin-guished. Most of these inows are driven by barolini pressure gradients dur-ing alm wind onditions in the Belt Sea and in the Arkona Sea. Some of them
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Figure 2.4: Main pathways of the saline inows into the Balti Sea.are barolini events, like the warm inows in 1997 and 2001 (Hagen and Feistel,2001; Feistel et al., 2003a) and the one desribed in this thesis. The foring of thebarotropi medium-intensity inow is similar to the major barotropi inows. Ingeneral barotropi pressure gradients, mainly sea level di�erenes are needed. Toobtain those gradients persistent easterly wind should our for at least few days,whih ause the Balti Sea mean surfae elevation to reah its temporal minimum.If afterwards a longer period with prevailing westerly wind ours, the mean sur-fae elevation will raise ausing an inow from the Kattegat into the Balti Sea.The omparison of the wind diretion over the western Balti Sea Area with theumulated water ux through the Drogden Sill into the Balti Sea is given on 2.5.2.2.5 Dense water pool in the Arkona BasinWater spilling over the Darss Sill and Drogden Sill into the Arkona Sea are basiallyspiralling ylonially along the rims of the Arkona Basin dragged by some fritionale�ets into the ore of Arkona Basin (Mohrholz et al., 2006). This proess feeds
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7 17 27 6 16 26

−20

−15

−10

−5

0

5
x 10

7

C
um

ul
at

iv
e 

V
ol

um
e 

F
lu

x 
N

or
th

 (
km

3 )

7 17 27 6 16 26
0

90

180

270

360

W
in

d 
di

re
ct

io
n(

o )

August/September 2004Figure 2.5: The omparison of the wind diretion (0 are northerly winds, 90 - easterlyand so on) over the western Balti Sea area with the umulated water ux through theDrogden Sill. The umulative volume ux is simply the amount of the water outowingthrough the Drogden Sill from the Balti Sea. On this plot positive values indiate theoutow from the Balti Sea, whereas the negative indiate inow into the Balti Sea. Itan be notied that for periods with prevailing westerly winds the ux dereases (inow)and for prevailing easterly winds ux inreases (outow).episodially into an up to 15 m thik bottom pool of dense water resting in the rela-tively plain eastern part of the Arkona Sea generating a Kelvin-wave type of yloniirulation pattern (Lass and Mohrholz, 2003a). This dense water is separated bya haloline from the water of the Balti Sea origin (Liljebladh and Stigebrandt,1996). Repeated observation of medium-intensity salt water inows shows that theresidene time of the salt water pool is less then three months (Lass et al., 2005)and is redued by permanent water leakage through the Bornholm Channel (Walin,1981). Assuming that the gap in the pool is ontrolled by Kelvin-wave dynamis(Lass et al., 2005) found that barolini Kelvin waves irumnavigate through theArkona Basin within 4 days and that the time to redue the initial volume of saltwater pool by one half amounts to one month.



2.2. SALINE WATER INFLOWS 13In ontrast to MBIs whih are well investigated and desribed, there are only a fewpapers desribing medium-intensity inows as far. During the past two deades, thefrequeny of large barotropi inows (mainly in winter) has dereased and the fre-queny of medium-intensity barolini inows (observed in summer) has inreased.As a result of entrainment of ambient oxygen-rih water, summer inows beamemore important for the deep water ventilation.2.2.6 Inow periodsThe MBIs haraterized by three signi�ant periods:� preursory period - this period is de�ned as the time from the minimum BaltiSea mean elevation preeding a major event to the start of that event at theDarss Sill. Minimum sea mean elevation, whih are always below the normalBalti Sea elevation, preede eah inow of highly saline water. During thisperiod, water with a relatively low salinity ( below 17 PSU) ows aross theDarss Sill into the Balti, and highly saline water (partly above 20 PSU) mayalready be moving aross the Drogden Sill. The most important part of thepreursory period is alled pre-inow period and starts typially 15 days beforethe start of the event. However negative Balti levels in the pre-inow periodsare not neessary for the inow.� main inow period is haraterized by the inow of highly saline water throughboth Drogden and Darss Sills.� post inow period starts with strong outow due to weakening of the westwind and the above-normal sea mean elevation in Balti. The main period ofthe inow are shown on the �g. 2.62.2.7 Inows time salesThe ventilation of the Balti Sea deep water is haraterized by various timesales. The advetive time sale is rather short. For instane, the salt water of theMajor Balti Inow in January 2003 arrived at the Bornholm Deep on January 25th,12 days after the start of the event at the sills (Feistel et al., 2003a; Piehura andBeszzyska-M�oller, 2003). A spreading time of 12 days between the Drogden Sill andthe Bornholm Channel was also found for the small and medium-strength inows inNovember and Deember 1998 (Lass and Mohrholz, 2003b) and August/September2002 (Mohrholz et al., 2006). The residene time of the salt water pool in the ArkonaBasin was estimated to be 1 month (Lass et al., 2005). After about 3 months the�rst signs of the inowing water were observed in the Gotland Deep (Feistel et al.,2003a).
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Figure 2.6: Main inow periods and related hanges in sea level. After Matth�aus andFrank (1992)In ontrast to the relatively short advetive time sale, the di�usive time sale ismuh longer, for the inow it takes not more then 20 days to arrive in the BornholmChannel, but vertial mixing with the ambient water takes signi�antly more time(Meier et al., 2006).2.3 EntrainmentOn the way from a sub-basin to a sub-basin, the salinity of the inowing waterdereases due to entrainment of the ambient, less saline water, whereas the volumeow inreases (Meier et al., 2006). The dense bottom ow arries the intrudingsea water and drives the vertial irulation of the Balti Sea (Stigebrandt, 1987a;Reissman et al., 2009). Using measurements from the period from 1970 to 1990Kouts and Omstedt (1993) identi�ed three main mixing zones: the Belt Sea andthe Sound, the Arkona Sea, and the S lupsk Furrow.This data analysis loated the regions of inreased mixing of inows into theBalti Sea, but did not disuss the proesses ausing the mixing. In a more detailedinvestigation Lass and Mohrholz (2003a) identi�ed three major mixing mehanisms:� wind mixing in the viinity of sills,



2.3. ENTRAINMENT 15� di�erential advetion in the head region of the dense bottom urrents, whihinrease mixing by shearing denser water over less dense water,� shear-indued entrainment of ambient water into dense bottom urrents.The wind related mixing, however, an only be e�etive at relatively shallowdepths (e.g. the Drogden Sill), whereas in the deeper Bornholm Channel the densebottom urrents are mostly proteted against wind mixing by an overlaying strati�edlayer.The entrainment aross the pynoline on top of the dense bottom urrent due tointerfaial shear has been investigated in muh detail sine several deades (Arneborget al., 2007; Reissman et al., 2009). This generally results in a dependene of the en-trainment parameter, de�ned here for the non-divergent plumes as E = wE=U (withthe entrainment veloity wE representing the rising veloity of the pynoline andthe mean downslope veloity U) on the Froude number, de�ned here as (Reissmanet al., 2009): Fr = U=(g0H)1=2 (2.2)(with the redued gravity g0 and the plume thikness H), whih is of the formE = F arwith the positive non-dimensional parameters a and .Observations of the gravity urrents with Froude numbers lose to one indiate adependeny for the Froude number of the form (Wahlin and Cenedese, 2006)wE=U = 10�3Fr8 (2.3)Reent laboratory experiments of gravity urrents on rotating gentle slopes in-diate a somewhat weaker dependeny (Cenedese et al., 2004)wE=U = 4 � 10�4Fr3:5 (2.4)with the entrainment being aused by the breaking of roller waves on the inter-fae. An alternative expression based on the along-ow slope rather than on theFroude number has been shown to work well for weak slopes and subritial ows(Pedersen, 1980; Stigebrandt, 1987b; Arneborg et al., 2004),wE=U = 0:07s (2.5)where s is the bottom slope in the along-ow diretion.



16 CHAPTER 2. THEORETICAL PARTFor a steady urrent, the entrainment an be derived by observations of theinrease of volume ux or derease in density or salinity in the ow diretion. Inthe data analyzed in this master thesis the volume ux budgets are unlear, but wewill look for the entrainment e�ets in the salinity data. The salinity dereases inthe ow diretion as �S�x = (S � S0)BwEQ (2.6)(Sellshopp et al., 2006)where S0 is the salinity outside the gravity urrent, B is width of gravity urrent,and Q is the volume ux.Reent observation made by Arneborg et al. (2007) and Umlauf and Arneborg(2009) suggest that entrainment is a�eted by the Ekman number Ek as well as bythe Froude number. They suggested that variations of Ek are an important fatorontrolling the entrainment proess, whih is supported by the generally strongorrelation between E and Ek.2.4 Dynamis of the urrents passing through ahannelTheoretial works on rotating bottom gravity urrents show the importane ofbottom frition for the downward steering of dense waters along submarine anyons(Wahlin, 2002, 2004) and ridges (Darelius and Wahlin, 2007; Darelius, 2008). Theseauthors suggested a simple model based on the ideas that the ow along the or-rugation is geostrophially balaned, and that fritional ontrol adjusts the speedexatly suh that the bottom stress balanes the interfaial pressure-gradient alongthe orrugation.An interesting onstraint was pointed by Wahlin (2002), who showed that topo-graphi downward-steering along a hannel or a ridge implies that the transverseEkman transport and the transverse geostrophi transport due to the down-hanneltilt of the interfae exatly anel.Last work by Umlauf and Arneborg (2009) suggest that the transverse transportof uid inside the interfae have a profound impat on the development of thetransverse density struture in the gravity urrent. This transport is marked on the�g. 2.7 as qi.



2.4. DYNAMICS OF THE CURRENTS PASSING THROUGH A CHANNEL 17

Figure 2.7: Shemati view of the entrainment proess and the e�et of the interfaialjet. The down-hannel ow is direted out of the page. After Umlauf and Arneborg(2009).If interfaial uid is involved in the transverse reirulation, the transverse trans-port inside the interfae must be balaned by a motion of isopynals, due to diapy-nal mixing or to transverse advetion of the density �eld. The transverse interfaialjet advets water of intermediary buoyany from the northern side of the gravityurrent towards the southern side, inreasing buoyany in the southern part by bothtransverse advetion of interfaial water and loal entrainment of ambient water.The adveted, buoyant uid is mixed down by strong turbulene on the southernslope in a proess that requires further lari�ation, and is then adveted bak to-wards the enter of the hannel with the transverse return urrent in the interior(again �g. 2.7). This proess of entrainment around the orner also reates the har-ateristi lateral buoyany gradient in the interior and the wedge-shaped interfae,whih an be observed as:� draining the interfae in the northern part� spreading the isopynals on the southern side(Umlauf and Arneborg, 2009)These harateristi interfaes have been reported for laboratory experiments,numerial simulations and numerous oeani observations. Also the bending of



18 CHAPTER 2. THEORETICAL PARTisopynals at the downwelling-favorable side is evident from investigations of someshallow, hannelized gravity urrents in the oean and from idealized numerialsimulations. A likely onsequene of this type of ommuniation between interfaialand interior uid is an inrease of entrainment, onsistent with the reent obser-vation of Wahlin et al. (2008) that topographi steering in laboratory experimentsresults in stronger net entrainment.Previous investigations have looked for an explanation of the interfaial deforma-tion in terms of the interfaial Ekman transport, and its interation with the bottomEkman layer (Johnson and Sanford, 1992). In ontrast to these ideas, Umlauf andArneborg (2009) suggested that the geostrophially balaned part of the transversetransport in the interfae, a proess so far ignored in this ontext, plays the keyrole in shaping the interfae and generating lateral strati�ation in the interior ofthe gravity urrent. Umlauf and Arneborg (2009) showed that transverse transportqi has a geostrophially balaned ontribution, direted towards the right of thedown-hannel ow, and an oppositely direted ontribution due to entrainment2.5 Mesosale eddiesThe mesosale eddies in the Balti Sea (also alled Beddies) are found at variousdepths from the surfae to the bottom, some of them over the whole water olumn.Most of Beddies are observed in the region of the permanent haloline and showno surfae signature. They diameters varies from 10 to 20 km and their thiknessranges between a few meters and the entire water depth. The Beddies drift withveloities of a few m/s and spin with maximum rotational speeds between 20 m/sand 30 m/s. They seem to be almost in geostrophi balane (Reissman, 2002).The yloni eddy is alled a old-ore eddy or ring and the anti-yloni eddy isalled a warm-ore eddy or ring.The number of Beddies oexisting in eah region varies from about 15 in theArkona Basin, the Bornholm Basin and the S lupsk Furrow up to 30 in the EasternGotland Basin (Reissman et al., 2009). Most of the Beddies are found in or abovethe regional main pynoline. This is ertainly a onsequene of the smaller volumeavailable for the Beddies at the bottom due to the basin shape in eah region anddoes not mean that there are no Beddies below the main pynoline. Also veryinteresting is the fat that all Beddies in eah region oupy a onstant fration ofabout 12% of the investigated basin volume (Reissman et al., 2009). Taking intoaount the respetive number of Beddies this orresponds to mean volumes of theBeddies ranging from about 1.5 km3 in the Arkona Basin over values of around 2km3 in the Bornholm Basin to more than 3 km3 in the Eastern Gotland Basin. This
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Figure 2.8: A sheme of old-ore and warm-ore eddies. The arrows on top of theeddies mark water movement diretion, yloni for old-ore eddies and anti-yloni forwarm-ore eddies.inrease of the mean volume is aompanied by an inrease of the mean thiknessof the Beddies from around 13 m in the Arkona Basin up to 23 m in the EasternGotland Basin, while their mean horizontal ross-setional area varies only littlewithin the range orresponding to radii between 4 km and 5 km for the di�erentregions (Reissman, 2002) .The formation mehanisms and the life histories of eddies remain the subjet ofoeanographi researh. There are several di�erent onditions giving rise to theirformation just as there are for their atmospheri ounterparts, the low and highpressure eddies. For example, urrents like the Gulf Stream meander in a ratherwave-like fashion and beome unstable. These ow instabilities lead to pinhing o�relatively warm or ool waters that at as seeds for eddies. Also ow over seamountsan ause eddies. Also, under suitable divergent onditions, ool, nutrient-rihwaters an upwell from deeper waters to at as a seed for the formation of a old-ore eddy . Likewise, warmer, nutrient-poor waters may onverge, be downwelled,and a warm-ore eddy an be formed (�g. 2.8).



20 CHAPTER 2. THEORETICAL PART2.6 Stagnation periods and anoxi onditionStagnation periods have a signi�ant impat on the Balti Sea eosystem. TheBalti Sea is too fresh for most marine speies and too salty for most freshwaterspeies and most speies experiene physiologial stress. Changes in salinity andoxygen onentrations may have a onsiderable impat on speies distributions, foodwebs and life-histories (Meier et al., 2006).The eutrophi Balti Sea produes large amounts of organi matter, whih sinksinto the deeper water, mineralizes there and lowers the oxygen onentration. MajorBalti Inows (MBIs), see set. 2.2.1, ourring on the deadal time sale are themain proess whih ventilates these depleted deeper water. During the stagnationperiods between two MBIs the near-bottom water of the deeper basins typiallybeomes anoxi with the onsequene that large amounts of phosphate are releasedfrom the sediments.Also the nutrient onditions in the deep basins of the Balti Sea are stronglyinuened by episodi inows of larger volumes of highly saline, oxygen-rih waterfrom the North Sea. Owing to their high density and their onsiderable oxygenontent, these inows are the only mehanism by whih the deep water in theentral basins an be replaed and signi�antly renewed. Major Balti Inows(MBIs) has the biggest e�et on the deep basins water renewal, but also medium-intensity inows take part of this proess. They transport smaller amount of salinewater into the Balti Sea and therefore are not as eÆient. However mixing of thesewater masses with ambient water in the Arkona Basin results in density anomalybetween 7 and 8 PSU (Burhard et al., 2005) in the Bornholm Channel. Water ofthis density has the apability to ontinue to ow into the intermediate layers ofthe Bornholm Basin (whih is generally subjet to oxygen depletion).2.7 Inuene of the wind farms on the inowsThe natural mixing proesses in the western Balti Sea may atually be modi-�ed by o�shore onstrutions suh as bridges and wind farms. During the planningphase of the Great Belt Link and the Sound Bridge a zero-bloking solution has beenpostulated, meaning that the bridge onstrutions must have no inuene on thevolume ux through the Sound and the Great Belt. Stigebrandt (1992) estimateda ow redution by the Sound bridge of only 0.6%, with almost no measurablee�et for the Balti Sea hydrography. M�ller et al. (1997) arried out laboratoryexperiments with obstales dragged through strati�ed water and found no signi�-ant mixing e�et. However, observations of urrents, strati�ation, and turbulene



2.8. GETM 21upstream and downstream from the western part of the Great Belt Bridge arriedout by Lass et al. (2006) revealed signi�ant e�ets of the bridge pylons on thevertial ow struture. They observed von Karman straits in the wake of the bridgepylons with the potential to generate internal waves. These may propagate awayfrom the onstrutions and release their energy into diapynal mixing remotely.In reent years extensive o�-shore wind farms have been planned in up to 15plaes in the western Balti Sea area. Many of them are loated near the oastat shallow depths, where the dense bottom urrents do not our, but it is theintention to loate some of these projeted wind farms in overow areas suh asaround the Kriegers Flak. Their foundations may at as obstales for the densebottom urrents with the e�et of inreased entrainment.The Quantas-O� projet (in frame of whih this master thesis is involved) isinvestigating the inuene of the o�-shore wind farms on the inows into the BaltiSea. The reent onlusions made in the frame of the projet is that in the worstase the urrently planned wind farms in the western Balti Sea will redue the meanmonthly salinity at the bottom of the Bornholm Channel by up to 0.2 PSU ((Rennauand Burhard, 2009)). From 15 wind farms planned in the western Balti Sea area,onstrution of 13 has been allowed, of whih one is urrently under onstrution.2.8 GETMFor simulating dynamis of a medium-intensity inow events over Drogden Sill,the GETM (Burhard and Bolding, 2002; Burhard et al., 2004) has been applied.The General Estuarine Transport Model (GETM) is an open soure oastal oeanmodel (available from http://www.getm.eu).GETM is a three-dimensional free-surfae primitive equation model using theBoussinesq and boundary layer approximations. For the disretisation, a high-resolution bathymetry (0.5 n.m. resolution) has been used as well as bottom- andsurfae-�tted vertial oordinates with 25 vertial layers and a horizontally homoge-neous bottom and surfae layer thikness , suh that the ow an smoothly advetalong the bed. The model domain has open boundaries at the northern end of theSound, towards the West aross the Fehmarn Belt and towards the East along 14o46'5" E.The major advantage of bottom �tted vertial oordinates, in omparison togeopotential oordinates with a step-like bottom approximation, is that for bottom-



22 CHAPTER 2. THEORETICAL PARTfollowing ows the advetive uxes aross vertial oordinates and thus the asso-iated disretisation errors are minimized . Furthermore, bottom-following oordi-nates allow high near-bed resolution also in domains with large depth variations(Burhard et al., 2009).GETM has been suessfully applied to several oastal, shelf sea and limni se-narios, for turbulent ows in the Wadden Sea, for dynamis in the North Sea, for anidealized plume study in the Arkona Basin, for estimating exhange and residenetimes in the Willapa Bay in Washington State and for a basin-exhange study inthe Lake of Geneva (Burhard et al., 2009).2.8.1 Bathymetry adjustment proedureHigh resolution bathymetries for the Western Balti Sea show a deep and ontinuoushannel pervading like a vein through the Great Belt. In order to partially aountfor this dynamially relevant topographi feature, the model bathymetry was mod-i�ed by hand to inlude this deep hannel. This led to an inrease of transport ofsalinity through the Great Belt and hene resulted in improved agreement of timingand salinity for the stations Darss Sill and Arkona Buoy (Burhard et al., 2009).The unmodi�ed Western Balti Sea bathymetry is underestimating salinities inthe Fehmarn Belt and in the Drogden Sill. This problems in the volume and salinitytransports have motivated some further adjustments in the model bathymetry andopen boundary onditions. Step-wise bathymetry hanges in the Great Belt and theSound and onurrent model validation with station measurements have resulted inan inrease of depth of parts of the Great Belt by up to 35% and in the Sound by upto 15% to obtain reasonable agreement of salinities for the Drogden Sill station andin the Fehmarn Belt. Also the barotropi pressure di�erene between both openboundaries have been inreased (Burhard et al., 2009).



Chapter 3Ship, on-board devies andmoorings
3.1 RV OeaniaThe data analyzed in this master thesis ome from the ruise done by RV Oea-nia in November 2005. RV Oeania, or SY Oeania, is a tall ship, owned by thePolish Aademy of Sienes, and used as a researh vessel. The ship is equippedwith laboratories able to provide hydrographi, opti, aousti, hemial, biologialand partiulate experiments and observations. In this work CTD and ADCP dataobtained during the ruise will be analyzed.3.1.1 CTD SensorRV Oeania is equipped with CTD (ondutivity, temperature, depth) sensor, pro-dued by SeaBird Eletronis. The model name of the sensor is FastCAT CTDSensor (SBE 49). Below some important parameters are listed:Measurement range:� Temperature: -5 to +35 o C� Condutivity: 0 to 9 S/m� Pressure 0 to 350 metersInitial auray:� Temperature: 0.002 o C 23



24 CHAPTER 3. SHIP, ON-BOARD DEVICES AND MOORINGS� Condutivity: 0.0003S/m� pressure 0.004 % full sale rangeResolution:� Temperature: 0.0001 o C� Condutivity: 0.00001 S/m (fresh waters)� pressure 0.002 % full sale range

Figure 3.1: The metal framework used with the CTD. On the sides lines onneting theframework to the ship are attahed. Underneath the metal hain is visible, and on theone side of the framework there is a stabilizer.The CTD used on the RV Oeania ship is installed inside of the metal framework(�g. 3.1), parallel to the seabed. From the sides of the framework two lines leadingto the ship are attahed and as well metal hain is embedded. The main purpose ofthe hain is to inrease the weight, so the CTD probe falls faster, whih inreasesmeasurements resolution. Also, the hain helps to determine when the CTD sensoris approahing seabed (when the CTD rew inside of the ship observe slowing downof the probe it indiates that the hain has touhed the ground).



3.1. RV OCEANIA 25Not like most of the CTD's, the data on the Oeania's CTD are olleted whileup- and down-movement of the probe, whih gives the better spatial resolution.The down-going veloity is driven by gravity and is generally not depending onthe human fator, but the up-going veloity depends on the winh speed. Theproblem is, that if the CTD up-movement is to fast, the probe and the age aroundit auses disturbanes of the water around it, and the CTD sensor do not read e.g.the orret water salinity, but the water salinity that is atually deeper (the probepulls up the water while its up-movement). To orret this error, for the area withthe orrupted data, up-going asts were removed and replaed with the down-goingasts proeding them. On the �g. 3.2 the salinity data for one part of a transet isshown, before and after removing orrupted up-going asts. The problem exhibitsin less then 10% of R/V Oeania data.
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Figure 3.2: The original salinity data (upper panel) and the data after removing up-going asts (lower panel) and replaing them with down-going asts. On the orretedplots no salinity data zigzagging is visible, but it has two times lower resolution.3.1.2 ADCP pro�lerADCP (Aousti Doppler Current Pro�lers) use the Doppler e�et by transmit-ting sound at a �xed frequeny and listening to ehoes returning from sound sat-terers in the water. These sound satterers are small partiles or plankton that



26 CHAPTER 3. SHIP, ON-BOARD DEVICES AND MOORINGSreet the sound bak to the ADCP. Satterers are everywhere in the oean. Theyoat in the water and on average they move at the same horizontal veloity as thewater. Sound satters in all diretions from satterers . Most of the sound goes for-ward, una�eted by the satterers. The small amount that reets bak is Dopplershifted. When sound satterers move away from the ADCP, the sound they hear isDoppler-shifted to a lower frequeny proportional to the relative veloity betweenthe ADCP and satterer. The baksattered sound then appears to the ADCP asif the satterers were the sound soure.When an ADCP uses multiple beams pointed in di�erent diretions, it sensesdi�erent veloity omponents. For example, if the ADCP points one beam east andanother north, it will measure east and north urrent omponents. If the ADCPbeams point in other diretions, trigonometri relations an onvert urrent speedinto north and east omponents. A key point is that one beam is required for eahurrent omponent. Therefore, to measure three veloity omponents (e.g. east,north, and up), there must be at least three aousti beams.ADCP mounted on RV Oeania is a produt of RD Instruments. The measuringfrequeny is 153.6 kHz and the measuring range is 250 meters, with bottom trakingrange up to 400 meters. The auray of the pro�ler is 0.2% of the measured veloity.This ADCP has 4 transduer, eah faing di�erent diretion. Also, eah transduerbeam angle is oriented 30o from vertial. Due to ADCP measurement spei�ationsit is impossible to measure the veloities near the surfae and near the bottom(see set. 3.1.3). Unfortunately the measurement of bottom veloities are of highinterest in the frame of this master thesis - the dense bottom urrents, ie. themedium-intensity inows propagate nearby the bottom, as they are denser than theambient water.3.1.3 Measurements near the bottomThe eho from a hard surfae suh as the bottom is so muh stronger than the ehofrom satterer in the water that it an overwhelm the side lobe suppression of thetransduer. One should normally rejet data from distanes too lose to the surfae(when looking up) or bottom (when looking down). Fig. 3.3 shows transduer beamangle oriented 30o from vertial. For the 30o transduer, the eho through the sidelobe faing the bottom returns to the ADCP at the same time as the eho from themain lobe at 85% of the distane to the bottom. This means data from the last15% of the range to the bottom an be ontaminated. The e�et is the same for anADCP at the bottom looking up to the surfae.The equation that governs this is:
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Figure 3.3: The relationship between transduer beam angle and the thikness of theontaminated layer at the surfae. Rmax = Dos(�) (3.1)Where: Rmax is the maximum range for aeptable data D is the distane fromthe ADCP to the surfae or bottom (as appropriate) Angle � is the angle of thebeam relative to vertial (normally 20o or 30o) When looking down, ontaminationfrom bottom ehoes usually biases veloity data toward zero. In a moving vessel,ontamination from bottom ehoes is less preditable. The veloity of the surfaeor the bottom is zero on average; it is this zero veloity that biases the measuredveloity toward zero.3.2 Methods.From 10th to 19th of November 2005 ship ruise with R/V Oeania (see set. 3.1)from IOPAN in Sopot took plae just after a medium intensity inow has started.During the ruise 18 CTD and ADCP transets were made. Moreover to estimatethe size and the intensity of the inow as well as the veloity of the inow propaga-tion, data from moorings in the Arkona Sea and inside of the Sound were analyzed.Data regarding the Sea Surfae Height (SSH) were used from the stations in the
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Figure 3.4: Map of the Arkona Basin with bathymetry lines every 20 meters. Sea SurfaeHeight (SSH) measuring station are marked with rosses and moorings with triangles.north of the Sound (Viken) and in the south of the Sound (Skan�or) (marked rosseson the �g. 3.4). This data were used to estimate ux through the Sound. TheArkona Basin (AB) and Darss Sill (DS) measurement buoys wind data were usedto �nd the wind patterns before, during and after the inow. The ADCP and CTDdata were available for the period of interests from measurement stations at ArkonaBasin, Darss Sill, Kriegers Flak South (KFS) and North (KFN) as well from theDrogden Sill (all the moorings are marked triangles on the �g. 3.4).To estimate the propagation of the inow in the Arkona Basin CTD data fromthe Drogden Sill, Arkona Basin and Kriegers Flak South and North were used, aswell as CTD and ADCP data from the Darss Sill. The inow through the Sound istraed at stations at Drogden Sill, Kriegers Flak North and further east at ArkonaBasin. The inow through the Belt, whih is delayed to the one through the Soundby ouple of days is measured at stations at Darss Sill, Kriegers Flak South andArkona Basin. To alulate the inow propagation orrelation between Darss Sill
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Figure 3.5: Map of the Arkona Basin with bathymetry lines every 20 meters. The �rstpart of transets from R/V Oeania is marked with red lines. Sea Surfae Height (SSH)measuring station are marked with rosses and moorings with triangles.and Arkona Basin were alulated as well between Drogden Sill and Arkona Basin.Unfortunately, station at Kriegers Flak North has no data for the �rst part of theinow.Eighteen transets from R/V Oeania CTD probe and ADCP were taken between10th (313th day of year 2005) and 19th of November 2005 (323rd day of year 2005).Transets are numbered from 3 to 20. Between transets 10th and 11th the largertime gap (a. 3 days) ourred. It was aused by a storm (see �g. 4.1 on page 34for wind veloities), whih made measurements impossible (R/V Oeania is a sailboat). The transets made before the gap (3rd to 10th) are shown on �g. 3.5 , therest, made after the gap are shown on �g. 3.6 . The timelines for all transets anbe seen on �g. 3.7.
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Figure 3.6: Map of the Arkona Basin with the seond part of transets from R/VOeania (red lines). Symbol notation as in the �g. 3.5.
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Figure 3.7: Plot of the duration of the eah transet vs. the transet number. The timegap between the transets number 10th and 11th an be seen. The date is expressed indays starting from the beginning of the year 2005.
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Chapter 4Observational data analysis
4.1 Cumulated volume ux vs. wind patternMedium-intensity inows through the Sound (setion 2.2) are generally well-mixedover the shallowest sill regions. The pressure gradient aused by surfae elevationdi�erenes is balaned by the bottom frition and forms a drag. The surfae eleva-tion di�erenes are aused by regional wind patterns (Gustafsson and Andersson,2001). Westerly winds tend to raise Kattegat Sea level and to lower Arkona Sealevel, thereby ausing inow of fresh, saline water whereas easterly winds tend toause outow (Lass and Matth�aus, 1994).Medium-intensity inow an be reonstruted on the basis of observed sea leveldata in Viken and Skanoer measuring stations. Several studies (Jakobsen et al.,1997; Green and Stigebrandt, 2002) show that the ow through the Sound is welldesribed by a quadrati frition law of a type:�N � �S = KQjQj (4.1)where �N � �S is the total sea level di�erene from south to north, whih is takento be equal to the water level di�erene between stations at Skanoer and Viken,Q is the southward volume ux and K is the spei� resistane. Jakobsen et al.(1997) estimated the volume uxes from ADCP (Aousti Doppler Current Pro�ler)measurements from the Drogden and Flinten Channels, and used the sea level datafrom Roedvig and Skanoer to the south and Hornbaek and Viken to the north.They had estimate the parameter K = 2.26 � 10�10 s2/m�5. This value is used inthe present work to alulate the volume uxes from observed sea level di�erenesbetween Skanoer and Viken for Otober and November 2005 (�g. 4.1).Aumulated volume ux suggest that a signi�ant sequene of inows startedat the end of Otober and lasted until middle of November. Unfortunately no33
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Figure 4.1: In two upper panels time series of the wind speed and the wind diretionfrom the Darss Sill Station (blue) and the Arkona Sea Station (red) during Otober andNovember 2005 are shown. On the lower panels southward volume uxes alulated bythe means of equation 4.1 from observed sea levels at Viken and Skanoer and aumulatedvolume ux obtained by integrating volume ux over time are shown. Horizontal bars atthe bottom of the panel indiate two phases of the ruise. On the aumulated volumeux plot division into inow periods is marked (see setion 2.2).



4.2. PROPAGATION OF THE INFLOW THROUGH THE SOUND. 35ADCP data are available for this period at the Drogden Sill station to omparewith alulated ux. The wind data at the Arkona Sea station and Darss Sillstation (�g. 4.1) are strongly orrelated during the period of interest, exept from10th to 13th of November. During the period proeeding the inow (ie. from 5thto 20th of Otober) main easterly wind with veloity of up to 10 m/s was observed.This wind pattern aused outow from the Balti Sea to the Atlanti Oean andlowered the Balti Sea level to its temporal minimum. As expeted, long period ofwesterly winds oming diretly after period of easterly winds aused inow. For theperiod starting from 20th of Otober until 16th of November winds at both stationturned into southerly or westerly with a small period of northerly winds on 23thand 24th of Otober. The wind speed in the observed period varies from 5 to 15m/s most of the time. The signi�ant westerly wind peak is observed between 14thand 16th of November ausing signi�ant southward volume ux inrease. Duringthe period of prevailing westerly and southerly winds small periods of winds fromeast or south an be observed. This wind auses small disturbanes of the inowand as well baking of the high salinity plume, what is further disussed in the nextsetion. After 16th of November northerly winds prevail, whih with the high BaltiSea level auses an outow.Inow proesses within the Balti Sea an be divided into three signi�ant periods:the preursory period, the main inow and the post period (Fisher and Matth�aus,1996). On the �g. 4.1 those division is shown for the observed inow. The preursoryperiod of the inow lasts from 20th of Otober up to 2nd of November. The maininow period lasts from 3rd to 16th of November, when the Balti Sea level reahesits maximum. With the start of outow post period begins.4.2 Propagation of the inow through the Sound.On the �g. 4.2 a delay between the inow start and the salinity inrease inside ofthe Sound an be seen. The ux has been alulated from the Sea Surfae Heightstations, as in the set. 4.1, the salinity is observed at the Drogden Sill buoy. Thepositive ux is equal to the inow into the Balti Proper and marked with the redolor. The negative ux is the outow and is marked with the blue olor. Withthe blak arrows a typial delay between the inow start and the salinity inreaseis marked. This typial delay is due to the fat that water masses in the Kattegatonsist of low saline surfae waters from the Balti Proper and the highly salinesub-surfae water from the North Sea. When the inow starts, �rst the low salinesurfae water (that originates from the Balti Proper) enters through the Sound andafterwards the highly saline water (that originates from North Sea). Therefore ifthe inow lasts not long enough (e.g. 12 hours) it will not be observed as a salinity



36 CHAPTER 4. OBSERVATIONAL DATA ANALYSISinrease inside of the Drogden Sill.

Figure 4.2: Flux through the Sound (upper panel) ompared with the salinity measuredat the Drogden Sill (lower panel). A typial delay of a few days an be seen between theinow start and the salinity inrease.To further analyze the inow the data from the Drogden Sill measuring stationwere investigated just before and during the inow. On the �g. 4.3 timeseries of thesalinity and the temperature inside the sill during the inow are shown, as well asthe aumulated volume ux, whih was already seen on �g. 4.1. The inow startedat the end of Otober 2005, whih an be seen at the umulative volume ux plot.Unfortunately, the ADCP data for the Drogden Sill were not available for this timeperiod.Temperature and salinity data for Drogden Sill are available from 25th of Otober,5 days after start of the inow. It an be assumed from the volume ux plot (�g.4.1) that no major plumes were observed just before this date. Before the inow thesalinity of the water was about 8 PSU for the whole water olumn whih is a typialvalue for the Balti Sea surfae waters. Two smaller plumes with the salinities ofup to 21 PSU are observed about 25th and 27-28th of Otober. Afterwards nomajor salinity inrease is observed until 3rd of November. From 3rd of November
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Figure 4.3: Time series of the temperature and salinity for Drogden Sill observed from 25of Otober to 25th of November 2005 (two upper panels.) Salinity plot has strange valuesbetween 3rd and 4th of November, probably due to a measurement error or equipmentmalfuntion. The lowermost plot shows the aumulated volume ux through the Sound.the bottom salinity inrease up to 23 PSU. Starting from 5th to 10th of Novemberthe saline plume is observed in almost whole water olumn, exluding the surfaelayer, with salinity up to 26 PSU. Next about one day drop of the salinity to 10PSU is observed. From 12th to 15th of November inrease of water salinity in thebottom layer is observed, and later inrease in the whole water olumn form 15th to18th of Otober (up to 26 PSU). After 19th of November salinity drops to 8 PSU.The along bottom salinity stays more saline (over 20 PSU) 2 days more. The reasonfor this an be that the hanging wind pattern over the sill a�ets �rst the surfaewater, the bottom water due to Drogden Sill bathymetry is still inowing due togravity fores. The water temperature is fairly mixed through the whole waterolumn and drops from 12 degrees at the end of Otober through 10 degrees in themiddle of November to 8 degrees at the end of November. Drop of temperature ofabout 3 degrees in just 3 days after 14th of November is aused by the fat that theinow in this period propagates through the whole water olumn and through themixing with the atmosphere temperature is lowered. Due to this rapid temperaturederease, temperature an be used as a traer of the inow propagation, alongside



38 CHAPTER 4. OBSERVATIONAL DATA ANALYSISthe salinity.When the inow takes plae, generally most of the saline water from the Kattegatpropagates along the bottom. When the inow reverse the water salinity outowingthrough the Sound is about 8 PSU. Heavier, highly saline water is trapped over theSound and annot move bak beause of the low depth of the Sound. The most ofthe saline water with salinity over 10 PSU, whih passed over the sill during theinow, ontinues to ow into the Balti Proper along the bottom.The major inow event an be identi�ed by two empirial riteria disussed inthe setion 2.2: bottom salinity Sb higher the 17 PSU riterion and strati�ation Griterion (lower the 0.20 for at least 5 onseutive days), both observed in the DarssSill area. It is lear that desribed inow doesn't ful�l these riteria (ompare �g.4.7). This inow is lassi�ed as the medium-intensity inow.4.3 Moorings data.To analyze the inow propagation in the Arkona Sea the CTD and AdvanedDoppler Current Pro�ler (ADCP) data from several moorings were analyzed, aswell as observational data taken during the ruise of R/V Oeania in November2005. In this work mainly the inow through the Sound is investigated, as we wantto understand better how it is propagating and what mehanisms are driving it.The main pathways of the inows are shown on the �g. 2.4.The inow through the Drogden Sill was disussed in setion 2.2. To desribe theinow propagation in the Arkona Sea and further, the CTD data from the stationarymoorings were analyzed. Salinity and temperature data for the period of interestwere available from buoys at the Arkona Basin (measurements at 5 depths) andDarss Sill (measurements at 6 depths). Moreover ADCP data were available forthe period of interest from station at Darss Sill. Unfortunately from the buoys atKriegers Flak North and Kriegers Flak South data are available only for part of theperiod of interest. From Kriegers Flak North ADCP and CTD data (for 6 depths)are available after 18th of November, so posterior part of the inow, and for thestation at Kriegers Flak South CTD data at 4 depths for the period before 21st ofNovember are available (�rst part of the inow).As disussed in the setion 4.1 the beginning of the inow was observed about25th of Otober 2005 and was followed by the bigger, high salinity plume observedinside the Drogden Sill after about 11 days. The plume with the salinity reahing



4.3. MOORINGS DATA. 3926 PSU was observed at the Drogden Sill for about 14 days (�g. 4.3). The plumepassing the Sound an be observed �rst at the station Kriegers Flak North (KFN),later at the station Kriegers Flak South (KFS) and then at the Arkona Basin (AB)station. Entrainment proesses an make the plume more extended but less saline(see setion 2.3).
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Figure 4.4: CTD (two upper panels) and ADCP (two lower panels) time series from theKriegers Flak North buoy for the period of November and Deember 2005.At the Kriegers Flak North station (�g. 4.4) data for the seond part of theinow are available (starting from 19th of November). Comparing with the datafrom the Drogden Sill and the data reeived from the model (see setion 5), it an beassumed that maximum salinity of the inow passed nearby the Kriegers Flak NorthStation a few days before 19th of November. From the 19th to 22nd of Novembersalinity of the bottom layer is over 22 PSU. Later it drops with time and after 26thof November saline plume is no longer visible at this buoy. The temperature forthe period from 19th to 26th of November is unstably strati�ed, with the surfae



40 CHAPTER 4. OBSERVATIONAL DATA ANALYSIStemperature of 8 degrees, the bottom temperature of 10 degrees and temperaturein between reahing 13 degrees in some periods. The inoming, older and moredense water is pushing the old, warmer, but lighter water up. The ADCP data showstrong eastern urrent at the bottom layer (about 10 meters) for the period of theinow.It is hard to predit how long the high salinity plume is observed on the KFNstation due to lak of data, but it an be assumed, from analysis of salinity andwater temperature, that the high salinity (20-22 PSU) bottom layer observed atKFN from 19th to 22nd of November originates from the high salinity (24-26 PSU)plume observed at the Drogden Sill from about 16th till 19th of November. Theearlier part of the plume at Drogden Sill has lower salinity, whih due to entrainmentwas probably further lowered while progressing into the Arkona Basin. It is hardto say about the inow propagation from temperature data as they vary to muhfor the KFN buoy. Besides lowering the salinity the entrainment (see setion 2.3)inreases the volume ux of the urrent. The delay of the plume between those twostation an be estimated to about 3-4 days, whih is in agreement with statistialexpetations (see also set. 4.6 on page 54).
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Figure 4.5: CTD time series from the Kriegers Flak South buoy for November 2005.At Kriegers Flak South (�g. 4.5) temperature and salinity data are available forthe �rst part of the inow, from 1st to 21st of November. Two separated plumesare visible here: a smaller one from 11th to 14th of November, afterwards thebottom salinity drops for a few days and then a bigger plume is observed from16th of November. Temperature at the beginning of November reahes 13 degrees,



4.3. MOORINGS DATA. 41dropping to a. 10 degrees around 20th of November. It seems that the plume ofthe saline water passing south of the Kriegers Flak is thiner and less saline thatthe plume oming north of the Kriegers Flak, whih is in good agreement withalulated volume uxes (set. 4.9.2). Moreover it is also delayed by a few days.Spei� onsiderations, however, annot be done due to lak of data.
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Figure 4.6: CTD time series from the Arkona Basin buoy for November and beginningof Deember 2005.Salinity and temperature time series from the Arkona Basin buoy are availablefor the period from 1st of November until 2nd of Deember (�g. 4.6). From 22nd to26th of November a plume with salinity of up to 18 PSU is observed, later salinitydrops and a seond plume with salinity of up to 22 PSU is observed from 27th to30th of November. No signi�ant temperature hanges are visible for the inowingwater, whih is aused by the fat that when the inow arrive at the Arkona Basinit has the same temperature (10-11 degrees) as the water there. The Arkona Basinbuoy is not very adequate where it omes to measuring of the bottom layer salinity.It omes out from the transets taken by the R/V Oeania that the bottom layersalinity is bigger then the one observed at the AB buoy (e.g. the end of transet 3and beginning of transet 4 were taken nearby the plae where AB is plaed (see �g.4.10)). It is due to the fat that the deepest sensors are attahed about 5 metersover the seabed, and annot measure the plume thinner then 5 meters propagatingunderneath it.The inow observed at the Darss Sill station is delayed to the one passing throughthe Sound by a ouple of days aording to statistial observations (see set. 4.6 onthe page 54). The salinity, temperature and ADCP data at the Darss Sill buoy are
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Figure 4.7: CTD and ADCP time series from the Darss Sill buoy for November andbeginning of Deember 2005.available for the period from the beginning of Otober 2005 to 5th of Deember2005 (see �g. 4.7). The depth underneath the buoy is about 20 meters. A plume ofwater with salinity up to 16 PSU is visible from 2nd until 7th of November. Thenthe bottom salinity drops and after 15th of November it raises again reahing 17PSU from 18th to 26th of November. After 26th there is a one day gap and againan inrease of salinity up to 15 PSU lasting for a few days, until 4th of Deember.The temperature of the plume visible until 12th of the November is about 12 to13 degrees. The seond plume, visible until 26th of November has temperatureof 10 to 11 degrees. The last observed plume visible in the end of November hastemperature of 10 degrees dropping later to 9 degrees. The ADCP data for thetwo plumes visible until 26th of November shows mainly northeast urrents withveloities up to 50 m/s. The last plume, observed after 24th of November showssouth-west veloity, suggesting that this plume has ame from inside of the AB andnot from the inow.
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Figure 4.8: Salinity time series for a period from 25th of Otober to 5th of November forevery analyzed buoy. The periods with no data available are �lled with the white spae.
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Figure 4.9: Temperature time series for a period from 25th of Otober to 5th of Novem-ber for every analyzed buoy. The periods with no data available are �lled with the whitespae.



4.3. MOORINGS DATA. 45It is easier to analyze the moorings data when salinity time series and temperaturetime series for every buoy are displayed on one plot. On the �g. 4.8 salinity timeseries for �ve observed buoys for the period from 25th of Otober 2005 until 5th ofDeember 2005 are shown. On the �g. 4.9 temperature time series are available forthe same buoys in the same time period.At the Drogden Sill inow reahes salinity of up to 26 PSU from 1st to 20th ofApril. Depending on the hanging wind pattern the salinity varies in time. At KFNstation due to lak of data only the last part of the inow an be observed. Theobserved part of the inow (until 26th of November) has salinity of up to 22 PSUwith temperatures of about 10 degrees. Judging from the temperature and salinitydata, for the inow it takes no more then a few days to move from the Drogden Sillto the KFN area. More detailed estimation annot be done due to the lak of datafrom KFN buoy.At the KFS buoy two bottom plumes an be observed (starting from 10th ofNovember), with salinities of the seond, bigger one up to 22 PSU and temperaturesof 11 degrees dropping in time to 10 degrees. The seond part of the seond plumean not be observed due to lak of data. The plumes observed from the KFS buoyshould be the ones propagating through the Sound mainly (see �g. 5.8 on page 81).The observed part of the plume is signi�antly smaller than the one observed atKFN and shifted in time as well. The seond, bigger plume (observed here fromabout 16th of November) an be the plume observed at the Drogden Sill after 5thof November. If this onsiderations are orret then the inow observed at the KFSstation an be delayed by about 6 days from the one observed at the Drogden.At AB buoy saline plume an be seen from 22nd to 29th of November, withsalinity of up to 20 PSU and water temperature of about 10 degrees. Estimatingfrom temperature data it ould be the part of the plume visible at the DrogdenSill from 15th to 19th of November. This part of the plume was the one whihpropagated through the whole water olumn of the Drogden Sill, so theoretiallythe part whih should propagate the furthest. Due to the entrainment the salinitydropped and plume has extended, what is also visible from the data. The plumeat the AB buoy has probably about 11 days of delay to the one observed at theDrogden Sill buoy.The plume visible at the Darss Sill an be the one propagating through the Beltonly or be a produt of both plumes: the one propagating through the Belt and theone propagating through the Sound. It an be predited from the GETM model(set. 5) that the observed plume visible at the Darss Sill is the one propagating



46 CHAPTER 4. OBSERVATIONAL DATA ANALYSISmainly through the Belt. Even if the Darss Sill plumes are not diretly orrelatedwith the plumes at Drogden Sill, beause of the same wind patterns over wholetransition area they are indiretly orrelated. It an be assumed that a small plumeof salinity of 18 PSU and temperature of 13 degrees observed at Darss Sill stationfrom 2nd to 7th of November are two low salinity pulses seen at the Drogden Sillat the end of Otober. The rise of salinity observed at the bottom of the Darss Sillfrom 15th of November to 3rd of Deember an be in orrelation with the inowvisible at the Drogden Sill from 4th to 19th of November. It an be said from theobservation that the plume propagating through the Belt was delayed to the onepropagating through the Sound by about 7 to 10 days.4.4 R/V Oeania data.In the following subsetion some of the most important transet for investigatinginow propagation will be disussed. This ruise was taken between 10th and 19thof November 2005 and measurements were divided into 18 transets numbered from3 to 20 (see set. 3.2).From the view of the inow propagation transets 3 to 8 and 11-12 seem to bemost interesting. Transets 3 to 8 were taken from 10th to 13th of November. Inowof bottom salinity up to 17 PSU an be observed during this period. Transets 11and 12 were on 17th of November, when bottom salinities reahed 25 PSU. Transetswere taken in the Arkona Basin (4th and 12th) and the Bornholm Channel (the restof them).On the �g. 4.10 transets 3 and 4 an be seen. Transet 3 was made on 10th ofNovember 2005 and transet 4 one day later. There is about a half day gap betweenthem. On transet 3 inow with salinity of about 17 PSU is observed for theeastern, shallower part of the transet. In the �rst, deeper part (west of the ridge),the bottom salinity reahes typial Balti Sea value for deep waters. For transet 4inow with salinity of about 17 PSU is observed for the whole transet's length. Intemperature data for transet 13 a thermoline at about 40 meters is visible. Inowobserved for transet 3 has a temperature of about 13 degrees. Temperature for themost of transet 4 is fairly mixed with a value of about 11 degrees. For the easternpart of transet 4 and the western part of transet 3 the fresh, denser water pushesthe old, less dense water up. The observed part of the inow ould have passedthrough the Sound after 4th of November. Further observations show that salinityin this area of the Arkona Basin will raise.
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Figure 4.10: CTD data for transets 3 and 4 taken in the Arkona Basin and BornholmChannel (see the map on �g. 3.5 on the page 29 for the loation) on 10th and 11th ofNovember 2005. Time gap between two transets our. The arrows above the salinityplots show the diretion in whih the measurements were taken with the numbers beingday of the year 2005 for starting and ending transet. White �elds on the plots show thearea below the seabed or orrupted data.
The inow observed for these two transets has a slightly higher temperature (notmore then 1 degree) and is less saline (about 8-9 PSU) then the inow observed inthe Drogden Sill from 4th of November. Moreover predition made by Rennau andBurhard (2009) suggest that inowing water needs 8 to 14 days to travel from theDrogden Sill to the Bornholm Channel. Conlusion an be made that what we seemay be the inow visible in the Drogden Sill from about 4th of November mixedwith the deep water of the Arkona Basin whih has temperature of about 13 degreesand an have a similar salinity like the inow beause of the waters from the earlierinows (see set. 2.2.5). The Arkona Basin buoy, whih is plaed on the intersetionof the transets doesn't show raise of salinity in this days. As was disussed in set.4.3 this is due to spei�ations of this station, whih has the lowest salinity sensor5 meters above the seabed.
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Figure 4.11: CTD data for transet 5 taken in the Bornholm Channel (see the map on�g. 3.5 on the page 29 for the loation) on 12th of November 2005. With the orange linesrossings with perpendiular transets 6, 7 and 8 are marked. In the salinity, density andtemperature plots white areas are the areas underneath the seabed or orrupted data.Transet 5 visible on �g. 4.11 taken on the late 12th/early 13th of November showsa plume with a salinity of 17 PSU in the at part of the seabed under the transetand 14 PSU in the trenh at the eastern end of the transet. What is visible, isprobably the �rst part of the plume, mixed with the old bottom waters, reahingthe Bornholm Channel. The plume temperature is about 13 degrees. Cold waterseen above the bottom layer is the old water whih has been pushed up from thebottom by the inoming, heavier plume. The plume is visible until the middle partof the Bornholm Channel with salinities of up to 17 PSU, so it hasn't propagatedsine it was observed on 10th of November on transet 3.Transets 6, 7 and 8 were made on 13th of November in the Bornholm Channel,transet 8 is the one losest to the Arkona Basin, whereas transet 6 is the onefurthest. Underneath every one of these transets two trenhes separated by theridge are visible (for transet 8th it is not so easy to distinguish the trenhes,moreover only part of one of them is visible). In the trenhes water with salinity upto 17 PSU and temperature up to 13 degrees is visible. That is probably the inowfrom Drogden Sill mixed with the old, warm bottom waters whih has propagated
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Figure 4.12: CTD data for the transets 6, 7 and 8 taken in the Bornholm Channel (seethe map on �g. 3.5 on the page 29 for the loation) on 13th of November. With the orangelines rossings with perpendiular transets 5 and 9 are marked. Transet 7 is shown inthe opposite diretion to the other transets, so they all fae in the same diretion on this�gure.further east, then aording to observations taken one day before. The inow pushesup the old, older (about 8 degrees) water up, what is visible for transets 6 and 7.From the density plots the lateral distortion of the interfaial density struture anbe visible as a pinhing of the interfae to the left of the down-hannel ow, anda spreading of isopynals to the right. It is aused by the the transverse transportinside the interfae desribed in the set. 2.4. The e�et of the interfaial jet isbetter shown for the transet 13 taken in north of the Kriegers Flak on the �g. 4.23on the page 66.Transets 11 and 12 seen on the �g. 4.13 were taken a few days later then thetransets disussed earlier, on 17th and 18th of November 2005. The inow's salinityin the eastern end of the 11th transet is about 15 PSU raising gradually to 24 PSUat the western end of 12th transet. The plume thikness in the transet 11 and in
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Figure 4.13: CTD data for transets 11 and 12 taken on 17th of November in the ArkonaBasin (see the map on �g. 3.5 on the page 29 for the loation). Transets were taken nextto eah other, without a time gap, but with hange of diretion. The orange line on theplot and the green dot on the map show the the end of the �rst and the beginning of theseond transet. Part of the seabed is at the same level as the x-axis on the CTD plots.the eastern part of transet 12 is about 10 meters, raising to 20 meters in the westernpart of transet 12. The bottom temperature is about 13 degrees everywhere butin the western end of transet 12, where the plume inreases its thikness. What isinteresting here, is the bigger plume of old (a. 10-11 degrees), saline water (over 24PSU) whih is observed in the western end of transet 12 (middle part of the ArkonaBasin). It pushes up the water whih arrived earlier, beause it propagates fasterdue to a bigger salinity gradient with the ambient water and due to lower bottomfrition (bigger height). That part of the plume was visible at Drogden Sill after14th of November. It is signi�antly older due to the inoming water's mixing withatmosphere in the Drogden Sill area - the inow in this period propagates throughthe whole water olumn. Bottom ADCP data is missing like in the most of all theother transets, so nothing about the diretion of the plume propagation an betold diretly. Although from the salinity plot it is easy to say that the more densewater seen on the western end of the transet 12 is learly faster that the part of theplume with low salinity that proedes it, and propagates in the eastern diretion.
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Figure 4.14: Transets 17, 18 and 19 taken on 19th of November in the BornholmChannel (see the map on �g. 3.5 on the page 29 for the loation). Transets 17 and 19 areshown in the other diretion then they were made (see the arrows above the salinity plotsand map 3.5). Orange lines indiate the plaes where the transets interset eah other.On the �g. 4.14 CTD data for transets 17, 18 and 19 made in the BornholmChannel on 19th of November an be seen. In the eastermost part of the BornholmChannel salinity drops to 14-15 PSU, with temperatures of about 13 degrees. Theolder part of the plume visible on the western part of transet 12 hasn't arrivedyet into the Bornholm Channel. The salinity of the inow drops in omparison tosalinity observed in the transets 6, 7 and 8 taken also in the Bornholm Channel(from 17 PSU to about 14-15 PSU). From the density plot for the transet 17 thelateral distortion of the interfaial density struture an be visible as a pinhing ofthe interfae to the left of the down-hannel ow, and a spreading of isopynals tothe right. It is aused by the the transverse transport inside the interfae (interfaialjet - desribed in set. 2.4). Transet 17 is one of two transets where the bottomveloities are partially not orrupted. It an be read from the ADCP data thatthe inowing water has the north-east veloity of about 25 m/s. More spei�estimations of the inow veloity an not be done due to lak of ADCP data for thepart of the inowing water.



52 CHAPTER 4. OBSERVATIONAL DATA ANALYSIS4.5 General piture of the inow propagation.A general plume propagation piture an be told using the ship transets andthe moorings' data. The inow of the water with temperatures of about 12-13degrees was propagating at the bottom through the Drogden Sill from 3rd to 14thof November, with salinities up to 25 PSU in the lower part of the strait. Duringthe propagation through the Arkona Basin and further entrainment proesses willmake the plume less saline but more extended. This part of the inow was observedat the KFS station from about 6th of November (with salinities in this period ofabout 15 PSU raising later). At the Arkona Basin station bottom salinities on 8th ofNovember were 13.5 PSU, raising to 14 PSU on the 9th of November, 15 PSU on the10th and 16 PSU on 11th and temperatures for those days of about 13 degrees. TheArkona Basin station annot observe plumes with thikness smaller then 5 meters.At the Darss Sill station warm inow arrived on 10th of November with salinitiesof 15 PSU raising later. It is not lear whether this inow ame through the Soundor through the Belt, probably mainly through the Belt. Then, aording to thetransets taken by R/V Oeania inow with salinities of 17 PSU reahed middleof the Bornholm Channel and was observed there from 10th to 12th of November,spreading further on 13th of November.
From 15th to 18th of November inow through the Sound intensi�ed. It wasaused by the wind pattern over the transition area (highest wind veloities wereobserved during this period - see �g. 4.1). The salinities observed during thosedays were up to 25 PSU in the whole water olumn passing through the Sound(previously suh a high salinities were observed only in the deeper part of the strait).Also temperatures of the inowing water was lowered from 13 to 10 degrees duringthose 4 days. It was aused by inreased mixing of the inow with the atmosphere.The old inow, with salinities up to 15 PSU and temperature of about 10 degreeswas observed by the R/V Oeania in the middle of the Arkona Basin on 17th ofNovember. For transets taken in the eastern part of the Arkona Basin on 18th ofNovember and in the Bornholm Channel on 19th of November warm (13 degrees)bottom water still exhibits - the inow hasn't propagated further east before thesedays. After observed Bornholm Channel salinities of about 17 PSU before 13thof November, the salinity in the hannel drops to 15 PSU, then probably furtherinreases, dropping again to the level of 15 PSU on 19th of November. The ArkonaBasin shows variations of salinity for the whole inow period.
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Figure 4.15: Inow propagation. The red lines mark the approximate propagation ofthe �rst part of the inow with warmer waters (a 11 degrees). The green lines mark thepropagation of the seond, older part of the inow with temperatures of a. 9.5 degreesand bigger salinities. Nearby the lines dates of the inow arrival are marked.Transets were also taken in the Bornholm Basin on 14th of November (�g. inappendix) and on 20th of November (�g. 4.20). Before 14th of November onlywarm part of the inow (with temperatures of about 12-13 degrees in the BornholmChannel) ould be observed in the Bornholm Basin, if any. For the transet takenon 14th of November intrusion of water with temperatures of 13 degrees is visible,but salinities of this water are only 13 PSU at the depth of 60 meters. Moreoverthe salinity plot shows stable salinity strati�ation. It is lear that what we seefor this transet are leftovers of the previous inow. Moreover transet taken on20th of November shows similar bottom salinity and temperature struture as theprevious transet - so it an be said that the saline inow desribed in this thesishasn't arrived in the Bornholm Basin until 20th of November. The only di�erenebetween those two transet is a doming visible on the salinity and density plots fortranset 20. This is aused by a yloni eddy (set. 4.8) visible on the transet's



54 CHAPTER 4. OBSERVATIONAL DATA ANALYSIS20th ADCP plots.On the �g. 4.15 a basi inow propagation map is shown (what was possible tosay from the moorings and ship data). With the red lines the �rst, warmer part ofthe inow, propagating through the Sound from about 3rd of November is markedand with the green line the seond, older part of the inow with higher salinities(observed in the Sound from 15th of November). Nearby the lines the dates atwhih eah part of the inow was observed are marked.4.6 Correlation oeÆients.The orrelation of the bottom salinity at buoy at Drogden Sill and KFN for theperiod from 20th of November 2005 until 10th of July 2006 was made. To eliminatethe internal waves inuene from the data an averaging over 12 hours for bothstation was made. The inow is delayed by a few days, so the bottom salinity datafor one of the station were shifted and the biggest orrelation was founded to seeapproximate the inow delay. The bottom salinity orrelation with 4 and 5 daysshift between stations is the biggest one and is equal to 0.63. With the shift ofthree and six days the orrelation is 0.58. So judging from the bottom orrelationoeÆient for the investigated period the typial delay of the inow between DrogdenSill and KFN is about 3-6 days. Due to lak of data at KFN station exat delay ofthe observed medium-intensity inow annot be estimated. On the �g. 4.16 (upperpanel) the delay between the bottom salinity observed at the Drogden Sill and atthe position north of Kriegers Flak is marked with the blak arrows for some inowevents between 20th of November 2005 and 1st of Marh 2006.The orrelation of the inows inoming through the Sound (observed at the Drog-den Sill station) and through the Belt (the Darss Sill station) an be made, sineboth inows are indiretly orrelated by the wind patterns over the whole transitionarea. Inows passing through the Belt are delayed by a few days to those passingthrough the Sound (Burhard et al., 2005). Quite high orrelation in the inowsobserved at both station an be seen form observations (see �g. 4.8). The alulatedorrelation for the bottom salinity data shifted by 9 and 10 days is the biggest oneand is equal to 0.29. As mentioned, this fairly high orrelation is beause the part ofthe inow propagating through the Belt is indiretly orrelated (via the wind pat-tern) with the part propagating through the Sound. On the �g. 4.16 (lower panel)the delay between the bottom salinity observed at the Drogden Sill and at the DarssSill between 14th of Deember 2005 and 26th of February 2006 is shown. Betweenthese two buoys orrelation was signi�antly lower than between the Drogden Silland the KFN buoys and it is hard to show exatly whih plumes visible at bothbuoys are orrelated with eah other.
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Figure 4.16: Comparison of the bottom salinity from the Drogden Sill buoy and KFNbuoy (upper panel) as well as from the Drogden Sill and Darss Sill buoys (lower panel).With blak arrows delay for some inow events was marked in the upper plot. For thelower plot the delay between the inows is not so easy to �nd, as the alulated orrelationwas lower.4.7 TS diagrams.Water that originates in a partiular region possesses a distintive salinity andtemperature and tends to retain them as it moves. Salt and heat di�uses veryslow, therefore these properties an be used as traers of subsurfae waters. Watermass identi�ation is usually done by plotting diagrams of temperature and salinityknown as TS diagrams.In this thesis TS diagrams an be used to ompare water masses of transetsmade in di�erent time periods, but in plaes nearby to eah other (like transets10 and 20), analyze water masses passing nearby moorings or disuss the inowpropagation.
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1.11 − 15.11.2005
After 30.11.2005Figure 4.17: TS diagrams for the Drogden Sill station from 28th of Otober 2005 until7th of Deember 2005 (right) and the Darss Sill station from 1st of November 2005 until4th of Deember 2005. Data from di�erent time periods were marked with di�erent olors.The temperature and salinity time series for the Darss Sill measuring station andthe Drogden Sill measuring station an be seen on the �g. 4.3 and 4.7 respetively.The data were obtained from end of Otober, November and beginning of Deember2005. The TS diagram for both station an be seen on the �g. 4.17. On both plotswith green olor data obtained before 15th of November were marked, with bluebetween 15th and 30th of November and with blak olor data obtained after 30thof November. Beause of the big di�erenes of the water masses passing nearbyboth stations it is hard to ompare them, what an be done is the analysis of thewater masses inoming through the Sound (Drogden Sill station) and through theBelt (Darss Sill station).On the left side of the Drogden Sill TS diagram the water whih is not inuenedby the inow an be seen (sill is to shallow to exhibit a haloline - when there is noinow it will show low salinity in the whole water olumn). The inows with highsalinities an be observed on the right side of the plot. For the period from 15 to30 of November inows with both higher and lower temperature are visible. After30th of November, but before 7th of Deember (blak plots) no inow is observed.Branhes onneting the brakish waters with the highly saline inowing waters arevisible. It is also lear that the water temperature dereases with time, for theinowing waters as well as for the typial Drogden Sill waters.On the right side of the Darss Sill TS diagram two parts of the inow are visible,�rst one with higher temperature (earlier part of the inow) and the seond oneoming later with lower temperature. This inowing water masses are onneted



4.7. TS DIAGRAMS. 57with the surfae waters via two branhes where the mixing takes plae. The watermasses observed at the Darss Sill station are more entrained then the one observedat the Drogden Sill station due to both longer pathway from the Kattegat as well asbigger depth here than in the Sound. The observed inow salinities are a lot biggerfor water inoming through the Sound. For the observed inows (right part of theplot) as well as for the normal, brakish water (left side of the plot) it an be seenthat the temperature is dropping in time. After 30th of November no inow eventsare visible at the Darss Sill buoy.
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Figure 4.18: TS diagrams for transets: 3 (upper left), 4 (upper right), 5 (lower left)and 11 and 12 (ombined, lower right) taken between 10th and 17th of November in theArkona Basin and Bornholm Channel (see �g. 3.5 and 3.6 on the pages 29 and 30). Thewater above 35 meters is marked with the blue olor and below with the red olor.On the �g. 4.18 TS diagrams for �ve transet from the Arkona Basin and Born-holm Channel are made. First we ompare transet 3 with transet 4 (see �g. 4.10),



58 CHAPTER 4. OBSERVATIONAL DATA ANALYSIS�rst one taken in the Bornholm Channel (and partially in the Bornholm Basin),the seond one in the Arkona Basin, on 10th and 11th of November 2005. In bothplots surfae water with low salinities is visible. The water above 35 meters (typialvalue at whih haloline at the Arkona Basin exhibits) is marked with a blue olor,underneath with a red olor. For most of the transet 4 water temperature is wellmixed. Transet 3 exhibit old, low salinity water under thermoline whih waspushed up by the inow (lower, left part of the TS diagram). Warm inow is visiblefor both transets in the upper, right part of the plots. Salinity for the inow, asan be seen, is slightly higher for transet 4, whih was taken loser to the DanishStraits. All points between the highly saline inow waters and the low saline surfaewaters show area of mixing. The mixing is less visible for the transet 4 beausethe water is already well mixed.Transet 5 was taken in the Bornholm Channel and Arkona Basin lose to the3rd one, but about 2 days later. Comparing TS diagrams for these two diagramsmain di�erene is the lak of old, highly saline water for transet 5. This water wasobserved in the deep Bornholm Basin for transet 3, when the inow already arrivedwith warmer water as transet 5 was taken and pushed the old, old water away.Warm, low salinity water (surfae water above the thermoline - left upper part ofthe diagrams), old, low salinity water (water below the thermoline - left lower part)and warm, saline water (inow - right part of the diagrams) form on the diagram atriangle, with branhes onneting them being its sides. This branhes show mixingarea between main water masses exhibiting in this transets. Comparing transet's3 and transet's 5 TS diagrams it an be said that the warm inow between 10th and12th of November 2005 propagated further into the Bornholm Channel removingthe older old water. Also the temperature shows that mixing with the atmospheretook plae between these days, mixing the temperature for the whole water depth.Transets 11 and 12 were taken in the Arkona Basin about 5 days after transet5. They were taken in the other plae than the other transets disussed in thissetion, but their TS diagram shows some interesting features. For these transetswater main masses are: surfae waters (left part of the diagram - mainly blue olor)and warm, inowing water (right upper part). Also separated from this two watermasses older, high saline water mass an be seen and the mass with the sametemperature, but lower salinity (right lower part). The �rst one is the old plumeof highly saline oming diretly after the warmer one whih pushed the warmerwater up. The seond one is the mass whih is over the inoming, older and denserplume. No bigger mixing is visible between these two water masses and the ambientwater. The surfae water is warmer than the surfae water observed on the othertransets.
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Above 50 m
Underneath 50 mFigure 4.19: TS diagrams for transets 10 (left) and 20 (right) taken on 14th of November(transet 10) and 19th of November (transet 20) in the Bornholm Basin (see �g. 3.5 onthe page 29). The water above 40 meters is marked with the blue olor and below withthe red olor.

On the �g. 4.19 TS diagrams for transets 10 and 20 taken in almost the sameplaes in the Bornholm Basin on 14th and 19th of November 2005 an be seen.The water above 40 meters (haloline) was marked with blue olor, while the redolor marks the water underneath 40 meters. A good distintion between these twowaters an be seen on the plots. For the transet 20, two branhes of mixed wateroming from surfae water are visible in the left part of the diagram. Upper oneis due to a doming, whih an be observed in the southern part of transet 20 (amesosale eddy in this region - see �g. 4.20 ob page 4.20). The lower part whih alsoexhibits for transet 10 is the mixing of the surfae waters with the deep waters.For the bottom water masses for both transet warm water intrusion (upper rightpart of the diagrams) is visible. Highly saline bottom water masses are visible forboth transets as well (lower right part). Between these water masses four branhes(transet 10) or two branhes (transet 20) are visible. They mark the plaes wherethe mixing between the water masses takes plae. Analyzes of the bottom part ofthese two TS diagrams lead to a onlusion that the water masses hasn't hangebetween 14th and 19th of November 2009. The only di�erene is due to a domingobserved for transet 20. It an be told that the desribed inow hasn't arrived inthe Bornholm Basin before 19th of November, with is in agreement with our earlieronsiderations.
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Figure 4.20: CTD and ADCP data for the transet 20, whih was taken in the BornholmBasin on 19th of November. ADCP data shows an anti-yloni eddy.



4.8. MESOSCALE EDDY IN THE BORNHOLM BASIN. 614.8 Mesosale eddy in the Bornholm Basin.Transet 20, was taken in the Bornholm Basin, north of the Bornholm Island on19th of November 2005 (�g. 4.20, map on �g. 3.6 on page 30). The salinity for thistranset is stably strati�ed, reahing 14 PSU at the bottom, with a doming visible inthe �rst part of the transet. In the upper, mixed layer temperature reahes about10 degrees. Below about 40 meters (thermoline) drop of temperature to 6 degreesis visible with an intrusion of warm (up to 11 degrees) water at the south-west endof the transet. This warm water intrusion is probably a leftover of the earlier,warm inow.What is partiularly interesting for this transet is a yloni eddy of about 22kilometers in diameter and 45 meters thik, whih gives a volume of about 17km3. Typial eddies in the BB area has volume of 2 km3 (Reissman et al. (2009)),therefore observed eddy is a fairly large one. The veloities reahes 50 m/s eastin the south-western part of the eddy and 50 m/s west in the north-eastern part.The yloni eddies are alled old-ore eddies or simply old rings. Under the rightdivergent onditions, ool waters an upwell from deeper waters to at as a seed forthe formation of a old-ore eddy, as desribed in set. 2.5. In the ore of the eddya density doming an be observed, whih is in order with our preditions (see �g.2.8 on page 19) - the higher density water in the enter was pushed up by the eddy.Southerly and westerly winds were prevailing in the period from the beginning until15th of November (observed on the station Arkona Basin - see �g. 4.1 on page 34).This wind pattern ould ause an upwelling on the eastern oast of the BornholmBasin, whih ould produe an yloni eddy. It ould later moved away from theshore to a plae where the transet 20 was made.4.9 Inow parameters4.9.1 Geostrophi vs. observed veloitiesThe geostrophi eastward veloity an be alulated by integrating thermal windequation: �U�z = gf�0 � ���y (4.2)with respet to z. Here the onvention that oordinates x and y (with orre-sponding veloities U and V) point towards the east and north respetively is used.The z-axis points upwards.



62 CHAPTER 4. OBSERVATIONAL DATA ANALYSISFor alulating the geostrophi eastward veloities CTD and ADCP data fromtransets 13 and 17 will be used, �rst one taken north of the Kriegers Flak on 18thof November 2005 and the seond one taken in the Bornholm Channel on 19th ofNovember 2005. The integration has been performed by alulating the horizontaldensity gradient: in the transet 13 from the two deepest CTD asts in the trenh inthe southern part of the transet and in the transet 17 from two deepest asts takenin the eastern of two trenhes under the transet. The unknown integration onstantwas determined by �tting the geostrophi veloities to the observed veloities at 15 mdepth, i.e. well above the bottom urrent. The geostrophi veloities are omparedwith the average eastward ADCP veloities between the two CTD asts on �g. 4.21.
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Figure 4.21: Geostrophi (red) and observed (blue) eastward veloities north of theKriegers Flak on 18th of November 2005 (left) and in the Bornholm Channel on 19thNovember 2005.Although the density data were good resolved, the problem with the omparisonis the poor resolution of the ADCP data, as well as the missing values of the urrentveloity nearby the bottom. This is also a reason why a omparison wasn't madefor any of the other transets. The orrespondene between the geostrophi andobserved veloities is high for transet 13, whih means that the ow is in geostrophibalane in the ross-stream diretion. For the transet 17 ADCP veloities aren'tmathing the alulated geostrophi veloities, probably due to a bad data resolutionand missing bottom data, or to the fat that frition plays an important role here..



4.9. INFLOW PARAMETERS 63One lear feature of the geostrophi veloities, whih is also seen in transet's 13observed veloities, is a derease in veloity with depth below the interfae. Thispurely invisid vertial shear in the geostrophi veloities is aused by the transversedensity gradient within the urrent, as already observed by Sellshopp et al. (2006)and Umlauf and Arneborg (2009).4.9.2 Volume uxes.The volume uxes of saline water are hard to determine due to lak of the bottomADCP data. However a rough estimate an be done by multiplying a representativeveloity, obtained from the transet 13 (the only transet with the bottom ADCPdata taken in the KFN area), with the ross-setional area of the gravity urrent.This an be done for transets 6, 7, 8 and 17 made in the Bornholm Channel as wellas for transet 13 made north of the Kriegers Flak. The ross setional area belowthe salinity 10 pynoline are approximately 14000 m2, 7000 m2, 17000 m2, 35000m2 and 26000 m2 for transets 6, 7, 8, 13 and 17 respetively. The representativeveloity obtained from ADCP data for transet 13 is about 0.4 m/s, for the trenhnorth of Kriegers Flak and will be used in alulations in the Bornholm Channel aswell. For the area north of the Kriegers Flak (transet 13) it gives the volume uxof approximately 35000 km3/s, whih ompared with the ux in the Drogden Sillfrom 13th to 15th of November being in range of 25000 to 75000 m3/s (see �g. 4.1)supports �ndings e.g. by Burhard et al. (2005) and Sellshopp et al. (2006) thatthe main part of the water entering through the Sound follows a path north of theKriegers Flak. In the Bornholm Channel the volume uxes for the transets 6, 7 and8 made on 13th of November 2005 varies from 7000 to 18000 m3/s. The transetswere taken in the Bornholm Channel, on the same day but in di�erent plaes. Thetranset 17 was taken on 19th of November 2005 in the Bornholm Channel andis slightly longer then the previous transets. The volume ux alulated for thistranset is about 26000 m3/s and is bigger then volume ux alulated for thetransets taken on 13th of November. It is also visible on the salinity and densityplots (plots of all desribed transets are in the appendix) as inrease of the plumethikness.4.9.3 Entrainment.For a steady urrent, the entrainment an be found from the inrease of volumeux or derease in density or salinity in the ow diretion. For desribed inow thevolume ux budgets are too unlear, but it should be possible to see any entrainment
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Figure 4.22: CTD and ADCP time series transets 13 and 14 made on 18th of November(see the map on �g. 3.6 on the page 30 for the loation).



4.9. INFLOW PARAMETERS 65e�ets in the salinity data. The salinity dereases in the ow diretion as as inequation 2.6: �S�x = (S � S0)BwEQ (4.3)Also on the �g. 4.23 the e�et of the interfaial jet on the entrainment proessis shown (ompare with the �g. 2.7 on the page 17).In this master thesis entrainment e�et will be alulated for the area north ofKriegers Flak and in the Bornholm Channel. We need a steady urrent, so bestwhat we an do is to ompare transets 13 with 14 (see �g. 4.22) and 6 with 8(see �g. 4.12). Transets 13 and 14 made north of the Kriegers Flak were takenabout 30 km from eah other, transet 14 was taken a few hours after transet 13.Transet 6 was made about 15 km east of transet 8, a few hours before transet8. It an be assumed that for the transets 13 and 14 we see the same inowingwater, as the time gap between these two transet is similar to time neessary forthe plume to propagate between these transets. The situation is di�erent withtransets 6 and 8. Transet 6 was made more east than transet 8 and earlier, butregarding the small time and distane di�erene between the transets it an besaid that we observed the same water masses (steady urrent between these daysan be assumed). Salinity pro�les for KFN and the Bornholm Channel are givenon �g. 4.24.There is no strong trend in the salinity data and there is quite a lot of variabilityboth in the Bornholm Channel and in north of the Kriegers Flak. The most ommonbottom layer salinity seems to be about 24 PSU for the transet 13 (taken morewest) dropping to about 22 PSU for the transet 14 (more west). With a ow pathlength of about 30 km it gives us a salinity gradient of about �S�x = 6.8 � 10�5 m�1.For the Bornholm Channel there is a tendeny of the salinities to be onentratedaround 16 PSU for transet 8 dropping to 15 PSU for transet 6, whih with thethe ow path length of 15 km gives us salinity gradient �S�x = 6:8 � 10�5 m�1. In thefollowing alulations equations from set. 2.3 starting on page 14 will be used.Now wE (vertial veloity with whih ambient water is entrained into the gravityurrent) an be alulated using eq. 4.3 from page 16. For the KFN area with otherparameters: S = 20 PSU, S0 = 8 PSU, Q = 35000 m3/s, B = 35 km, we obtain theobserved entrainment rate in the order of wE = 6 � 10�6m/s. With typial gravityurrent speed of 0:3 to 0:4 m/s, plume thikness of about 10 m and a redued gravityg'= 0.12 m/s2, a representative Froude number for the urrent using eq. 2.2 is Fr =0.27 - 0.37. Using eq. 2.3 predited entrainment rate is wE = 0:0085 � 0:14 � 10�6



66 CHAPTER 4. OBSERVATIONAL DATA ANALYSIS

Figure 4.23: The entrainment proess and the e�et of the interfaial jet, shown withthe blak arrows, for the transet 13 taken north of the Kriegers Flak (see the map on�g. 3.6 on the page 30). Southern end of the transet is on the right hand side of the plotand the nothern on the left hand side. The down-hannel diretion is direted inside thepage.m/s, whih is a wide range and tends to underestimate the observed value. Usingeq. 2.4 predited entrainment rate grows to wE = 1:2�4:9 �10�6 m/s whih is loserto the observed value, but still to low. Finally, with the bottom slope betweentransets 13 and 14 s= 3:3 � 10�4 and using eq. 2.5 we get wE = 6:9� 9:2 � 10�6 m/s,whih is a little more then observed entrainment rate.For the Bornholm Channel we use the parameters: S = 15 PSU, S0 = 8PSU ,Q = 13000 m3/s, B = 7 km, and obtain the entrainment rate in the order ofwE = 18 � 10�6 m/s. Using typial gravity urrent speed of 0:3 to 0:4m/s, plumethikness of about 5 m and a redued gravity g'= 0.06, a representative Froudenumber for the urrent in the Bornholm Channel is Fr = 0.55 - 0.73. Then using eq.2.3 predited entrainment rate for the Bornholm Channel is wE = 2:5 � 32:2 � 10�6m/s, whih is a wide range, but in good agreement with the observed entrainmentrate. Using eq. 2.4 we get wE = 14:8 � 53 � 10�6 m/s whih is also in agreementwith observed value. Finally with a slope between the transets s = 10�3 and usingeq. 2.5 we get wE = 21 � 28 � 10�6 m/s, slightly bigger than the observed value.Therefore, generally the strongest Froude number dependent entrainment param-eterization (eq. 2.3) underestimate the entrainment rate for lower Froude numbers(i.e. KFN area), but is in good agreement for bigger Froude numbers (i.e. in the
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Figure 4.24: Salinity pro�les for the transets 13 and 14 taken in the region north ofthe Kriegers Flak (left part) and for the transets 6 and 8 taken in the Bornholm Channel(right side). The blue pro�les were taken for the transet made more to the west whereasthe red ones - for the pro�les taken more to the east (for maps see �g. 3.5 and 3.6 on page29).Bornholm Channel). The reason for this is that this empirial formula was basedon observations with larger Froude numbers. For the KFN area eq. 2.4 also slightlytends to underestimate the entrainment rate, whereas eq. 2.5 tends to overestimateit. For the Bornholm Channel, whih has a bigger Froude number, eq. 2.4 is inagreement with observed value, while eq. 2.5 overestimate the entrainment rate. Ingeneral, all expressions, but 2.3 for the KFN area, predit something within theorret order of magnitude, and further observations at similar Froude numbers areneeded in order to distinguish between them.Sellshopp et al. (2006) investigated entrainment rates in the KFN area for theinow in January/February 2004 and ome with observed entrainment rate wE =3 � 10�6 m/s and predited entrainment rates using equations 2.3, 2.4 and 2.5 wE =0:2� 14 � 10�6 m/s, whih is in the same order of magnitude as the values observedand predited in this thesis.



68 CHAPTER 4. OBSERVATIONAL DATA ANALYSIS4.10 General disussionIn this hapter observational data obtained during the inow was analyzed. Firstthe general wind pattern over the transition area and its inuene on the inowwas investigated (set. 4.1). Later inow through the Drogden Sill (set. 4.2) andthe propagation of the inow in the Arkona Basin, over the Bornholm Chanel andinto the Bornholm Basin was desribed (set. 4.3 and 4.4). Next the orrelationoeÆients between the Drogden Sill and the KFN station, as well as between theDrogden Sill and the Darss Sill stations were measured (set. 4.6). TS diagramswere analyzed for interesting transets and moorings taken in the Arkona Basin area(set. 4.7). Finally a mesosale eddy observed on one of the transet is desribed(set. 4.8) and the inow parameters are alulated (set. 4.9).During the period proeeding the inow (from 5th to 20th of Otober) mainlyeasterly winds were observed over the transition area (�g. 4.1). This wind patternaused an outow from the Balti Proper into the Kattegat and lowered the BaltiSea mean elevation level. From 20th of Otober until 16th of November windswere generally southerly or westerly. This wind pattern aused sea level di�erenesbetween the Kattegat and the Balti Proper and indiretly a barotropi inow. Theorrelation between the wind diretion and the volume ux alulated from the SeaSurfae Height stations in the north and south of the Drogden Sill is observed. Thesalinity inrease in the Drogden Sill is delayed by a few days to the start of theinow due to a brakish water front in the Kattegat area (see �g. 4.2).A general plume propagation piture an be told using the transets made byR/V Oeania and the moorings' data. The inow of the water with temperaturesof about 12-13 degrees was propagating at the bottom through the Drogden Sillfrom 3rd to 14th of November, with salinities up to 25 PSU in the lower part ofthe strait (�g. 4.3). During the propagation through the Arkona Basin and further,entrainment proesses will make the plume less saline but larger. This part of theinow was observed at the KFS station from about 6th of November (�g. 4.5). Atthe Arkona Basin station bottom salinities on 8th of November were 13.5 PSU,raising to 14 PSU on the 9th of November, 15 PSU on the 10th and 16 PSU on 11thand temperatures for those days of about 13 degrees (�g. 4.6). The Arkona Basinstation annot observe plumes with thikness smaller then 5 meters, so it is hardlyto predit when exatly the �rst part of the inow arrived here. At the Darss Sillstation warm part of the inow arrived on 10th of November with salinities of 15PSU raising later (�g. 4.7). Then, aording to the transets taken by R/V Oeania(see set. 4.4) �rst part of the inow with salinities of 17 PSU reahed mid partof the Bornholm Channel and was observed there from 10th to 12th of November,



4.10. GENERAL DISCUSSION 69spreading further on 13th of November. This part of the inow was probably mixedwith the waters in the dense water pool in the Arkona Basin (see set. 2.2.5), whihhad similar salinity and temperature as the inowing waters. There exists alsoa possibility that the saline water observed in the Bornholm Channel is not thedesribed inow, but just a leakage from the dense water pool in the Arkona Basin.From 15th to 18th of November inow through the Sound intensi�ed. It wasindiretly aused by the higher wind veloities over the transition area. The salinitiesobserved during those days were up to 25 PSU in the whole water olumn passingthrough the Sound. Also temperatures of the inowing water was lowered from 13to 10 degrees (due to inreased mixing of the inow with the atmosphere). The oldinow, with salinities of up to 15 PSU and temperature of about 10 degrees wasobserved by the R/V Oeania in the middle of Arkona Basin on 17th of November.This part of the inow is not observed in the further areas of Arkona Basin before19th of November. General inow propagation piture is given on �g. 4.15. It anbe seen that for the inow it took about 3 days from its beginning to pass alongthe Kriegers Flak and enter the entral Arkona Basin and probably 8 to 10 days toreah the Bornholm Channel.The orrelation of the bottom salinity between measuring stations at the DrogdenSill and KFN for the period from 20th of November 2005 until 10th of July 2006was alulated (set. 4.6). The bottom salinity orrelation with 4 and 5 days shiftbetween the stations is the biggest one and is equal to 0.63. The orrelation for 3and 6 days shift is also high and equal 0.58. So judging from the bottom orrelationoeÆient for the investigated period the typial delay of the inow between theDrogden Sill and the KFN is about 3 to 6 days, whih is in agreement to what wasobserved from observational data. The orrelation of the inows inoming throughthe Sound (observed at the Drogden Sill station) and through the Belt (the DarssSill station) an be made, sine both inows are indiretly orrelated by the windpatterns over the transition area. The alulated orrelation for the bottom salinitydata shifted by 9 and 10 days is the biggest one and is equal to 0.29.In this thesis TS diagrams was used to ompare water masses of transets made indi�erent time periods, but in plaes nearby to eah other (like transets 10 and 20),analyze water masses passing nearby moorings or disuss the inow propagation.First water masses passing through the Drogden Sill and through the Darss Sillwere ompared (�g. 4.17). Water oming through the Sound is less entrained. Thentransets taken in the same plaes were analyzed on TS diagrams to analyze theinow propagation (�g. 4.18). The analyzes was in order with earlier onsiderations.Finally analyzes of the bottom part of TS diagrams for transets 10 and 20 lead



70 CHAPTER 4. OBSERVATIONAL DATA ANALYSISto a onlusion that the water masses hasn't hange between 14th and 19th ofNovember 2009 (�g. 4.19). The only di�erene is due to a yloni eddy observedfor the transet 20. From this TS diagram it an be told that the desribed inowhasn't arrived in the Bornholm Basin before 19th of November.In the transet 20 a mesosale eddy was observed (�g. 4.20). The eddy is ayloni one with volume of about 17 km3. This is a lot omparing to typialBornholm Basin eddies volume of 2 km3 (Reissman et al., 2009). The veloitiesreahes 50 m/s east in the south-western part of the eddy and 50 m/s west inthe north-eastern part. Southerly and westerly winds, whih were prevailing on theeastern oast of the Bornholm Island a few days before the observation of the eddy,aused an upwelling, whih ould produe an yloni eddy. It later ould moveaway from the shore to a plae where the transet 20 was taken.In the set. 4.9 geostrophi eastward veloities were alulated by integratingthermal wind equation and ompare them with observed veloities for two transets.For transet 13 taken in the trenh north of the Kriegers Flak high agreementbetween observed and geostrophi veloities is observed, whih means that the owis in geostrophi balane in the ross-stream diretion. For transet 17 taken inthe Bornholm Channel the geostrophi balane is not visible, due to poor ADCPresolution or signi�ant bottom frition.In the same setion the entrainment parameter in the area north of Kriegers Flakand in the Bornholm Channel was alulated. To do so �rst volume uxes wasestimated for these areas. For the area north of the Kriegers Flak (transet 13) thevolume ux is approximately 35000 km3/s, whih ompared with the ux in theDrogden Sill supports �ndings e.g. by Sellshopp et al. (2006) that the main part ofthe water entering through the Sound follows the path north of the Kriegers Flak.In the Bornholm Channel the volume uxes for the transets 6, 7 and 8 made on13th of November 2005 varies from 7000 to 18000 m3/s.For the KFN area we obtain the observed entrainment rate using formula 2.6wE = 6 � 10�6m/s. Calulated Froude number for the urrent is Fr = 0.27 - 0.37.Predited entrainment rate varies from wE = 0:0085 to 9:2 �10�6 m/s, depending onthe used formula (2.3, 2.4 or 2.5). Formulas 2.3 and 2.4 tends to underestimate theobserved value, while formula 2.5 gives a little higher result then expeted. For theBornholm Channel observed entrainment rate wE = 18 �10�6 m/s. A representativeFroude number for the urrent is Fr = 0.55 - 0.73 and �nally predited entrainmentrate varies from wE = 2:5 to 53 �10�6 m/s. Formulas 2.3 and 2.4 gives a good result,whereas formula 2.5 tends to overestimate it slightly.



4.10. GENERAL DISCUSSION 71Generally the strongest Froude number dependent entrainment parameterization(eq. 2.3) underestimate the entrainment rate for lower Froude numbers (i.e. KFNarea), but is in good agreement for bigger Froude numbers (i.e. in the BornholmChannel). The reason for this is that this empirial formula was based on theobservations with larger Froude numbers. For the KFN area eq. 2.4 also slightlyunderestimates the entrainment rate, whereas eq. 2.5 tends to overestimate it. Forthe Bornholm Channel eq. 2.4 is in agreement with the observed value, while eq.2.5 overestimate the entrainment rate. In general, all expressions, but 2.3 for theKFN area, predit something within the orret order of magnitude, and furtherobservations at similar Froude numbers are needed in order to distinguish betweenthem.Sellshopp et al. (2006) investigated entrainment rates in the KFN area for aninow in January/February 2004 and ome with observed entrainment rate wE =3 � 10�6 m/s and predited entrainment rates using equations 2.3, 2.4 and 2.5 wE =0:2� 14 � 10�6 m/s, whih is in the same order of magnitude as the values observedand predited in this thesis.
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Chapter 5Observation-simulationomparisonIn this hapter, omparison between observational data and model data obtainedfrom GETM model (see set. 2.8) are made. First observational data from 5 moor-ings disussed in set. 4.2 and 4.3 are ompared with the model results with atemporal resolution of one day. Next two transets taken during the ruise ofR/V Oeania are ompared (see set. 4.4 for observational data analysis). Fi-nally propagation of the bottom urrent obtained from the model data is disussedand ompared with the observations.5.1 Moorings' omparisonObservational data for 5 moorings are available for the November 2005 (for someof the moorings, only the data from part of the month are available - ompare set.4.3).As disussed in set. 2.8.1, the bathymetry adjustment proedure has been arriedout in suh a way, that the ow through the Sound has been optimized. Fig. 5.1shows that the simulated salinities (red plots) in the Drogden Sill agree well withthe observational data (blue plots). The vertial struture of the inow events isreprodued by the model simulations. Oasional strong deviations of the order ofup to 10 PSU may be explained by the low resolution of the model data. For theperiod from the beginning of the month up to 14th strong osillations of the salinityfor every depth ours in the observational data. This period is roughly reproduedby the model, with better auraies impossible to obtain due to low resolution.After 14th of November a strong inow lasting a few days is in good agreementwith the model. 73
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Figure 5.3: Time series of salinity at the KFS for November 2005. Blue: observations,red: model results. Data at 21, 26, 31, 39 and 43 m below the mean sea level are shown.The mean water level at this station is 44 m. Observational data are available only forthe �rst part of the month.
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Figure 5.5: Observed (left panels) and modelled (right panels) salinity and temperaturefor transet 13 taken in the area north of Kriegers Flak (for map see �g. 3.6 on page 30)on 17th of November 2005.



78 CHAPTER 5. OBSERVATION-SIMULATION COMPARISONFlak. The isopynals spreading in the northern part of the trenh is visible for theobserved transet but not in the modelled one due to its low spatial resolution.
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Figure 5.6: Observed (left panels) and modelled (right panels) salinity and temperaturefor transet 17 taken in the Bornholm Channel (for map see �g. 3.6) on 19th of November2005.On transet 17 taken on 19th of November 2005 two trenhes in the BornholmChannel are shown. The bathymetry of the observed and modelled situation isslightly di�erent, however the both transet are taken in nearly the same plae. Themodeled plume salinity is underestimated by a few PSU, whereas the temperatureis overestimated by about 2 degrees. However, the harateristi details of theplume seem to be well reprodued by the model simulations. Geostrophi tilt isobserved for both trenhes and for the northern trenh as well a slight spreading ofthe isopynals in the northern part of the northern trenh.



5.3. BOTTOM CURRENT PROPAGATION 795.3 Bottom urrent propagationIn this setion modelled bottom inow propagation will be disussed and om-pared with observational data (see set. 4.5). Also, using traers, division betweenpart of the inow oming through the Sound and through the Belt will be disussed.Fig. 5.7 gives a qualitative impression about the situation in the Arkona Basinduring and after the inow. Shown are simulated bottom salinities on November 6,12, 18 and 30. Before November 6 the saline water moves forward and bakward fromthe Kattegat several times ausing a smaller saline water plumes. On November 6high salinities of up to 25 PSU have just passed the top of the Drogden Sill andstart to desend towards the western Arkona Basin. A smaller plume of salinewater is already visible during this day in the Arkona Basin with salinity of about18 PSU. This is in a good agreement with observational data. Eastern part of theArkona Basin shows typial salinities for the Balti Sea bottom waters. Red lineon the inow propagation piture shows the inow propagation on 6th of Novemberaording to the observational data. It is in good agreement with the model results.On November 12 the inow propagates into the middle Arkona Basin throughthe paths north of Kriegers Flak and south of Kriegers Flak. At the south-easternend of the shoal both urrents onnet again. It should be noted that pathwaynorth of Kriegers Flak has a bigger bottom salinity and arries more water. Dueto the entrainment front of the inow has lowered the salinity to about 20 PSU.The inow through the Darss Sill �lled the south western part of the Arkona Basin.The inows through the Darss Sill and through the Drogden Sill are short before aonuene. From the observational data it an be said that on 12th of Novemberthe �rst part of the inow already reahed the Bornholm Channel (red line on theinow propagation piture), however model results doesn't support this assumption,the modelled inow is still in the middle parts of the Arkona Basin. It an be dueto a fat that what was onsidered an inow visible in the transet taken in theBornholm Channel is just a leakage from the Arkona Basin dense pool (see set.2.2.5) and not atual inow. Also possibility exists that the atual inow propagatedfaster than in the model.On November 18 inows through the Darss Sill and through the Drogden Sillonnet. Almost whole Arkona Basin is �lled with a highly saline inowing waterwith salinities up to 25 PSU in the western part of the Basin, dereasing to the east.In the Bornholm Channel arrives �rst part of the inow with salinities of about 16PSU. The inow through the Drogden Sill has stopped. On November 30 situationafter inow is shown. Water inowing through the both sills has reversed. The



80 CHAPTER 5. OBSERVATION-SIMULATION COMPARISONArkona Basin is emptied into the Bornholm Basin through the Bornholm Channel.However the bottom salinity in the Arkona Basin is still over 20 PSU. The salinewater from the Arkona Basin propagates as well south, east of R�ugen Island. A-ording to the observational data, propagation of the old, more saline (about 25PSU) part of the inow on the 18th of November is well reprodued by the model.

Figure 5.7: Simulated bottom salinity in the Arkona Basin during the medium intensityinow in November 2005. Clokwise starting from the left-upper panel data from: 6th,12th, 18th an 30th of November 2005 are displayed. The lines mark the inow propagationas observed in the in-situ measurements. Red olor marks the warmer part of the inowwith salinities up to 17 PSU, whereas the green one the following, older part with salinitiesup to 25 PSU.On the �g. 5.8 division of the inowing water into the water oming throughthe Sound and through the Belt is visible. Traer has the value of one if the salinityof the inow exeeds a value given in the model. The �gure shows the simulatedbottom situation on 15th of November 2005, about 10 days after beginning of the



5.4. GENERAL DISCUSSION 81inow. It an be told that water inoming through the Belt is propagating throughthe pathways north and south of Kriegers Flak and onnets at the south-easternend of the shoal. Clear division is visible between both inowing waters, along55th irle of latitude. This is due to the fat that the water inowing throughthe Drogden Sill is heavier (less entrained beause of its shorter way to the ArkonaBasin) and is interleaving under water inowing through the Darss Sill.

Figure 5.8: Simulated inow propagation as on 15th of November 2005: the part of theinow oming through the Sound(left panel) and through the Belt(right panel).
5.4 General disussionIn this hapter �rst the omparison of the observational data obtained from themoorings taken in the Arkona Basin and the Drogden Sill with the model datawas made. The vertial struture of inow events is reprodued well by the modelsimulations. Oasional strong deviations of the order of up to 10 PSU may beexplained by the low resolution of the model data. For the Kriegers Flak Southbuoy and Arkona Buoy upper layer salinities are overestimated in the model, butin general the inow event is well reprodued.Then two transet taken in the area north of the Kriegers Flak and in the Born-holm Channel were ompared with the model results. The observed general stru-ture of the plume is in good agreement with the idealized model simulation for bothtransets. Main features are strong strati�ation at the interfae between plumeand ambient water and a geostrophi tilt of the interfae.



82 CHAPTER 5. OBSERVATION-SIMULATION COMPARISONThe propagation of the urrent was disussed in the terms of observational data inset. 4.5. In the Arkona Basin the model seems to reprodue the inow propagationquite well, whereas in the Bornholm Channel the delay is observed between theobserved situation and the model data (see �g. 5.7). The model study, as well asobservations suggests that the major pathway of medium-intensity saline plumesover Drogden Sill passes Kriegers Flak northwards, whereas only a smaller amountof salt is transported around its southern edge.From the observation of the pathways of the inow oming through the DarssSill and through the Drogden Sill a lear division is visible between both inowingwaters, along 55th irle of latitude. This is due to the fat that the water inowingthrough the Drogden Sill is denser and is interleaving under water inowing throughthe Darss Sill.The presented simulation results whih have been ompared to seleted �eld ob-servations show that the numerial model has a reasonable degree of preditiveapaity, espeially in the viinity of the sills (ie. in the Kriegers Flak area).



Chapter 6ConlusionsThis study on medium-intensity inow in November 2005 investigates its dynamis,parameters, pathways and ompares it with the model results. It partiularly fouson the inow over the Sound and its propagation through the Arkona Basin andover the Bornholm Channel. In the frame of this master thesis the mesosale eddyobserved during the ruise in the Bornholm Channel is desribed as well.First, the general wind pattern over the transition area and its inuene on theinow through the Sound was investigated. The lear orrelation between the west-erly winds and the inrease of the volume ux to the Balti Proper an be seen.From the salinity observations inside of the Drogden Sill the typial delay of a fewdays is seen, between the inow start and the salinity inrease there. This is ausedby the brakish water front in the Kattegat. From the observations of the tem-perature in the Drogden Sill a lear distintion between �rst, warmer part of theinow and the seond, older one, was made. Beause of this, both salinity andtemperature an be used as traer of inow propagation.From the data obtained from R/V Oeania, the moorings, the GETM model, aswell as from the bottom salinity orrelation oeÆient, inow propagation an betold. Aording to observational data the �rst warmer part of the inow propagatedfrom the Drogden Sill to the entrane of the Arkona Basin about 3 days. This isin agreement with the model data. The bottom salinity oeÆient was alulatedbetween the Drogden Sill buoy and the Kriegers Flak North buoy for the periodfrom 20th of November 2005 until 10th of July 2006. From these alulation it anbe told that the typial delay between these two stations is from 3 to 6 days, whihis also in agreement with the observations and the model data. The warmer partof the inow is observed at the Bornholm Channel about 7 to 9 days after beingobserved at the Drogden Sill. Aording to model, inow propagates slower and ittakes about 12 to 14 days to arrive at the Bornholm Channel.83



84 CHAPTER 6. CONCLUSIONSThe seond, warmer part of the inow propagated from the Drogden Sill to theentrane of the Arkona Basin in 2 to 3 days. This also in agreement with themodel data as well as with the orrelation oeÆient. The seond part of the inowpropagates slightly faster than the �rst one as it is denser and thiker. This part ofthe inow haven`t arrived at the Bornholm Channel between the end of the ruise.The geostrophi and observed veloities were ompared in the trenh north ofKriegers Flak as well as in the Bornholm Channel. The orrespondene betweenthese veloities is seen north of the Kriegers Flak, whih means that the ow thereis in geostrophi balane in the ross-stream diretion. This an not be told for theinow observed in the Bornholm Channel, either due to low resolved ADCP data orbigger frition there. One lear feature of the geostrophi veloities, whih was alsoseen in the trenh north of the Kriegers Flak is a derease in veloity with depthbelow the interfae. This is aused by the transverse density gradient within theurrent, as already observed by Sellshopp et al. (2006) and Umlauf and Arneborg(2009).The volume ux was alulated in the trenh north of Kriegers Flak and om-pared with the volume ux in the Drogden Sill from 3 to 6 days earlier (the typialdelay between these plaes alulated from the bottom salinity orrelation oeÆ-ient). From this omparison it an be told that the dense water plumes from theDrogden Sill propagate mainly through the pathway north of the Kriegers Flak.This feature of salinity plume was also desribed by Burhard et al. (2005) and Sell-shopp et al. (2006). Next the entrainment oeÆient in the trenh north of KriegersFlak and in the Bornholm Channel from the observational data was alulated andompared with empirial formulas. Two empirial formulas using Froude numberwere used. The �rst one was derived for the bigger Froude numbers by Wahlin andCenedese (2006) and for our inow is in agreement with the observational resultsobtained in the Bornholm Channel (where the Froude number was bigger). Thenext one (Cenedese et al., 2004) slightly underestimated the value for the KriegersFlak and is in agreement with the value at the Bornholm Channel. Finally the lastformula base on the along-ow slope (Pedersen, 1980; Arneborg et al., 2004) tendsto overstimate the result in both ases. Nevertheless all expressions, but �rst onefor the KFN area, predit something within the orret order of magnitude, andfurther observations at similar Froude numbers are needed in order to distinguishbetween them. Sellshopp et al. (2006) investigated entrainment rates in the KFNarea for an inow in January/February 2004 and ome with observed entrainmentand predited entrainment rates in the same order as this thesis.



85Besides the main researh, a mesosale eddy observed in the Bornholm Basin (�g.4.20) was desribed and its origin was antiipated. The eddy is a yloni one withvolume of about 17 km3, whih is a lot omparing to typial Bornholm Basin eddiesvolumes of 2 km3 ((Reissman et al., 2009)). Southerly winds, whih were prevailingon the eastern oast of the Bornholm Basin a few days before the observation ofthe eddy, aused an upwelling, whih ould produe an yloni eddy. It later ouldmove away from the shore to a plae where the transet 20 was taken.In general the investigation made during the R/V Oeania ruise were well timedand had a good spatial overage regarding the inow propagation. Therefore, itwas possible to investigate the inow in high details. The only thing is that noMSS (Miro Struture Sound) was available during the ruise. It would help usto investigate the turbulent mixing of the saline water inow along its way to theBalti basins.
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88 CHAPTER 7. APPENDIX

Figure 7.1: CTD and ADCP data for transets 3 and 4 taken in the Arkona Basin andBornholm Channel (see the map in the upper right orner for loation) on 10th and 11thof November 2005. Time gap between two transets our. The arrows above the salinityplots show the diretion in whih the measurements were taken with the numbers beingday of the year 2005 for starting and ending of eah transet. White �elds on the plotsshow the area below the seabed or orrupted data.
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Figure 7.2: CTD and ADCP data for transet 5 taken in the Bornholm Channel (seethe map in the upper right orner for loation) on 12th of November 2005. The orangelines mark the plae where the transet rosses with transets 6, 7 and 8.
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Figure 7.3: CTD and ADCP data for transets 6, 7 and 8 taken in the BornholmChannel (see the map in the upper right orner for loation) on 13th of November 2005.The orange lines mark the plae where the transets rosses with transets 5 and 9. Thetranset 7 is shown in the opposite diretion to the diretion in whih it was taken.
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Figure 7.4: CTD and ADCP data for transet 9 taken in the Bornholm Channel (seethe map in the upper roght orner for loation) on 13th of November 2005. The orangelines mark the plae where the transet rosses with transets 6, 7 and 8.
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Figure 7.5: CTD and ADCP data for transet 10 taken in the Bornholm Basin (see themap in the upper right orner for loation) on 14th of November 2005.
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Figure 7.6: CTD and ADCP data for transets 11 and 12 taken in the Arkona Basin andBornholm Channel (see the map in the upper right orner loation) on 17th of November2005. The orange line on the plots and the green point on the map mark the point wherethe �rst transet ends and the seond one starts.
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Figure 7.7: CTD and ADCP data for transets 13 and 14 taken in the Arkona Basin(see the map in the upper right orner for loation) on 18th of November 2005.
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Figure 7.8: CTD and ADCP data for transets 15 and 16 taken in the Arkona Basin(see the map in the upper right orner for loation) on 18th and 19th of November 2005.The orange line on the plots and the green dot on the map mark the end of �rst transetand the beginning of the seond.



96 CHAPTER 7. APPENDIX

Figure 7.9: CTD and ADCP data for transets 17, 18 and 19 taken in the BornholmChannel (see the map in the upper right orner for loation) on 19th of November 2005.The orange lines mark the plae where the transets rosses eah other.
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Figure 7.10: CTD and ADCP data for transet 20 taken in the Bornholm Basin (seethe map in the upper right orner for loation) on 19th and 20th of November 2005. Onthe ADCP data yloni eddy is visible.
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