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Chapter 1
Introdution
When Munk (1966) suggested that the balane between upwelling and downward mixingin the abyssal oean may be desribed to �rst order in form of a simple one-dimensionaladvetion-di�usion equation, he was well aware of the fat that the basin-sale behaviorexpressed by his model may in fat be the response to loalized proesses ourring nearthe boundaries. This is immediately evident for the advetion part of Munk's model thatdesribes basin-sale upwelling as the result of deep-water renewal due to bottom gravityurrents, propagating down the ontinental slopes in omparatively narrow boundary layers.Munk (1966) also speulated, based on the rather limited data available at that time, thatthe lateral boundaries may play a key role also for net basin-sale mixing, whih ompensatesthe advetive downward transport of �uid on the long-term average.This point of view was later supported by the results from open-oean traer experiments(Ledwell et al., 1993; Ledwell and Hikey, 1995; Ledwell et al., 2000) and diret observationsof turbulene mirostruture in the abyssal oean (Toole et al., 1994; Polzin et al., 1997),revealing the unexpetedly low mixing rates of the open oean, and the presene of mixinghot-spots in the viinity of topography. Over the last deades, Munk's ideas have beenre�ned but the overall piture, and even the net mixing rates originally inferred from hismodel, have remained remarkably robust (Munk and Wunsh, 1998; Wåhlin and Cenedese,2006). The dynamial impliations of the inhomogeneous distribution of mixing suggestedby these investigations have been summarized by Wunsh and Ferrari (2004), who pointedout that �the now inesapable onlusion that over most of the oean signi�ant vertialmixing is on�ned to topographially omplex boundary areas implies a potentially radiallydi�erent interior irulation than is possible with uniform mixing�.Although sales and physial foring mehanisms are rather di�erent, these basi ompo-nents of the overturning irulation are ompletely analogous to the Balti Sea, one of theprimary study areas in this work. Also in the Balti Sea, deep-water renewal ours in the



2 Introdutionform of bottom gravity urrents traveling down the topographi slopes, with the importantdi�erene, however, that these �ows are triggered by intermittent intrusions of saline (andthus dense) waters from the adjaent North Sea rather than by surfae ooling as in thehigh-latitude oean (Meier et al., 2006; Meier, 2007; Reissmann et al., 2009). On the long-term average, the downward advetion of dense waters due to these in�ows is balaned byvertial mixing, whih is, similar to the muh larger oean basins, on�ned to the bottomboundary layers on the slopes as reently shown from the results of a traer experiment andturbulene mirostruture observations in the entral Balti Sea (van der Lee and Umlauf,2011; Holtermann et al., 2012; Holtermann and Umlauf, 2012).On even smaller sales, the proesses desribed above have also been observed in lakesthat form the fous of the seond part of this work. Also here, traer studies and diretturbulene observations have shown that boundary mixing is the key to basin-sale mixing,ontrolling energy dissipation and net �vertial� transport of matter and heat (Goudsmitet al., 1997; Wüest and Lorke, 2003; Wain and Rehmann, 2010). However, sine the deepestlayers in most lakes are ventilated at least one per year by omplete overturning, deep-waterrenewal due to bottom gravity urrents plays a muh less ritial role ompared to the oean.Exeptions are a number of large and deep meromiti lakes that remain stably strati�edthroughout the year, with the deep layers ventilated mainly by dense waters asadingdown the slopes. Examples for this proess inlude the world's deepest lake, Lake Baikal(Killworth et al., 1996; Wüest et al., 2005), and Lake Geneva, one of the largest WesternEuropean lakes (Fer et al., 2001). The overall onlusion from this is that the downwardtransport of �uid in the form of dense bottom urrents, and the subsequent upward mixing,onstitute two essential omponents of the basin-sale overturning irulation in the majorityof strati�ed basins, over a large range of sales and for various foring onditions. Both typesof proesses have reeived onsiderable attention in the past, and will also be entral to thiswork.The mathematial desription of dense bottom urrents has mainly been based on the frame-work of invisid rotating hydraulis (e.g., Gill, 1977; Killworth, 1992), and more reently alsoon theories emphasizing the role of fritional e�ets (Wåhlin, 2004; Darelius and Wåhlin,2007). So-alled stream-tube models ombine aspets of both approahes, and have beensuessfully used to predit the propagation pathways of gravity urrents in the presene oftopography and entrainment (Smith, 1975; Baringer and Prie, 1997b). All of these theo-ries, however, desribe gravity urrents only as vertially homogeneous near-bottom layers,whih ompletely ignores the internal struture of these �ows. Exept for a few three-dimensional modeling studies (e.g., Ezer, 2006), the reasons for and dynamial impliationsof the observed internal variability and struture of bottom gravity urrents have reeivedsurprisingly little attention. Based on idealized numerial investigations, and an extensiveobservational program in the Balti Sea, these issues are the entral topi of the �rst partof this work desribed in the following Chapter 2.



Introdution 3In the seond part, a speial type of boundary mixing proess, identi�ed a few years agoin the boundary layer of a lake with strong internal seihing ativity, will be analyzed. Inthis proess, di�erential advetion leads to gravitationally unstable layers inside the bottomboundary layer (Lorke et al., 2005), with yet unknown impliations for the overall dynamisand diapynal mixing. A similar mehanism, though strongly modi�ed by rotational e�ets,has also been identi�ed on the oean (Moum et al., 2004), suggesting that this phenomenonis of some general relevane. Fousing on lakes with small rotational e�ets, the disussionin Chapter 3 extends a number of reent studies of boundary mixing that take into aountthe internal struture of the near-bottom layer but ignore the possibility and impliations ofgravitationally unstable layers and near-bottom onvetion (e.g., Perlin et al., 2005, 2007;Taylor and Sarkar, 2008).This work has been funded by the German Researh Foundation (DFG) through the projetsQuantAS (Quanti�ation of water mass transformation in the Arkona Sea) and ShIC (Shear-indued onvetion in bottom boundary layers). I am indebted to various olleagues andstudents that aompanied the extensive �eld program for the gravity urrent studies, es-peially to Hans Burhard, who was also involved in the modeling part of this projet, andsupported this work in many other ways. I enjoyed the inspiration and reliable ollabora-tion with Lars Arneborg from the University of Gothenburg (Sweden) in the framework ofQuantAS, and with Alfred Wüest from the Swiss EAWAG and Andreas Lorke, at that timeat the University of Constane, who motivated the modeling investigations of shear-induedonvetion in lakes. Numerial simulations have been performed with the open-aess mod-els GETM (www.getm.eu) and GOTM (www.gotm.net), and Karsten Bolding's ontinuede�ort to keep these odes in an exellent state is greatly appreiated.
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Chapter 2
Internal struture and dynamis offritionally ontrolled gravityurrents
2.1 IntrodutionBottom gravity urrents passing over a sill or through a topographi onstrition are knownto form ruial ontrol points for the general overturning irulation in strati�ed oeanbasins. This important lass of �ows has therefore attrated ontinuous attention over thepast deades of oeanographi researh, with some well-investigated examples inluding theFaroe Bank Channel over�ow (Mauritzen et al., 2005; Seim and Fer, 2011), the Mediter-ranean out�ow through the Strait of Gibraltar (Baringer and Prie, 1997a), and the Red Seaout�ow plume passing through a system of submarine anyons into the Arabian Sea (Peterset al., 2005). Analogous to their large-sale ounterparts in the oean, also in the Balti Seathe deep water formation proess is strongly depending on the transport of water massesassoiated with dense deep-water in�ows. A reent researh fous in this area have beenthe gravity urrents passing through topographi onstritions like the Bornholm Channelin the Southern Balti (Borenäs et al., 2007; Reissmann et al., 2009), the Stolpe Channel inthe Balti Proper (Paka et al., 1998; Zhurbas et al., 2012), and the small-sale hannels inthe Western Balti that will be the main topi of this hapter (Umlauf et al., 2007; Umlaufand Arneborg, 2009a). On even smaller spatial sales, usually referred to as �topographiorrugations�, �eld observations (e.g. Foldvik et al., 2004; Sherwin et al., 2008), idealizednumerial modeling studies (Liang and Garwood, 1998; Il�ak et al., 2011), and laboratoryexperiments (Davies et al., 2006; Wåhlin et al., 2008; Darelius, 2008) have revealed thatsubmarine ridges and anyons are responsible for the e�etive downward transport of dense



6 Internal struture and dynamis of fritionally ontrolled gravity urrentsshelf waters that ultimately determines deep-water formation. As will be shown in the fol-lowing, the Balti Sea forms a nearly ideal natural laboratory for the investigations of these�ows.The lassial desription of bottom gravity urrents in the viinity of topographi on-stritions follows the framework of rotating hydrauli theory, based on the onservation ofpotential vortiity and mass, and the Bernoulli equation formulated for a negatively buoy-ant near-bottom layer (Gill, 1977; Pratt and Lundberg, 1991; Killworth, 1992). Hydraulitheory has proven partiularly useful for �ows with hydrauli ontrol points, where it allowsfor the omputation of the lateral interfae struture and transport apaity from a limitednumber of upstream parameters (e.g., Pratt, 2004; Lake et al., 2005). However, as alreadyonluded by Pratt (1986) from simple saling arguments, there is an inreasing body ofevidene that real oeani gravity urrents are strongly in�uened by fritional e�ets, dif-ferent from most laboratory experiments and the assumptions of lassial hydrauli theory.Bulk momentum budgets onstruted from observations (Johnson et al., 1994b; Baringerand Prie, 1997a; Astraldi et al., 2001), and diret turbulene measurements (Johnson et al.,1994a; Peters and Johns, 2005, 2006; Umlauf and Arneborg, 2009a) have provided furthersupport for this hanging view on dense bottom urrents.These �ndings have indued a number of attempts to modify the hydrauli equations toinorporate fritional e�ets (e.g. Pratt, 1986; Johnson and Ohlsen, 1994). Above all, how-ever, they have motivated the development of a new lass of models not based any moreon the priniples of hydrauli theory. These models, usually formulated as a set of layer-integrated equations for a single ative near-bottom layer with redued gravity, assume thatthe bulk momentum budget in the main �ow diretion is haraterized by a balane be-tween the interfaial pressure gradient and the sum of the bottom and entrainment stresses.This simple balane, sometimes referred to as fritional ontrol, implies that any mem-ory of the upstream onditions (e.g., of upstream potential vortiity) is lost, reduing themodel geometry to two dimensions in the ross-stream diretion. Motivated by observa-tions from the Balti Sea, Lundberg (1983) has formulated the basi priniples in form ofa layer-integrated redued-gravity model, later modi�ed and extended to desribe gravityurrents passing through di�erent types of submarine anyons (Wåhlin, 2002, 2004) or alongridges (Darelius and Wåhlin, 2007; Darelius, 2008). Models of this type have been reportedto provide plausible desriptions of the lateral interfae struture and transport apaityof oeani (Wåhlin, 2004; Borenäs et al., 2007) and laboratory gravity urrents (Darelius,2008; Cuthbertson et al., 2011).One immediate onsequene of fritional ontrol that will be a entral point in the followingdisussion is the emergene of near-bottom and interfaial Ekman transports. These lateralirulation patterns may distort the internal density struture of the gravity urrent andstrongly modify the dynamis. Johnson and Sanford (1992) attributed the ross-hannel



Internal struture and dynamis of fritionally ontrolled gravity urrents 7density struture and seondary (ross-hannel) irulation patterns in the Faroe BankChannel over�ow to this e�et, analyzed later in more detail in laboratory experiments(Johnson and Ohlsen, 1994) and idealized numerial simulations (Ezer, 2006). Seondaryurrents assoiated with lateral Ekman transports were also invoked by Paka et al. (1998)in order to explain the lateral density struture in the Stolpe Channel, a well-known prop-agation pathway for bottom gravity urrents in the Balti Sea. As shown below, however,Ekman transports onstitute only one, although ruial, omponent of the seondary ir-ulation suh that the existing piture of fritionally ontrolled gravity urrent remainedinomplete at that time.The following setions desribe some new insights into the omplex physis of fritionallyontrolled, rotating gravity urrents, reently gained in the framework of the QuantASprojet (�Quanti�ation of water mass transformations in the Arkona Sea�), funded by theGerman Researh Foundation (DFG). Foal area of QuantAS was the Arkona Basin in theWestern Balti, a region well-known for the ourrene of gravity urrents with partiu-larly lear and stable signals due to frequently intruding saline waters from the North Sea(Reissmann et al., 2009). QuantAS has ombined observations from ship ampaigns (e.g.,Sellshopp et al., 2006; Umlauf et al., 2007) and numerial investigations (e.g., Burhardet al., 2009; Umlauf et al., 2010) to obtain an integrated view of the dynamis of gravityurrents in this important region for water mass transformation. Key omponent of thisstudy were observations of turbulene parameters that are di�ult to obtain in real oeanigravity urrents, and therefore rare. These results have helped understanding the dynam-is of larger systems like the well-investigated Faroe Bank Channel over�ow at the NorthAtlanti margin (Fer et al., 2010; Seim and Fer, 2011)In the following, the sienti� bakground and the ontribution of 7 papers that onstitutethe �rst part of this work will be brie�y summarized. The ombined modeling and observa-tional study in Paper 1 by Arneborg et al. (2007) disusses a one-dimensional desription ofthe dynamis of dense bottom urrents. Paper 2 by Umlauf et al. (2007) ontains the �rsthigh-resolution, synopti measurements of hydrographi and turbulene parameters arossa topographially onstrained oeani gravity urrent. This data set has motivated theanalysis of the dynamis of suh �ows disussed in Papers 3 and 4 by Umlauf and Arneborg(2009a,b). Complementary to these observational studies, in Paper 5 Umlauf et al. (2010)analyze the dynamis of fritionally ontrolled, rotating gravity urrents with the help ofidealized numerial simulations. Essential for the orret representation of entrainment inthese omplex �ows was a reliable parametrization of sub-grid sale mixing that is disussedin detail in Paper 6 by Umlauf and Burhard (2005). Some speial modeling issues regard-ing the desription of mixing and entrainment in dense bottom gravity urrents and otherrelevant �ows in large-sale oean models are �nally disussed by Umlauf (2009) in Paper7.



8 Internal struture and dynamis of fritionally ontrolled gravity urrents2.2 Mathematial desriptionBased on the assumption that information about the upstream onditions is negligible infritionally ontrolled gravity urrents, the problem an be desribed in a two-dimensionalon�guration. Therefore, in Papers 1-5 an idealized geometry was onsidered, onsistingof a bottom gravity urrent passing through an in�nitely long and deep hannel (or alongan in�nitely long ridge) with onstant down-hannel tilt, Sx ≪ 1, rotating at a onstantrate, f/2, around the vertial axis (Figure 2.1). The down- and ross-hannel oordinatesare denoted by x and y, respetively, suh that the z-axis exhibits a small tilt, Sx, withrespet to the vertial. The gravity urrent is driven by its negative buoyany relative tothe ambient �uid,
b = −g

ρ− ρ∞
ρ0

, (2.1)where g denotes the aeleration of gravity, ρ the (potential) density, ρ0 a onstant referenedensity, and ρ∞ the density of the ambient �uid for z → ∞. Changes in the down-hanneldiretion are ignored (∂/∂x ≡ 0) suh that the problem beomes two-dimensional in the y-zplane. The main �ow diretion is thus aligned with the x-axis (Figure 2.1).

Figure 2.1: (a) Shemati view of a hannelized bottom gravity urrent. The large arrowindiates the diretion of the down-hannel �ow.2.2.1 Governing equationsAssuming a �ow with small aspet ratio, the evolution of the down- and ross-hannelveloities, u and v, and the buoyany, b, is desribed by the shallow-water version of theBoussinesq equations. In the rotated oordinate system depited in Figure 2.1, assuming asmall down-hannel tilt Sx ≪ 1, it an be shown that these equations are of the following
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, (2.3)are the geostrophi veloities, τx and τy the turbulent �uxes of momentum, and G theturbulent buoyany �ux (lateral turbulent �uxes are ignored). The z-omponent of theveloity vetor is denoted by w, omputed from a ontinuity equation of the form:

∂v
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+

∂w

∂z
= 0 . (2.4)For the idealized �ows disussed in the following, it is assumed that u, v, b → 0 for z → ∞,i.e. far above the interfae of the gravity urrent.The di�erential equations in (2.2)-(2.4) form the basis for the analysis of gravity urrentsin this work. Idential equations have been used in the modeling study in Paper 5 byUmlauf et al. (2010), and di�erent types of simpli�ations are disussed in Papers 1-4.More spei�ally, in Paper 1, Arneborg et al. (2007) onsidered a ombined model-dataapproah with the help of a one-dimensional (vertial) set of equations derived from (2.2)-(2.4) by assuming that ross-hannel derivatives an ignored, implying through (2.4) thatall advetion terms vanish. In the theory of Umlauf and Arneborg (2009b) (Paper 4), ross-hannel gradients were retained but the �ow was assumed to be quasi-stationary, whihturned out to be su�ient to explain the omplex lateral density struture in these �ows.2.2.2 Representation of the turbulent �uxesWhile for the observational data desribed in Papers 1-4, the turbulent �uxes appearingon the right hand side of (2.2) have been estimated from di�erent types of turbulenemeasurements, for the numerial solutions desribed in Paper 1 by Arneborg et al. (2007)and Paper 5 by Umlauf et al. (2010) a turbulene losure model was required. A detailedaount of this rather omplex issue is given in the review artile by Umlauf and Burhard(2005), whih inludes the desription of the turbulene models used in Papers 1 and 5.Brie�y, in these turbulene models the turbulent �uxes of momentum, τx and τy, and thebuoyany �ux G are omputed from gradient expressions of the form:
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10 Internal struture and dynamis of fritionally ontrolled gravity urrentswhere the turbulent di�usivities,
νt = cµ

k2

ε
, νbt = cbµ

k2

ε
, (2.6)follow from an algebrai seond-moment turbulene model ombined with two prognostitransport equations for the turbulent kineti energy k and the dissipation rate ε (or, as inArneborg et al. (2007), for the spei� dissipation rate ω = ε/k). The funtions cµ and

cbµ depend on the non-dimensional stability parameters Sk/ε and Nk/ε, where S is thetotal vertial shear and N2 ≡ ∂b/∂z de�nes the buoyany frequeny N . Numerial andimplementation issues are disussed in the doumentation of the General Oean TurbuleneModel (GOTM, see Umlauf et al., 2005).A partiular problem in the desription of gravity urrents with numerial models is relatedto the fat that, at least in non-rotating �ows, the vertial shear and thus the shear produ-tion of turbulent kineti energy vanishes at the veloity maximum. A number of frequentlyused turbulene models that relate the turbulent di�usivity to the gradient Rihardson num-ber, Ri = N2/S2, will fail to predit mixing orretly at suh loations where Ri → ∞.A similar problem appears at the veloity maximum of jet-like oeani urrents like theequatorial underurrent, suggesting that this e�et is of some general relevane. Speialmodeling strategies required to overome these turbulene modeling issues are disussed byUmlauf (2009), inluded in this thesis as Paper 7.
2.3 Bulk dynamisMuh of the progress made in reent years with the theoretial desription of fritionallyontrolled gravity urrents was based on vertially integrated redued-gravity models, whihfor this reason are brie�y reviewed here. The key assumption in this approah is that thegravity urrent an be represented as a homogeneous material volume of �uid with onstant(negative) buoyany b, superimposed by an in�nitely thik stagnant layer with b = 0. Thistype of approximation, sometimes referred as the 1.5-layer model, applies in situationswhere the entrainment stress at the interfae is dynamially insigni�ant, and the timesales onsidered are small ompared to the time sale for signi�ant hanges of the interiorbuoyany due to mixing with ambient water (Wåhlin, 2004; Darelius and Wåhlin, 2007).While a number of interesting results an be obtained with this simpli�ed system, the mainpurpose of this hapter is to demonstrate that rotational e�ets distort the interfaial densitystruture to an extent that is not any more onsistent with the geometri assumptions ofthe 1.5-layer model.



Internal struture and dynamis of fritionally ontrolled gravity urrents 112.3.1 Governing equationsThe geometry of the 1.5-layer model is illustrated in Figure 2.2 for a gravity urrent passingthrough an in�nitely long hannel (the ase of a gravity urrent passing along an in�nitelylong submarine ridge is ompletely analogous). The �ow onsists of a buoyany-driven near-bottom layer of thikness H, bounded from above by a material free surfae representing thedensity interfae at z = η, and from below by topography (z = −D) suh that H = η +D(Figure 2.2).

Figure 2.2: Geometry of the 1.5-layer model for a rotating gravity urrent passing throughan in�nitely long hannel. Note that the oordinate system is titled in the down-hanneldiretion as shown in Figure 2.1.Using the standard kinemati boundary onditions for a material free surfae, and theadditional assumption that u and v are vertially onstant, (2.4) may be integrated to yieldan equation for the interfae elevation:
∂η

∂t
= −

∂vH

∂y
. (2.7)Analogously, it an be shown that integration of (2.2) results in an integrated momentumbudget of the form
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∂vH
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∂y
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∂η
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− CD |u| v ,

(2.8)where the bottom stress has been expressed by a quadrati drag law with CD denotingthe drag oe�ient, and |u| = (u2 + v2)1/2 the total speed. Wåhlin (2002) has omparedthis drag law to di�erent alternatives, inluding a linear representation of bottom dragand a parametrized Ekman layer, �nding, however, only small di�erenes among thesemodels if the orresponding drag oe�ients are adjusted to yield omparable Ekman layerthiknesses. Although ompliating the analytial solution (2.8), the quadrati relationship



12 Internal struture and dynamis of fritionally ontrolled gravity urrentsis preferred here beause it an be shown to be onsistent with lassial turbulent boundary-layer saling and with the representation of near-bottom turbulene in the turbulene modelsemployed in Papers 1, 5, 6, and 7. A quadrati dependeny with a drag oe�ient of theorder of CD = 10−3 was also inferred from the diret bottom stress measurements disussedin Paper 3 (Umlauf and Arneborg, 2009a).Finally, it should be noted that no new information is obtained from the integrated buoyanyequation in (2.2): in the absene of entrainment the buoyany b remains onstant andhomogeneous for all times.2.3.2 Properties of the solutionThe expressions in (2.7) and (2.8) form a losed set of equations for the 3 unknowns u, v,and η. To illustrate the properties of this system, it is numerially solved here with the helpof a onservative �nite volume approah, using resolutions in spae and time that are highenough to insure fully onverged results. These simulations are not part of Papers 1-5, andmainly serve the purpose of introduing the basi priniples and onsequenes of fritionalontrol.The gravity urrents desribed in Papers 1-5 exhibit a typial thikness of the order of10 m, and, laterally onstrained by the loal hannel topography, a width of the order of10 km. The basi properties of these �ows will be illustrated with the help of an idealizedgeometry, onsisting of an in�nitely long, osine-shaped hannel with down-hannel slope
Sx = 5×10−4, and bottom drag oe�ient CD = 10−3. The simulations are initialized withzero veloities, a �at interfae, a buoyany ontrast of b = −0.1 m s−2, and a loal thiknessofH = 10m at the deepest point of the hannel, resulting in a width of 10 km at the interfaelevel. The loal latitude of 55◦N orresponds to a Coriolis parameter of f = 1.12×10−4 s−1,and a loal inertial period of Tf = 14.65 h. These values are onsistent with the observationsdesribed in Papers 2, 3 and 4 (Umlauf et al., 2007; Umlauf and Arneborg, 2009a,b), andthe vertially resolved simulations in Paper 5 (Umlauf et al., 2010), whih failitates a diretomparison.Temporal evolutionSnapshots of the lateral struture of the solution at seleted times (Figure 2.3) show theevolution of a swift down-hannel �ow with speeds reahing 0.7 m s−1, and lear indiationsfor a geostrophi adjustment of the interfae. Near the edges, the down-hannel speedsbeome vanishingly small due to the inreasing in�uene of frition, and the geostrophiallybalaned interfae slope tends to zero. A similar behavior was already pointed out byWåhlin (2002, 2004), who onsidered the stationary ase with linear frition. Time series



Internal struture and dynamis of fritionally ontrolled gravity urrents 13of the veloities and interfae displaements in the hannel enter (Figure 2.4) reveal thatalready after one inertial period the gravity urrent has reahed approximately stationaryonditions. Osillations in the ross-hannel speed and interfae elevation, easily identi�edas ross-hannel internal seihes with a period of approximately 6 h, are quikly dampedout due to bottom frition (Figure 2.4b,). This unexpetedly strong damping an beunderstood by omparing the gravity urrent solution with the non-rotating, purely two-dimensional ross-hannel seihing problem with vanishing down-hannel �ow (u = 0). Forthe pure seihing ase, the drag term on the right hand side of (2.8) adopts the form
CD |v| v, whereas for the hannelized gravity urrent onsidered here (u ≫ v) one �nds
CD |u| v ≈ CDuv. This is a fator of u/v ≫ 1 larger ompared to the seihing ase,demonstrating that the swift down-hannel �ow is essential for the strong damping andquik geostrophi adjustment.
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Figure 2.3: Numerial solution of (2.7) and (2.8) at di�erent times (here spei�ed as frationsof the inertial frequeny Tf = 14.65 h). Model parameters are: Sx = 5 × 10−4, b =

−0.1 m s−2, CD = 10−3, and f = 1.12× 10−4 s−1.
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Figure 2.4: Solutions of (2.7) and (2.8) for (a) the down-hannel veloity, (b) the ross-hannel veloity, and () the total thikness of the gravity urrent, all evaluated in theenter of the hannel. Parameters orrespond to those given in Figure 2.3.Stationary solutionGiven the quik adjustment time of the simulated �ow, it is interesting to look for stationarysolutions of (2.7) and (2.8). In this ase, all rate terms vanish by de�nition, and theontinuity equation (2.7) requires v = 0 everywhere. Thus, without further assumptions,(2.8) an be written as
bHSx = −CD u2 ,

fu = b
∂η

∂y
,

(2.9)whih reveals the essential dynamial omponents of a rotating, fritionally-ontrolled grav-ity urrent: (a) a balane between bottom frition and the down-hannel interfaial pressuregradient, and (b) a simple geostrophi balane in the ross-hannel diretion.Further insight into the physial properties of (2.9) an be gained by re-formulating it innon-dimensional form. To this end, it is helpful to introdue the Ekman number,
Ek =

CDu

fH
, (2.10)measuring the ratio of the bottom stress, CDu

2, and the Coriolis fore, fuH. With the help



Internal struture and dynamis of fritionally ontrolled gravity urrents 15(2.9), the Ekman number an be expressed in two alternative non-dimensional ways thatreveal some interesting properties:
Ek = −

Sx

η′
=

(

δ

H

)
1

2

, (2.11)where the prime denotes the ross-hannel derivative with respet to y, and
δ = −

bCDSx

f2
(2.12)is a �xed length sale that ombines all parameters of the problem. The �rst equality in(2.11) shows that the Ekman number an be interpreted as the ratio of the down-hanneland ross-hannel interfae tilts: �ows with larger Ekman number, and thus greater relativeimportane of fritional e�ets, exhibit a larger relative down-hannel tilt. The last termin (2.11) suggests that δ has the physial signi�ane of an Ekman layer thikness. Frominspetion of the shape of this term in (2.12), it is easily seen that slowly rotating �ows insteep hannels with large bottom roughness and large buoyany ontrast exhibit a strongerrelative importane of fritional e�ets.Sine the topography D is given, and η′ = H ′ −D′ (see Figure 2.2), the seond equality in(2.11) an also be understood as a �rst-order di�erential equation for the plume thikness

H(y). In spite of its apparent simpliity, the non-linearity of (2.11) makes it rather di�ultto �nd losed analytial solutions exept for very simple topographi shapes. A numerialsolution of (2.11), however, is easily found, and shown in Figure 2.5 for the parameter setused above. The interfae elevation is seen to be almost idential to that shown in Figure2.3 after one inertial period, on�rming the above onlusion that at this time the solutionis already lose to the steady state.
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Figure 2.5: Numerial solution of (2.11) for the parameters also used in Figure 2.3 above.
2.4 ObservationsThe observational program desribed in Papers 1-4 foused on a submarine hannel inthe Western Balti Sea that was found to be the major pathway for saline bottom gravity



16 Internal struture and dynamis of fritionally ontrolled gravity urrentsurrents entering through the Sound from the Kattegat (Figure 2.6). Measurements inludedmoored urrent meters in the enter of the hannel, ship-based measurements with vessel-mounted and towed ADCPs, as well as densely-spaed turbulene mirostruture pro�ling.The latter was performed with a free-falling instrument providing nearly full-depth pro�lesof temperature, ondutivity, and urrent shear at entimeter sales, from whih the mostimportant hydrographi and turbulene parameters (density, dissipation rate, turbulentdi�usivity, et.) an be derived. Tehnial aspets of these measurements are desribed inPaper 1 (Arneborg et al., 2007) and Paper 3 (Umlauf and Arneborg, 2009a).Data of this type were obtained during di�erent years with high resolution in time (e.g., afew minutes per mirostruture pro�le) at a loation in the enter of the hannel (Paper 1by Arneborg et al., 2007), as well as on di�erent transets aross the hannel (Papers 2-4by Umlauf et al., 2007; Umlauf and Arneborg, 2009a,b). On one of these transets (Figure2.6), data from two simultaneously operating ships provided a synopti and highly-resolvedview of the ross-hannel struture of a vigorously turbulent bottom gravity urrent that,regarding both resolution and parameter range, an still be onsidered unique. This detaileddata set has provided a number of new insights into the internal struture and dynamis ofturbulent rotating gravity urrents that will be desribed in the following.2.4.1 Non-dimensional bulk parametersA frequently used parameter for the haraterization of gravity urrents is the Froude num-ber, here de�ned as
Fr =

∆U

(−BH)
1

2

, (2.13)where ∆U and B denote suitably de�ned bulk veloity and buoyany di�erenes between thegravity urrent and the ambient �uid. In Paper 4, Umlauf and Arneborg (2009b) have shownthat in the enter of the hannel this parameter is typially in the range 0.2 ≤ Fr < 0.5,similar to Fr ≈ 0.5 found in Paper 1 at the same loation during a previous ampaign.These Froude numbers are substantially below the ritial value Fr = 1, indiating thathydrauli ontrol and interfaial entrainment are not expeted to have signi�ant dynamiale�ets (Turner, 1986; Cenedese and Addue, 2010).A seond important parameter is the Ekman number that was already introdued in (2.10)in the ontext of the 1.5-layer model with parametrized bottom frition. Here, it is refor-mulated somewhat more generally as
Ek =

|τ b|

ρ0fUH
, (2.14)where τ b denotes the bottom stress vetor, and U a typial bulk speed, equal to ∆U onlyif the �uid above the gravity urrent is stagnant. During di�erent ampaigns analyzed
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Figure 2.6: Maps of (a) North Sea and Balti Sea, (b) Western Balti Sea, and () studyarea in the Arkona Basin. The position of the moored ADCP and ADV is marked by the redretangle, and the approximately 11 km long ross-hannel transet north of Kriegers Shoalis indiated by the blue line. Ship-based observations on the transet inluded densely-spaed turbulene mirostruture and ADCP measurements. The pathways of saline near-bottom urrents entering through the Sound are shematially indiated by the blue arrows.Depth ontours are given at 2-m intervals.in paper 1 and 4 (Arneborg et al., 2007; Umlauf and Arneborg, 2009b), Ekman numbersof the order of 1 were found, underlining the �rst-order importane of fritional e�ets inthe gravity urrents studied here. In view of these �ndings, it may thus be expeted thatfritional rather than hydrauli e�ets onstitute the essential ontrol mehanism.2.4.2 Cross-hannel strutureA ombined view of the ross-hannel density and veloity struture, adapted from Paper 3(Umlauf and Arneborg, 2009a), is shown in Figure 2.7. This �gure reveals a dense bottomlayer of up to 15 m thikness, separated from the ambient �uid by a well-de�ned interfae.The density anomaly of the gravity urrent exhibits some variability but is of the order of10 kg m−3, and therefore about one order of magnitude larger ompared to typial large-sale over�ows in the oean (e.g., Baringer and Prie, 1997a; Seim and Fer, 2011). The learsignal in density is mirrored in the veloity distribution, showing a ompat layer of �uid



18 Internal struture and dynamis of fritionally ontrolled gravity urrentsmoving with speeds up to 0.7 m s−1 towards East, down the hannel. Assoiated with thisswift �ow is a lateral interfae tilt that Umlauf and Arneborg (2009b) showed to be largelygeostrophially balaned.

Figure 2.7: Transverse view of down-hannel veloity and density (ρ−1000 kg m−3) struturealong the ross-hannel transet marked in Figure 2.6. Data were olleted within less than3 hours on 17 November 2005. Modi�ed �gure from Umlauf and Arneborg (2009a).A loser look into the density struture shown in Figure 2.7 reveals two remarkable featuresthat annot be explained in the framework of the 1.5-layer model but will be entral for thefollowing analysis. First, it is evident that the interfae, rather than representing a sharpdensity jump, has the harater of a wedge-shaped transition region with strongly varyingthikness, gradually inreasing from less than a meter on the northern rim of the hannel upto several meters on the opposite side. The seond interesting feature is the evolution of alateral density gradient in the interior region below the interfae in the southern part of thehannel, where nearly vertial isopynals are observed (the northern part is not a�eted bythis). This rather peuliar density struture seems to be a robust feature, observed duringdi�erent years at the same loation, as well as in other gravity urrents in the Balti Sea,e.g. in the Bornholm Channel in the Southern Balti (Petrén and Walin, 1976; Reissmannet al., 2009) and in the Stolpe Channel in the Balti Proper (Paka et al., 1998; Zhurbaset al., 2012). The dynamial reasons for these observed patterns are tightly onneted tothe transverse irulation that will be disussed in the following.2.4.3 Seondary irulationThe unexpeted omplexity of the lateral density struture is also mirrored in the veloitytimeseries derived from the ADCP moored near the enter of the hannel (Figure 2.8). Whilethe signal of the down-hannel omponent merely on�rms the stationarity of the �ow,and the vertial struture already found in Figure 2.7, the transverse omponent revealsa surprisingly omplex and stable pattern. A three-layer irulation an be distinguished,



Internal struture and dynamis of fritionally ontrolled gravity urrents 19with a pronouned jet-like urrent (to the left, looking upstream) inside the interfae, areturn �ow in the interior just below the interfae, and a urrent reversal in the lower partof the �ow. Similar observations had already been made in Paper 1 by Arneborg et al.(2007), who were puzzled by the fat that the near-bottom �ow was exatly opposite tothat predited from Ekman theory. A full ross-hannel transet of the transverse veloitydisussed in Paper 3 by Umlauf and Arneborg (2009a) has shown that the interfaial jetpersists, with variable strength, aross the whole width of the gravity urrent, whereas thenear-bottom layer with the urrent reversal is on�ned to a relatively narrow region in theenter of the hannel (not shown). A dynamial explanation for these features was given inPapers 4 and 5 as disussed in more detail below.Note that, onsistent with the strong damping suggested by the model results displayedin Figure 2.4, no signi�ant ross-hannel internal seihing motions are observed. Thisindiates that the observations of the transverse struture disussed above have been syn-opti, whih is rarely the ase in oeani gravity urrent studies that generally su�er fromundersampling due to the strong variability indued by tides and �ow instabiltities.

Figure 2.8: Time series of (a) down-hannel veloity, and (b) ross-hannel veloity (positivenorth) near the hannel enter (position is marked in Figure 2.6). The white line marksthe interfae layer, here de�ned as the ADCP bin with maximum vertial shear. The timeperiod inludes the measurements shown in Figure 2.7, the latter orresponding to 2.7 hoursduring days 320.33-320.44. Modi�ed �gure from Umlauf and Arneborg (2009a).



20 Internal struture and dynamis of fritionally ontrolled gravity urrents2.4.4 Mixing and entrainmentThe rate at whih ambient �uid is entrained by turbulent motions into a dense bottomurrent determines its density and �nal interleaving depth, and is therefore of primary in-terest in the investigation of suh �ows. Of similar relevane is the e�et of turbulene onthe bottom and interfaial stresses that both may be essential for the bulk dynamis. Thestandard approah for quantifying these proesses has been based on the onstrution ofbudgets at di�erent downstream ross-setions of the gravity urrent (e.g., Baringer andPrie, 1997a,b), whih, however, involves some rather serious model assumptions (e.g., sta-tionarity), and generally leads to large unertainties if entrainment rates are small. In suhases (the gravity urrents in the Balti Sea form one example), diret observation of theturbulent �uxes is often the only available alternative for obtaining reliable entrainmentestimates.However, the tehnial and logistial hallenges involved in diret turbulene measurementshave so far prevented their wide-spread use in oeani gravity urrent studies. Shear-mirostruture measurements, the most involved but also most generally appliable andaurate tehnique of this type, have been used to obtain mixing parameters only in a fewexamples, among them two ampaigns in the Mediterranean out�ow (Wesson and Gregg,1994; Johnson et al., 1994a), an investigation of the Storfjorden over�ow (Fer, 2006), anda reent study of mixing in the Faroe Bank Channel over�ow (Fer et al., 2010; Seim andFer, 2011). Following a di�erent method, a few studies have also attempted to estimatemixing parameters from the statistial analysis of density overturns in CTD pro�les, whih,by energeti arguments, an be related to energy dissipation and mixing (Fer et al., 2004;Mauritzen et al., 2005; Peters and Johns, 2005). Exept for the data disussed in this work,the only diret measurements of the bottom momentum �ux (or stress) in a gravity urrentappear to be the observations in the Red Sea out�ow plume by Peters and Johns (2006).While providing valuable insights into the mixing behavior of gravity urrents that wouldhave been unattainable with any other means, these studies were generally not able toprovide a synopti and spatially oherent piture of mixing and entrainment due to thelarge spatial sales, large depth, and strong temporal variability in the presene of tides and�ow instabilities. Beause of the absene of tides and the stabilizing e�ets of topographyand frition, gravity urrents in the Balti Sea exhibit a muh smaller temporal variabilitythan their large-sale ounterparts in the oean, and are muh more easily aessible withturbulene instrumentation. Yet, their spatial sales are large enough to make rotation a�rst-order e�et, and to guarantee that moleular (visous) e�ets an be ignored. For thesereasons, the Balti Sea an be viewed as an ideal natural laboratory for studying the e�etsof turbulene and rotation in dense gravity urrents.These fats have been exploited in Paper 1 by Arneborg et al. (2007), who presented the



Internal struture and dynamis of fritionally ontrolled gravity urrents 21�rst highly resolved timeseries of simultaneous observations of vertial urrent shear, strat-i�ation, and turbulene dissipation rates in a real oeani gravity urrent. Quite surpris-ingly, in view of the low Froude number mentioned above (Fr ≈ 0.5) , these observationshave revealed a vigorously turbulent �ow with dissipation rates reahing values around
ε = 10−5 W kg−1 even in the strongly strati�ed interfae region, whih was 2�3 ordersof magnitude above the ambient values. These data have turned out to �ll an importantgap for reliable entrainment estimates at low Froude numbers that are notoriously di�ultto aess in laboratory experiments due to visous e�ets (Cenedese and Addue, 2008).The importane of reliable data in this parameter range has been emphasized in a numberof studies suggesting entrainment at low Froude numbers to be essential for the long-termpropagation and late-stage evolution of large-sale oeani over�ows (Wåhlin and Cenedese,2006; Hughes and Gri�ths, 2006). With the help of data from the Balti Sea, new entrain-ment laws, valid also in the low Froude number range, are now being developed (Cenedeseand Addue, 2010; Wells et al., 2010).The single-point measurements in the enter of the hannel disussed in Paper 1 by Arneborget al. (2007) were later extended to inlude full ross-hannel transets. These new data,�rst presented in Paper 2 by Umlauf et al. (2007), ombined densely-spaed turbulene mi-rostruture measurements with the nearly full-depth veloity observations disussed above,providing the �rst omplete, detailed, and synopti view of the transverse struture of a ro-tating gravity urrent at very high Reynolds number. These observations (Figure 2.9) haveshown that energy dissipation is haraterized by spatially oherent regions that were at-tributed to di�erent dynamial regimes: a fritional near bottom layer, a turbulent interfaeregion, and a �quiet ore� with very low dissipation rates, loated in the viinity of the ve-loity maximum, where shear prodution of turbulene is small. Similar observations weremade in the Bornholm Channel, onneting the Arkona Basin with the neighboring Born-holm Basin (Reissmann et al., 2009). The relation between these observed mixing patternsand the internal dynamis of the �ow was the fous of Papers 3-5 that are brie�y summarizedin the following.2.5 AnalysisAs a �rst step towards a physial interpretation of the observations disussed above, itis instrutive to ompare the veloity measurements in Figure 2.7 with the results fromthe idealized 1.5-layer model onstruted in Setion 2.3. With model parameters hosen toapproximately orrespond to those found from the analysis of �eld data, and after stationaryonditions have been reahed (last panel in Figure 2.3), the model is seen to yield anaeptable representation of the most important bulk harateristis, like interfae tilt,maximum speed, and lateral veloity struture. This shows that already the most basi
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Figure 2.9: Same as Figure 2.7 but now the turbulent dissipation rate is shown. Whitedots at the top indiate the positions of 74 mirostruture asts used for this analysis.These observations have been performed simultaneously with the veloity measurementsfrom ombined vessel-mounted and towed ADCPs displayed in Figure 2.7. Figure replottedfrom data published in Umlauf et al. (2007).mathematial representation of fritional ontrol aording to (2.9) is able to apture theessential physis of the problem, implying that the memory of upstream onditions, a entralomponent of hydrauli models that is ignored here, annot be an important fator. This�nding also holds for the more advaned modeling study in Paper 5 by Umlauf et al. (2010),desribed below, whih may be viewed as an a-posteriori justi�ation for ignoring upstreamgradients in the derivation of the momentum budget in (2.2).In spite of the fat that the 1.5-layer model yields an aeptable �rst-order desription of thebulk dynamis of the �ow, models of this type annot, by de�nition, provide an explanationfor the internal density and veloity struture. The investigation of the reasons for anddynamial impliations of these features was the entral topi of Papers 1-5. The mostsigni�ant results will be summarized in the following, starting with the development of aoneptual piture for the seondary irulation.2.5.1 Cross-hannel dynamisAn insightful interpretation of (2.9) that has motivated muh of the work disussed belowwas given by Wåhlin (2002, 2004), who pointed out that the down-hannel omponent in(2.9) may be written as:
vH = vgH + vfH ≡ 0 , (2.15)where

vgH =
bSx

f
H , vfH =

CD

f
u2 . (2.16)



Internal struture and dynamis of fritionally ontrolled gravity urrents 23These relations state that the net transverse transport an be viewed as onsisting of two op-posing omponents that exatly anel under stationary onditions: a negative omponent,
vgH, geostrophially balaning the down-hannel interfae tilt, and a positive omponent,
vfH, representing the ross-hannel Ekman transport assoiated with the down-hannelbottom drag. This provides the perhaps learest illustration of the importane of fritionale�ets for the downward transport of �uid that would otherwise propagate along topographyas a geostrophially balaned �ow (Wåhlin, 2002).The orresponding relation for the more general problem with vertially varying veloitiesan be derived from the down-hannel omponent of (2.2), re-arranged in the form:

v = vg + vf +
1

f

DuDt , (2.17)where vg denotes the geostrophially balaned ross-hannel veloity de�ned in (2.3), D/Dtthe material derivative, and
vf =

1

ρ0f

∂τx
∂z

(2.18)the fritionally-indued transverse veloity omponent (Umlauf et al., 2010).Considering �rst the stationary, non-entraining 1.5-layer system depited in Figure 2.2, butnow allowing for vertially variable veloities, the ontinuity equation in (2.7) still impliesthat the vertial integral of v vanishes. The same, however, does not apply for the loalontributions of the terms on the right hand side of (2.17), whih leads to the importantonlusion that a transverse seondary irulation forms an essential omponent of thedown-hannel momentum budget. Some information about the vertial struture of thisseondary �ow an be obtained by fousing on the expeted vertial variability of vg and
vf , respetively. The former remains vertially onstant in the unstrati�ed region belowthe interfae, whereas the latter is likely to exhibit a near-bottom intensi�ation due to theinreasing importane of fritional e�ets. Considering the stationary linearized problem,the last term in (2.17) vanishes, and is otherwise very small as suggested by the non-linear simulations of Umlauf et al. (2010). Equation (2.17) therefore suggests a two-layerseondary irulation with a near-bottom �ow to the right (looking upstream) aording toEkman theory, and a return �ow in the upper part of the gravity urrent (Figure 2.10a). It isimportant to note, however, that the near-bottom �ow is usually muh smaller than the pureEkman transport due to the ompensating e�et of vg, whih is often overlooked (Johnsonand Sanford, 1992; Paka et al., 1998). Moreover, if the plume thikness is small ompared tothe bottom Ekman layer thikness (this is the ase for the shallow gravity urrents studiedin this work), vf will not hange appreiably in the vertial, and is therefore ompensatednearly everywhere by the onstant vg. Under these onditions, the seondary irulation isexpeted to be small.The situation is further ompliated by the fat that, ontrary to the simple 1.5-layer modelassumed above, real oeani gravity urrents often exhibit a rih internal density struture,
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Figure 2.10: Shemati view of di�erent omponents (gray arrows) of the seondary irula-tion for the two ases with (a) an idealized 1.5-layer �ow, and (b) a realisti interfae with�nite thikness (upper and lower edges of the interfae are indiated as thin blak lines).Blak arrows illustrate the residual �ow. The main (down-hannel) �ow is out of the page.inluding an interfae layer that may over a signi�ant fration of the total thikness (e.g.,Peters et al., 2005; Umlauf et al., 2007; Fer et al., 2010). Aording to (2.17), the preseneof internal strati�ation is likely to impat on the seondary irulation in at least thefollowing ways: (a) by reating additional barolini pressure gradients that modify vg; (b)by suppressing turbulene whih a�ets the seondary irulation via vf ; and () by theappearane of dynamially relevant �entrainment stresses� due to mixing in the interfaeregion, whih is represented by the last term in (2.17) as shown by Umlauf et al. (2010). Onthe other hand, however, any modi�ation of the seondary irulation due to these e�etswill in�uene strati�ation by lateral advetion of density, thus reating a omplex feedbakmehanism between strati�ation and lateral irulation.The interplay of these di�erent mehanisms is shematially illustrated in Figure 2.10b,showing a gravity urrent with a strati�ed interfae layer of variable thikness. Assumingthat the internal strati�ation in the interior region, below the interfae, is negligible, theseondary irulation in this region is expeted to be similar to that desribed for the 1.5-layer model above. The more ompliated interfae region an be understood by onsideringthe one-dimensional version of (2.17), i.e. by ignoring lateral advetion:
v(z, t) = vg(z, t) + vf (z, t) + vE(z, t) , (2.19)where vE = f−1 ∂u/∂t has been introdued for onveniene.Inside the stably strati�ed interfae, the buoyany b will derease from b = 0 at the top of theinterfae to its minimum value at the lower edge. Aording to (2.3), we therefore expet
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vg < 0 inside the interfae, orresponding to a geostrophially balaned �ow to the left(looking upstream), inreasing in magnitude with depth. The size and even the sign of thefritional omponent vf is more di�ult to estimate due to its dependeny on the turbulentmomentum �ux τx. Near the upper edge of the interfae, however, the stress is likely toderease from some value τx > 0, required to aelerate freshly entrained �uid, towards zeroat the top of the interfae. Aording to (2.18), this implies vf < 0, suh that vf and vgwill point into the same diretion in the uppermost part of the interfae. Most important inthis ontext is the fat that the vertial integral of (2.18) orresponds exatly to the bottomEkman transport, τ bx/(ρ0f), whih implies that vf does not provide any net transport insidethe interfae. It an therefore not be assoiated with any bulk interfae deformation dueto lateral �ow divergene, as sometime erroneously assumed. This is di�erent for the lastterm, vE, whih involves the aeleration of newly entrained �uid, and does not integrate tozero. This aeleration is positive (down-hannel) in the interfae region, thus leading to apositive ontribution (vE > 0) to the interfaial transport that opposes the geostrophiallybalaned omponent vg. The vertial integral of vE aross the interfae region an thus beinterpreted as the net interfaial Ekman transport assoiated with the entrainment stress(see Paper 5 by Umlauf et al., 2010).Therefore, as pointed out in Papers 4 and 5, if entrainment is small, the net transversetransport inside the interfae will be dominated by vg, pointing to the left (looking upstream)as illustrated in Figure 2.10b. This was shown to explain the observed interfaial jet aswell as the wedge-shaped interfae struture, the latter simply being a result of transportdivergene and onvergene, respetively, near the hannel walls. Further ompliationsarise if the interior region below the interfae is strati�ed, leading to additional pressuregradients that modify vg. This ase will be disussed below.2.5.2 Interpretation of observations and model resultsInterfaial jetFirst observational support for oneptual piture outlined above ame from the single-point observations in the enter of the hannel disussed in Paper 1 by Arneborg et al.(2007). These authors were able to identify the interfaial jet in their data, as well asin a one-dimensional numerial model aimed at reproduing the vertial struture of the�ow. At this early stage of the investigations, however, no satisfying dynamial explanationfor this phenomenon ould be provided. Nevertheless, Arneborg et al. (2007) reognizedfritional e�ets as an essential omponent of the seondary irulation, and suggesteda new entrainment law that, in addition to the traditionally used Froude number (e.g.,Cenedese and Addue, 2010), inluded also a dependeny on the Ekman number Ek de�nedin (2.14). This aspet of the problem was investigated in more detail in Paper 4 by Umlauf



26 Internal struture and dynamis of fritionally ontrolled gravity urrentsand Arneborg (2009b), who were able to establish a diret link between bottom frition,rotation, and the strength of the interfaial jet. As one of their key results, these authorswere able to show that for Ek > 1 the transverse jet, rather than the down-hannel �ow,dominates the vertial shear inside the interfae, thus expliitly illustrating the importaneof Ekman number e�ets for entrainment in rotating gravity urrents.This was later on�rmed in Paper 5 by Umlauf et al. (2010), who used a numerial modelto show that shear-prodution of turbulene inside the interfae is strongly a�eted by thepresene of the jet. The model was based on the full set of equations in (2.2), numeriallysolved for a osine-shaped hannel topography with sales and parameters approximatelyorresponding to those desribed in the observational Papers 2�4. A full desription of themodel an be found in doumentation of the General Estuarine Transport Model (GETM)by Burhard and Bolding (2002), exept for the reently developed vertially adaptive nu-merial grid that is desribed in Hofmeister et al. (2010). As mentioned in Setion 2.2,the turbulent �uxes were omputed from a seond-moment turbulene model desribed andanalyzed in detail in Papers 6 and 7 (Umlauf and Burhard, 2005; Umlauf, 2009). Compar-ison of the omputed dissipation rates and turbulent �uxes with the observed turbuleneparameters has shown that the model yields an exellent representation of turbulent mixing(Umlauf et al., 2010).

Figure 2.11: (a) Down-hannel and (b) ross-hannel veloity from the idealized two-dimensional numerial simulation by Umlauf et al. (2010). Simulations started from ini-tial onditions with zero veloities and zero ross-hannel interfae slope. Results shownhere orrespond to the situation after two inertial periods, when ross-hannel seihing mo-tions have deayed. Blak arrows in (b) indiate the diretion of the seondary irulation.Modi�ed �gure from Umlauf et al. (2010).



Internal struture and dynamis of fritionally ontrolled gravity urrents 27The internal struture of veloity and density from these idealized simulations is displayedin Figure 2.11. Comparison with the vertially integrated simulations (see last panel inFigure 2.3) shows that both models predit omparable maximum down-hannel veloities,a omparable redution towards the edges, and similar lateral interfae tilts, indiating thatthe bulk dynamis is represented in a similar way. Beyond this, however, the simulations inPaper 5 revealed a number of harateristi features that only the vertially resolved modelwas able to apture. Among them are the evolution of a wedge-shaped interfae, the genera-tion of lateral density gradients in the interior region below the interfae, and the interfaialjet visible in Figure 2.11b. All of these modeled features are in lose agreement with theobservations (see Setion 2.4), underlining the fat that the two-dimensional formulation ofthe problem in (2.2) provides a viable representation of the essential physis.Motivated by this good agreement between model and data, Umlauf et al. (2010) used theirsimulations to investigate the dynamis and onsequenes of the seondary irulation ingreater detail. To this end, they deomposed the transverse veloity into geostrophiallybalaned and fritional omponents aording to (2.19) for a loation in the enter of thehannel not a�eted by the lateral buoyany gradients desribed above. Below the interfae,the geostrophi and fritional omponents vg and vf were found to be of opposite signbut similar magnitude, therefore resulting only in a small net return �ow (Figure 2.12).Approahing the interfae from below, the fritional omponent vf , however, deays morequikly than vg, and even hanges sign due to the inreasing e�et of the entrainment stress,suh that a transverse irulation to the left (the jet) evolves. This dynamial behaviororresponds exatly to that antiipated in Setion 2.5.1.

Figure 2.12: Modeled transverse veloity with omponents vg and vf from the idealizedsimulations by Umlauf et al. (2010). Lateral position orresponds to y = 10 km, exatly inthe enter of the hannel shown in Figure 2.11. the gray-shaded area indiates the stronglystrati�ed interfae region. Figure adapted from Umlauf et al. (2010).



28 Internal struture and dynamis of fritionally ontrolled gravity urrentsIt is worth noting that similar wedge-shaped interfaes have also been found in observa-tions of large-sale over�ows (Johnson and Sanford, 1992; Mauritzen et al., 2005; Seim andFer, 2011), as well as in laboratory investigations of rotating gravity urrents (Johnson andOhlsen, 1994; Davies et al., 2006; Darelius, 2008), and in numerial investigations (Kämpf,2000; Ezer, 2006). Seeking for an explanation for the observed struture, previous investi-gations have either foused on hydrauli mehanisms (e.g., Hogg, 1983), or on the interplaybetween bottom and interfaial Ekman layers that was suspeted to be responsible for thetransverse irulation patterns observed in some of these �ows (Johnson and Sanford, 1992;Johnson and Ohlsen, 1994; Paka et al., 1998; Ezer, 2006). All these previous studies, how-ever, have failed to reognize the ruial role of the geostrophially balaned transverseveloity vg.E�et of lateral density gradientsAn interesting phenomenon found in both observations (Figure 2.7) and model simulations(Figure 2.11) is the generation of a region with lateral density gradients assoiated withthe presene of nearly vertial isopynals in the interior of the gravity urrent below theinterfae. Similar patterns have also been found at other loations along the pathwaysof bottom gravity urrents in the Balti Sea, e.g. in the Bornholm Channel (Reissmannet al., 2009) and in the Stolpe Channel (Zhurbas et al., 2012), as well as in simulations ofthese �ows with the help of high-resolution numerial models (Burhard et al., 2005, 2009;Hofmeister et al., 2010). This suggests a rather robust mehanism that warrants furtherstudy.Already in Paper 1, Arneborg et al. (2007) speulated that the unusual three-layer transverseirulation (see Figure 2.8b) might be related to the e�et of lateral density gradients. Thediretion of the near-bottom �ow was found to be espeially puzzling sine, as argued abovein the ontext of Figure 2.10a, the �ow lose to the bottom should be aligned with vf andthus with the Ekman transport, and not opposite to it as observed. From their single-pointmeasurements in the hannel enter alone, however, Arneborg et al. (2007) were not ableto establish a onnetion between lateral density gradients and seondary irulation.First diret evidene for the existene and potential importane of lateral density gradientswas presented in Paper 2 by Umlauf et al. (2007), revealing the full omplexity of the lateraldensity and veloity struture displayed in Figure 2.7. One important point emphasized bythese authors was that in rotating �ows suh lateral density gradients are assoiated witha geostrophially balaned shear, ommonly referred to as thermal wind shear, that followsfrom the z-derivative of (2.3):
∂ug
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∂y
. (2.20)In the ases onsidered here, the thermal wind shear below the interfae has a tendeny to



Internal struture and dynamis of fritionally ontrolled gravity urrents 29redue down-hannel speed towards the bottom in a purely invisid way. Previous studieshave pointed out that under these onditions �slippery� Ekman layers with vanishing bottomdrag may be indued, obviously with serious onsequenes for �ows that are fritionallyontrolled (MaCready and Rhines, 1993; Garrett et al., 1993). Although the strengthof the lateral density gradients was found to be su�ient for the generation of slipperyEkman layers, diret stress measurements revealed, quite surprisingly, no indiations for aredution of bottom drag. This result was later on�rmed by the model simulations in Paper5 (Umlauf et al., 2010), whih reprodued the generation of lateral buoyany gradients butdid not show evidene for a redution of bottom drag either.Umlauf and Arneborg (2009b) investigated this apparent inonsisteny, pointing out thata major di�erene between the theory of MaCready and Rhines (1993) and the buoyany-driven �ows onsidered here is the presene of an along-�ow pressure gradient. Umlaufand Arneborg (2009b) showed that in this ase, instead of reduing the bottom drag, the�ow reats to lateral density gradients by generating a speial type of seondary irula-tion required to balane the ageostrophi down-hannel �ow omponent. This is easiestunderstood by onsidering the ross-hannel omponent of the momentum budget in (2.2),assuming stationary onditions and ignoring non-linear advetion:
u− ug = −

1

ρ0f

∂τy
∂z

, (2.21)where ug is the geostrophially balaned down-hannel speed de�ned in (2.3). Physially,(2.21) shows that the ageostrophi down-hannel transport is ompensated by the down-hannel Ekman transport due to ross-hannel stresses. Considering only regions lose tothe bottom, where the sign of τy is determined by the diretion of the near-bottom �ow, itis easy to show (Umlauf and Arneborg, 2009b) that for u− ug < 0 the transverse veloitynear the bottom is positive (to the right, looking upstream), while negative near-bottomspeeds are observed for u− ug > 0.For the standard situation without lateral density gradients, u < ug is expeted in thelower part of the gravity urrent due to the fritional redution of u towards the bottom(Figure 2.13a). In this ase, a positive transverse near-bottom �ow will be observed. In thepresene of lateral buoyany gradients, however, ug may derease more rapidly towards thebottom than u suh that a near-bottom layer with u > ug may exist (Figure 2.13b). In thisase, the near-bottom transverse �ow reverses sign and beomes negative, whih Umlaufand Arneborg (2009b) showed to explain the puzzling struture of the seondary irulationobserved in Figure 2.8. Further support for this argument ame from the idealized numerialsimulations by Umlauf et al. (2010), whih were able to reprodue both the evolution of thelateral density gradient and the appearane of the three-layer struture of the seondary ir-ulation (Figure 2.11b). Analysis of these model results on�rmed the physial mehanismsdesribed above as the reasons for the di�erent struture of the seondary irulation inregions with and without lateral density gradients, respetively. Conluding, these results
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Figure 2.13: Coneptual piture for the dynamial e�et of lateral density gradients: (a)situation without lateral strati�ation in the interior, and (b) with lateral strati�ation.Gray-shaded areas orrespond to the ageostrophi omponent u−ug with sign as indiated.Modi�ed �gure from Umlauf and Arneborg (2009b).have shown that a loal imbalane in u and ug triggers a seondary �ow that provides thefritional fores required to lose the momentum budget.2.5.3 What we have learnedFigure 2.14 summarizes the main results from the preeeding setions in form of a on-eptual piture for the dynamis of shallow, fritionally ontrolled gravity urrents. Keydynamial omponent of these �ows is an interfaial jet that, at least for the ase of weakentrainment onsidered here, is geostrophially balaned by the pressure gradient arisingfrom the down-hannel tilt of the interfae. Sine, in fritionally ontrolled gravity urrents,this pressure gradient is approximately balaned by the bottom stress, the latter also deter-mines the strength of the jet. Umlauf and Arneborg (2009b) showed that this link betweenthe bottom stress and the seondary irulation an be expressed in non-dimensional formin terms of the Ekman number Ek, whih underlines the importane of this parameter forthe parametrization of entrainment in fritionally ontrolled gravity urrents. A onnetionbetween Ek and entrainment had already been dedued empirially from the results of theone-dimensional numerial model disussed in Paper 1 (Arneborg et al., 2007).The transport qi of interfaial �uid from right to left (looking upstream) leads to a pinhingand spreading of interfaial isopynals on opposite sides of the hannel as illustrated inFigure 2.14. The ompression of the interfae on the right hand side makes it more amenableto shear instability, whih led Umlauf and Arneborg (2009b) to speulate that the interfaial
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Figure 2.14: Coneptual sketh of seondary irulation and entrainment in a hannelized,fritionally ontrolled gravity urrent. Modi�ed �gure from Umlauf and Arneborg (2009b).
transport qi may be balaned by inreased entrainment in this region. This was expliitlyon�rmed by the simulations in Paper 5 (Umlauf et al., 2010), showing that the interfaeon the right hand side of the hannel is in a state of marginal stability with enhanedentrainment of �uid from above and below (Figure 2.14). This ombination of interfaialmixing and seondary irulation was shown to result in a rather urious modi�ation of theentrainment proess (Figure 2.15): ambient �uid entrained into the interfae on the righthand side of the hannel is fed into the jet, and then transported with the jet to the oppositeside of the hannel, where it is �nally mixed down into the interior (Umlauf et al., 2010).This questions the traditional view of entrainment as a stritly one-dimensional proess thatan be desribed by loal (in the lateral sense) bulk parameters like the Froude number.

Figure 2.15: Density struture (thin blak lines), and onentration of a passive traer (a)at the start of the simulation, and (b) after two intertial periods. The simulation is identialto that shown in Figure 2.11. Modi�ed �gure from Umlauf et al. (2010).



32 Internal struture and dynamis of fritionally ontrolled gravity urrentsThe interior region below the interfae was found to be separated into two dynamiallydi�erent regions: an unstrati�ed region on the right hand side of the �ow (looking upstream),and a region with nearly vertial isopynals on the left, reating a lateral density gradient(see Figure 2.14). The seondary irulation in the unstrati�ed region was shown to beweak due to the fat that geostrophially balaned and Ekman-related transverse veloitiesnearly anel (Papers 3 and 4 by Umlauf and Arneborg, 2009a,b). Dynamially moreinteresting is the region with lateral density gradients in the interior below the interfae.Previous theoretial work on the dynamis of bottom boundary layer �ows along slopingtopography has shown that suh lateral strati�ation may be assoiated with a redutionof the bottom drag, generating what has been alled �slippery� Ekman layers (MaCreadyand Rhines, 1993; Garrett et al., 1993). It is tempting to assume that a similar e�etalso ours in gravity urrents with lateral density gradients, and some related speulationshave in fat been made by Paka et al. (1998) for the Stolpe Channel over�ow in the CentralBalti Sea. Surprisingly, however, for the �ows onsidered here, neither observations norsimulations showed any indiations for a modi�ation of the bottom drag in the preseneof lateral density gradients, although the thermal wind shear assoiated with the latter wasfound to be omparable to the total observed vertial shear. Instead of reduing the bottomdrag, fritionally ontrolled gravity urrents were shown to respond to the presene of lateraldensity gradients with the generation of a near-bottom reversal of the transverse �ow. Near-bottom veloities oppose the bottom Ekman transport, and adjust exatly suh that theageostrophi omponent of the down-hannel �ow is balaned (Umlauf and Arneborg, 2009b;Umlauf et al., 2010).The gravity urrents studied in this work are haraterized by low Froude numbers, weakentrainment, on�nement by lateral topography, and partiularly by their shallowness om-pared to the thikness of the bottom Ekman layer. Flows of this type have been reportedfor numerous loations also beyond the Balti Sea, most notably in the ontext of the small-sale gravity urrents transporting dense water down the ontinental slopes inside narrowanyons or along submarine ridges (Kämpf, 2000; Foldvik et al., 2004; Darelius, 2008). Itis likely that the theoretial framework developed in Papers 1-5 will be of some relevanealso for the interpretation of these ubiquitous �ows that are suspeted to be essential forthe deep-water formation proess in the oean.In ontrast to these shallow gravity urrents, large-sale oeani over�ows often exhibit athikness that is omparable to or larger than the Ekman layer thikness, whih reduesthe Ekman number and thus the relative importane of fritional e�ets. This �gray zone�between fritional and hydrauli theory has reeived very little attention so far althoughit forms an important hybrid ase that is perhaps of greatest relevane for real oeaniover�ows. This has also beome evident in a reent study by Cuthbertson et al. (2011), whoinvestigated laboratory-sale gravity urrents inside a topographi onstrition, showinga puzzling onsisteny of their measurements with both hydrauli and fritional theory.



Internal struture and dynamis of fritionally ontrolled gravity urrents 33Similarly, reent investigations of gravity urrents in the Stolpe Channel, the largest over�owsite in the Balti Sea, revealed a behavior that was in perfet agreement with the fritionaltheory presented above (e.g., regarding the lateral density struture) � but showed at thesame time memory of upstream potential vortiity that explained the meandering of the�ow (Zhurbas et al., 2012). Analogous �ndings have been reported for the Faroe BankChannel over�ow that showed features explainable from rotating hydraulis (Lake et al.,2005; Darelius et al., 2011), and others, like the seondary irulation, that point towards theimportane of the same fritional e�ets that have been analyzed in this hapter (Johnsonand Sanford, 1992; Seim and Fer, 2011). Future work will hopefully be able to provide asound theory ombining these two ruial aspets of rotating bottom gravity urrents.
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Chapter 3
Internal struture and dynamis ofsloping boundary layers
3.1 IntrodutionIn the seond part of this work, the fous will be on the dynamis and internal stru-ture of bottom boundary layers (BBLs) driven by long internal-wave motions in strati�edbasins. The disussion will be entered around the proesses ourring inside the lowermost,nearly well-mixed part of the BBL that has been shown to be partiularly relevant for netbasin-sale mixing and energy dissipation in small to medium-sized strati�ed basins suhas lakes and fjords (Wüest and Lorke, 2003; Wüest et al., 2000; Goudsmit et al., 1997).This situation is somewhat di�erent from larger (oean) basins, where layers with enhanedturbulene levels, driven by breaking internal waves, have been shown to extend far beyondthe homogeneous near-bottom layer into the strati�ed interior (Rudnik et al., 2003; Nashet al., 2007; Kunze et al., 2012). This proess is known to be both highly energeti ande�ient, and may therefore overwhelm the ontribution of diapynal mixing in the lower,weakly strati�ed part of the BBL. Nevertheless, there is observational evidene that thereation of gravitationally unstable BBLs desribed in the following is also relevant in theoean, however, with a strong modi�ation due to rotational (Ekman) e�ets (Moum et al.,2004).The investigations disussed in Papers 8-11 were motivated by a new type of boundarymixing proess �rst identi�ed in a small Swiss lake (Lake Alpnah), in whih near-bottomurrents are driven by internal seihing motions (Lorke et al., 2005). These data suggestedthat di�erential advetion of isopynals due to the slope-normal shear modi�es the strat-i�ation inside the BBL as shematially illustrated in Figure 3.1 for the ase withoutrotation. During periods of up-slope �ow (Figure 3.1a), dense water may be adveted on



36 Internal struture and dynamis of sloping boundary layerstop of light water � with immediate onsequenes for mixing due to the onset of onve-tion. During periods of down-slope �ow, di�erential advetion has a tendeny to reatestable strati�ation inside the BBL (Figure 3.1b), whih will impat on turbulene in atleast two ompeting ways: (a) by reduing both the length sale and the kineti energy ofturbulent �utuations, and (b) by inreasing the e�ieny of mixing. The overall e�et onmixing has been unlear. It is worth noting that this shear-driven periodi generation anddestrution of strati�ation is qualitatively similar to the proess of tidal straining observedin estuaries and regions of fresh-water in�uene. In this ase, tidal urrents drive a lateraldensity gradient over �at bottom, whih may lead to unstable strati�ation and onvetionduring �ood, and to the reation of stable strati�ation during ebb (Simpson et al., 1990;Burhard et al., 2001). While the interest in tidal straining has been motivated mainly byits importane for the horizontal residual transports (Jay and Musiak, 1994; Burhard andHetland, 2010), shear-indued onvetion near sloping topography is likely to be relevant inview of its role for net diapynal mixing.Although Lorke et al. (2005) ould learly identify the proesses delineated above in theirdata, they were not able to �nd a generally valid relation between the outer parameters of theproblem (slope angle, bottom roughness, ambient strati�ation, et.), and the parametersthat quantify boundary mixing (buoyany �ux, dissipation rate, turbulent di�usivity, et.).Therefore, no de�nite onlusions ould be drawn about the relevane of their observationsfor other loations in the lake, or even for other strati�ed basins. Moreover, the questionabout the ontribution of BBL mixing to net basin-sale mixing turned out to be di�ult toanswer beause the vertial turbulent buoyany �ux, a frequently used indiator for �mixing�in stably strati�ed �ows, hanges sign inside the onvetive layers, whih ompliates itsstraightforward interpretation.These questions were addressed in a reent researh projet aimed at the �Quanti�ationof Shear-Indued Convetion and Bottom-Boundary Mixing in Natural Waters� (ShIC),funded by the German Researh Foundation (DFG). The following summary of the mainresults starts with Paper 8 by Lorke et al. (2008) that desribes an extensive �eld program ina large fresh-water lake, fousing on the diret observation of turbulene parameters in grav-itationally unstable BBLs. Paper 9 by Umlauf and Burhard (2011) ontains a ombinedtheoretial-numerial study, in whih the reasons for and onsequenes of shear-induedonvetion in BBLs are investigated in the framework of an idealized one-dimensional ge-ometry. Finally, in the two ompanion papers 10 and 11 (Beherer and Umlauf, 2011; Lorraiet al., 2011), the full three-dimensional problem is studied with the help of a high-resolutionnumerial model of Lake Alpnah. Besides the analysis of the basin-sale internal wave �eld,these two papers also ontain a diret omparison of modeled and observed BBL properties,using data from di�erent years and di�erent loations on the slopes of the lake.
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Figure 3.1: Coneptual piture of mixing near sloping topography in the presene of osil-latory up- and down-slope �ow. (a) Creation of unstable strati�ation (onvetion) duringup-slope �ow, and (b) stabilization during down-slope �ow. Rotation and Ekman e�etsare ignored.3.2 Observations in Lake ConstaneTo obtain broader observational support for the proesses skethed in Figure 3.1, the mea-surements in Lake Alpnah were extended to a seond study site with rather di�erentharateristis (see Paper 8 by Lorke et al., 2008). Lake Constane, one of the largest anddeepest lakes in Western Europe, onsists of an approximately 40 km long and 250 m deepmain basin, to whih an elongated approximately 20 km long side basin is attahed (Figure3.2). Typial for this lake is the presene of regular internal seihing motions during thesummer months that exhibit periods of 3-5 days, and dominate the near-bottom urrentsthroughout the lake (Appt et al., 2004; Lorke et al., 2008). The di�erent geometry and sizeompared to Lake Alpnah, and the onsiderably longer foring period for the near-bottomurrents, suggested a di�erent parameter range that was assumed to provide a useful testfor the robustness of the BBL mixing proesses desribed above. The study site was loatedon the slope of the north-western appendix of Lake Constane that is usually referred toas Lake Überlingen (Figure 3.2). This site was hosen primarily due to its loation on thegently sloping end of the hannel that is usually a�eted by strong and regular internalseihing motions, and beause rotational e�ets were expeted to be small due to the smalllateral sales of the appendix. This is di�erent for the main basin of Lake Constane, where



38 Internal struture and dynamis of sloping boundary layersinternal seihing is known to our in form of a Kelvin-type wave propagating yloniallyalong the shoreline (Appt et al., 2004).

Figure 3.2: Map of Lake Constane with topography at 50 m intervals (maximum depthis 250 m). Inset map shows Lake Überlingen with mooring positions indiated. LakeConstane is loated between Germany, Switzerland, and Austria at approximately 47◦37'N,19◦22'E. Modi�ed �gure from Lorke et al. (2008).Lorke et al. (2008) disussed data from mooring position M2 (Figure 3.2) during two timesof the seihing yle with up- and down-slope �ow, respetively. Similar to Lake Alpnah,the BBL was found to beome gravitationally unstable inside a near-bottom region of upto 4 m thikness during up-slope �ow, whereas during down-slope �ow the BBL remainedstable (Figure 3.3). A more detailed analysis in Paper 8 showed that the reasons for thesee�ets were perfetly onsistent with the shemati piture outlined above, providing furtherevidene for the relevane of shear-indued onvetion in lakes. Measurements using aDoppler veloimeter (ADV) ombined with a fast-response thermistor, both mounted on abottom-frame at position M2, showed that the magnitudes of the dissipation rate and thevertial turbulent buoyany �ux were omparable during the stable and unstable periods.The buoyany �ux, however, reversed diretion during the unstable phases, whih providedthe �rst diret evidene for the presene of turbulent onvetion. During these periods, theturbulent di�usivity inreased by almost an order of magnitude, and it appeared temptingto interpret this as an indiation for the importane of onvetion for net vertial mixing.Surprisingly, however, the results disussed in the following showed that the opposite is thease.
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Figure 3.3: Near-bottom veloity (blue) and temperature (red) from a thermistors hain anda urrent pro�ler loated at position M2 (see Figure 3.2). Observations are shown for twotimes during the seihing yle with up-slope (left) and down-slope veloities, respetively.Note the unstable strati�ation during up-slope �ow. Modi�ed �gure from Lorke et al.(2008).3.3 Theory and one-dimensional analysis3.3.1 Geometry and governing equationsAssuming that strati�ation outside the BBL is stritly vertial and homogeneous, thatthe slope is uniform, and that �ow variations in the up-slope diretion an be ignored, theboundary-mixing problem beomes one-dimensional in a tilted oordinate system alignedwith the slope as depited in Figure 3.4. The prie for the attrative simpliity of this one-dimensional framework is the elimination of some important proesses, e.g. internal-wavemotions and the exhange of �uid between the BBL and interior by intrusions. Previousstudies have nevertheless shown that useful onlusions an be drawn from this type of mod-els regarding the interation of strati�ation, seondary irulation, and mixing inside theBBL (e.g., Phillips, 1970; Thorpe, 1987; Garrett, 1990). The more general three-dimensionalase will be investigated in the summary of Papers 10 and 11 in Setion 3.4.Starting from the one-dimensional geometry shown in Figure 3.4, in Paper 9 Umlauf and
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Figure 3.4: Geometry of a BBL on a uniform slope with slope angle α. Thin lines de-note isopynals, g is the gravitational aeleration. Note that the geometry beomes one-dimensional in the tilted oordinate system (x, z). Modi�ed �gure from Umlauf and Bur-hard (2011).Burhard (2011) onsidered a Boussinesq �uid periodially moving up and down a uniformslope with slope angle α in an in�nitely deep basin with variable strati�ation,
N2 =

∂b

∂ẑ
. (3.1)Here, using the notation from Paper 9, ẑ denotes the vertial oordinate (see Figure 3.4),and b the buoyany de�ned as

b = −g
ρ− ρ0
ρ0

, (3.2)where ρ denotes density, ρ0 a onstant referene density, and g the aeleration of gravity.Outside the BBL, isopynals are assumed to be perfetly horizontal, and strati�ation isonstant (N = N∞). Fousing on boundary mixing in small lakes, Umlauf and Burhard(2011) ignored Earth's rotation, pointing out, however, that the theoretial framework iseasily extended to inlude rotational e�ets.In Paper 9, it was shown that under the above assumptions the Boussinesq equations intilted oordinates (see Figure 3.4) an be written as:
∂u

∂t
= (b− b∞) sinα+

∂u∞
∂t

−
1

ρ0

∂τx
∂z

,

∂b

∂t
= −uN2

∞
sinα−

∂G

∂z
,

(3.3)where τx and G denote the slope-normal turbulent momentum and buoyany �uxes, respe-tively (the turbulent �uxes parallel to the slope are ignored). The undisturbed buoyanyis denoted by b∞, whih may vary due to advetion, however, only under the onstraintthat N2
∞

= ∂b∞/∂ẑ remains onstant everywhere. The �rst term on the right hand sideof the momentum budget in (3.3) therefore represents the barolini pressure gradient setup by the tilting of isopynals in the BBL due to mixing and fritional e�ets (see Figure3.4). The funtion u∞ represents the (presribed) external pressure foring, e.g. due to long



Internal struture and dynamis of sloping boundary layers 41internal waves or basin-sale internal seihes. As the most simple representation of periodiinternal-wave foring, Umlauf and Burhard (2011) assumed a purely harmoni dependeny:
u∞ = U sinωt , (3.4)where U denotes a onstant veloity sale, and ω the onstant foring frequeny. The�rst term on the right hand side of the buoyany equation in (3.3) represents up-slopeadvetion of buoyany, whih an be understood from the fat that N2

∞
sinα oinides withthe (onstant) up-slope buoyany gradient ∂b/∂x (see Paper 9). Finally, no-slip, insulatingboundary onditions are assumed at the slope:

u = 0 ,
∂b

∂z
= 0 for z = 0 . (3.5)The turbulent slope-normal �uxes appearing in (3.3) are omputed from down-gradientformulations of the form:

τx
ρ0

=
〈

u′w′
〉

= −νtS , G =
〈

w′b′
〉

= −νbt Ň
2 , (3.6)where primes denote turbulent �utuations, and angular brakets the Reynolds average.

S = ∂u/∂z and Ň2 = ∂b/∂z are the slope-normal shear and buoyany gradient, respetively.Is is worth noting that the latter is di�erent from the vertial buoyany gradient N2 suh thatthe terms well-mixed (Ň2 = 0) and unstrati�ed (N2 = 0) do not exatly oinide (Umlaufand Burhard, 2011). For the assumed mild slopes (α ≪ 1), however, this di�erene onlymatters for the preise timing of the onset of onvetion near the transition from stable tounstable strati�ation.The turbulent di�usivities νt and νbt appearing in (3.6) are derived from the seond-momentturbulene model already outlined in Chapter 2 in the ontext of (2.6). This model fol-lows the detailed desription in Paper 6 (Umlauf and Burhard, 2005), however, with thefollowing aveat. The boundary-layer assumption used in the model derivation in Paper 6expliitly assumes that the turbulent �uxes represented by the model are stritly vertial,whih on�its with the interpretation of τx and G as slope-normal �uxes used here. Um-lauf and Burhard (2011) pointed out, however, that these di�erenes beome negligible for
α ≪ 1, whih was always insured for the ases onsidered in Paper 9. For small slopes, it italso likely (though it annot be proven) that the up-slope turbulent �uxes an be ignored,as assumed in the following (Umlauf and Burhard, 2011).3.3.2 Analysis of model resultsSome results of this model, taken from Paper 9 by Umlauf and Burhard (2011), are dis-played in Figure 3.5. This �gure shows the evolution of veloity, buoyany, and strati�ationover two foring periods after periodi onditions have been reahed. The foring period



42 Internal struture and dynamis of sloping boundary layersin (3.4) was hosen as Tf = 2π/ω = 12.4 hours for this example, whih orresponds tothe M2 tidal period, and is also of the order of typial internal seihing periods in smallto medium-sized lakes. The foring amplitude was set to U = 0.05 m s−1, and slope angleand interior strati�ation were taken to be α = 10−2 and N2
∞

= 10−5 s−2, respetively,orresponding to typial values in marine and limni environments (Umlauf and Burhard,2011). A wider parameter spae is disussed below.

Figure 3.5: Evolution of (a) veloity, (b) buoyany, and () absolute value of the square ofthe buoyany frequeny over two foring periods. The dark gray lines denote the upper limitof the BBL, and the light gray lines inlude unstable near-bottom regions. The absissaorresponds to time after model start from rest. Results shown here orrespond to fullyperiodi onditions. Modi�ed �gure from Umlauf and Burhard (2011)The veloity in the BBL (Figure 3.5a) is seen to losely follow the periodi foring, however,with a redution and small phase lead towards the bottom, both onsistent with the inreas-ing importane of fritional e�ets. The evolution of buoyany (Figure 3.5b) is dominatedby the up- and down-slope advetion of strati�ation, whih is ompletely analogous to theperiodi warming and ooling patterns observed on the slopes of the lakes studied in thisprojet (Lorke et al., 2008; Lorrai et al., 2011). The strati�ation shown in Figure 3.5illustrates that the BBL is separated from the interior by a permanent pynoline that is adiret manifestation of enhaned boundary mixing. Most importantly, however, and analo-gously to the observations disussed above, strati�ation inside the BBL periodially variesbetween stable and unstable onditions, orresponding to periods with down- and up-slope�ow, respetively. Umlauf and Burhard (2011) derived an evolution equation for N2, andshowed that the physial mehanisms leading to these alternating patterns of strati�ation
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Figure 3.6: Pro�les of veloity and buoyany for the two times indiated in Figure 3.5.Modi�ed �gure from Umlauf and Burhard (2011).
were exatly those outlined above in the ontext of Figure 3.1. Two pro�les of veloity andbuoyany, approximately orresponding to the times of strongest stable and unstable strat-i�ation, respetively, are shown in Figure 3.6. Comparison with the measurements in LakeConstane in Figure 3.3 reveals a strong qualitative similarity, noting that temperature andbuoyany anomalies are related in an approximately linear way. From these results, Umlaufand Burhard (2011) onluded that their simple one-dimensional model reprodues thebasi mehanisms of shear-indued stabilization and destabilization of the BBL.The impat on turbulene of the transition from stable to unstable onditions is imme-diately evident from the turbulent buoyany �ux shown in Figure 3.7a: while in stableregions the buoyany �ux is downward, in unstable regions it reverses sign, indiating theonset of onvetion. Umlauf and Burhard (2011) pointed out that this e�et questions theusual approah for the quanti�ation of boundary mixing, in whih an �e�etive� di�usiv-ity is omputed by horizontally averaging the vertial buoyany �ux aross the BBL, anddividing the result by some representative interior value for N2 (in this ase N2

∞
). In thepresene of onvetion, however, where the buoyany �ux hanges sign, this method resultsin negative e�etive di�usivities that have no physial interpretation. Moreover, Umlaufand Burhard (2011) showed that the seondary irulation inside the BBL leads to a netadvetive ontribution to the total vertial buoyany �ux that has a tendeny to re-stratifythe BBL. This advetive ounter-gradient �ux partly ompensates the turbulent buoyany�ux, thus reduing the e�etive di�usivity.For the simple geometry onsidered here, Umlauf and Burhard (2011) derived an exatequation for the total (i.e. advetive plus turbulent) irreversible buoyany �ux, and showed



44 Internal struture and dynamis of sloping boundary layersit to be proportional to the time-average of the integrated mixing rate,
Xb =

∫

∞

0

χb dz , χb = 2νb
〈

∂b′

∂xi

∂b′

∂xi

〉 (3.7)where νb is the moleular di�usivity of buoyany (orresponding to that of either heat orsalt). χb is reognized as the small-sale destrution of buoyany variane due to moleularmixing, whih is one of the key parameters in strati�ed turbulene (Tennekes and Lumley,1972). The relation found by Umlauf and Burhard (2011) therefore links small-sale mixingto large-sale hanges in bakground potential energy via the net irreversible buoyany �ux.The mixing rate de�ned in (3.7) is aessible to both turbulene modeling and turbulenemirostruture observations.

Figure 3.7: As in Figure 3.5 but now for (a) the turbulent buoyany �ux, (b) the rate ofdissipation, and () the moleular destrution of buoyany variane. Modi�ed �gure fromUmlauf and Burhard (2011).Comparing the evolution of the dissipation rate ε (Figure 3.7b) with that of the mixing rate
χb (Figure 3.7) reveals rather di�erent patterns. While the periodi variations of ε appearto be only weakly a�eted by the alternating patterns of stable and unstable strati�ation,the behavior of the mixing rate χb exhibits a strong asymmetry. Mixing is seen to belargely on�ned to periods of down-slope �ow, where shear reates stable strati�ation thatallows for an e�ient onversion of turbulent kineti to potential energy. This is ontrastedby the behavior of the gravitationally unstable layers, whih are haraterized by highenergy dissipation but weak mixing. A more detailed analysis in Paper 9 showed thatthe ontribution of mixing in these regions is negligible. These results learly demonstratethat the standard approah of relating the loal buoyany �ux to the dissipation rate via



Internal struture and dynamis of sloping boundary layers 45a onstant mixing e�ieny (Osborn, 1980) is not a good hoie for the interpretation ofboundary-layer mixing data.3.3.3 Non-dimensional desriptionTo generalize these results for a larger parameter spae, Umlauf and Burhard (2011) derivednon-dimensional expressions for the momentum and buoyany equations in (3.3), as well asfor the orresponding boundary onditions and the transport equations in the turbulenemodel desribed in Paper 6 (Umlauf and Burhard, 2005). In spite of the omplexity ofthis oupled problem, the solution ould be shown to depend only on the following threenon-dimensional parameters: the slope angle α, the non-dimensional foring frequeny Ω =

ω/N∞, and a �roughness number� de�ned as R = z0N∞/U , where z0 denotes the bottomroughness introdued by the boundary onditions. The physially interesting range spannedby these three parameters was explored with the help of the numerial model desribedabove. As one important qualitative result, Umlauf and Burhard (2011) pointed out that�in all our simulations we observed periods with unstable boundary layers, suggesting thatthis phenomenon is an intrinsi omponent of the BBL dynamis, at least in the non-rotatingase�. This �nding is onsistent with the three-dimensional simulations desribed below, andillustrates the ubiquitous nature of shear-indued onvetion in non-rotating BBLs.

Figure 3.8: (a) Total mixing e�ieny Γ, and (b) non-dimensional vertial buoyany �ux
〈Q∗

b〉 as funtions of the slope angle α. Results are shown for Ω = 4.5 × 10−2 and R =

6.3 × 10−5 (dashed line), both orresponding to the example shown in Figure 3.5. Alsoshown are ases with larger (R = 6.3 × 10−4, solid line) and smaller (R = 6.3 × 10−6,dotted line) roughness numbers. Regions in the viinity of the ritial slope αc are blanked.Modi�ed �gure from Umlauf and Burhard (2011).In Paper 9, it was also shown that the relevant parameter for the quanti�ation of the net



46 Internal struture and dynamis of sloping boundary layerse�et of boundary mixing is the total vertial buoyany �ux 〈Qb〉, orresponding to thesum of the turbulent and advetive �uxes, averaged over one foring period, and integratedhorizontally aross the BBL. This ruial parameter, quantifying the total irreversible hangeof potential energy due to mixing, was made dimensionless with the help of the foringspeed U , resulting in 〈Q∗

b〉 = 〈Qb〉U
−3. Dividing this quantity by the dissipation rate,averaged and integrated in the same way, yields the total e�ieny Γ of boundary mixing.Umlauf and Burhard (2011) argued that for periodi onditions, 〈Q∗

b〉 and Γ, as well asany other non-dimensional bulk variable, an only be funtions of the non-dimensionalparameters α, R, and Ω identi�ed above. These funtional dependenies for the physiallyinteresting range of α and R are shown in Figure 3.8, where Ω is kept �xed at the valueorresponding to the example disussed above (see Figure 3.5). Note that for the ritialangle αc = N∞ sinα, that happens to oinide with the angle for ritial re�etion ofinternal waves, the boundary layer shows resonane with the imposed foring (Umlauf andBurhard, 2011). These regions are blanked in Figure 3.8 beause the physial signi�aneof the solutions beomes questionable in the viinity of αc due to the geometri limitationsof the model.The mixing e�ieny (Figure 3.8a) is seen to strongly inrease with inreasing slope angle,reahing values of a few perent for slopes steeper than α = 10−2. Umlauf and Burhard(2011) showed that this behavior an be explained by a stronger tendeny for BBL re-strati�ation on steeper slopes. Overall, mixing e�ienies are onsiderably smaller thanthe anonial value of Γ = 0.2, leading to the onlusion that boundary mixing, as rep-resented by the simple model disussed here, is a rather ine�ient proess. Umlauf andBurhard (2011) noted, however, that in their one-dimensional simulations, no exhangeof �uid between the BBL and the interior via intrusions is permitted, whih eliminatesone important proess for boundary-layer restrati�ation that is likely to be assoiated alsowith an inrease in the mixing e�ieny (Armi, 1978, 1979). This is on�rmed by thethree-dimensional simulations disussed in Setion 3.4 below that show substantially highermixing e�ienies.One interesting result pointed out in Paper 9 is the fat that the non-dimensional buoyany�ux shown in Figure 3.8b varies only by a fator 2-3 over a range of two orders of magni-tude for the slope angle. Greater roughness (i.e., inreasing R) is seen to lead to strongerbuoyany �uxes (Figure 3.8b), and higher mixing e�ienies (Figure 3.8a), with an over-all e�et on mixing that is, however, substantially smaller than that due to variations inbottom slope. The overall onlusion from this is that, to �rst order, the non-dimensionalintegrated buoyany �ux an be assumed to be onstant with 〈Q∗

b〉 ≈ 10−3. This importantresult suggests that the net irreversible vertial buoyany �ux, horizontally integrated overthe BBL, sales as U3.



Internal struture and dynamis of sloping boundary layers 473.4 Three-dimensional analysisPaper 10 (Beherer and Umlauf, 2011) and Paper 11 (Lorrai et al., 2011) desribe theextension of these idealized, one-dimensional investigations to a three-dimensional naturalsystem. Study area for this part of the projet was Lake Alpnah (Switzerland), a smallalpine lake that has been fous of numerous previous studies of seihing-indued boundarymixing (e.g., Goudsmit et al., 1997; Gloor et al., 2000; Lorke et al., 2002). Lake Alpnah(Figure 3.9) is an approximately 4-5 km long, elongated basin, loated in a narrow alpinevalley that is meteorologially haraterized by diurnal thermal winds blowing along themajor axis of the lake during the summer months. Previous studies (Münnih et al., 1992)have demonstrated that these periodi winds resonantly exite vertial mode-2 internalseihes with 24-hour period that provide the main energy soure for boundary mixing. Basedon data from Lake Alpnah, Lorke et al. (2005) reported �rst evidene for the generationof shear-indued onvetion in the BBL of a lake, whih has motivated muh of the workdisussed in this hapter.

Figure 3.9: Topography of Lake Alpnah. The dash-dotted line denotes the position of thetranset shown in Figure 3.10. Markers orrespond to loations disussed in Paper 10 byUmlauf and Burhard (2011).In Paper 10, Beherer and Umlauf (2011) used a high-resolution three-dimensional numerialmodel, based on the hydrostati Boussinesq equations, in order to study these boundary mix-ing proesses in greater detail. The model employs terrain following oordinates, allowing toresolve the omplete range of relevant sales from the small-sale vertial struture of shearand strati�ation inside the BBL up to the largest sales assoiated with the basin-sale in-ternal seihing motions. The e�et of unresolved turbulent motions was parametrized withthe help of the turbulene model desribed in Paper 6 (Umlauf and Burhard, 2005), whihis idential to that used for the gravity urrent studies in Chapter 2 and the one-dimensionalBBL simulations in Setion 3.3 above. A detailed model desription and numerial imple-



48 Internal struture and dynamis of sloping boundary layersmentation details are given in Paper 10, and in the model doumentation by Burhard andBolding (2002, also see http://www.getm.eu).3.4.1 Boundary-layer dynamisIn their idealized simulations, aimed at understanding the mehanisms and spatial distri-bution of boundary mixing in the presene of three-dimensional topography, Beherer andUmlauf (2011) assumed a sinusoidal wind foring with a period of Tf = 24 hours as the mostsimple representation of the thermally-fored diurnal wind �eld over the lake. The windstress was assumed to be spatially homogeneous, pointing along the major axis of the lake,and all other atmospheri �uxes were ignored (whih is justi�ed by the short simulationperiod and the interest in deep-water proesses only). The veloity and density struturefrom these simulations is shown in Figure 3.10. Approximately two days after the onset ofthe periodi wind foring, the water olumn in the entral part of the lake is seen to bedominated by motions with diurnal frequeny that Beherer and Umlauf (2011) identi�edas the resonantly exited vertial mode-2 internal seihes, in lose agreement with previousobservations (Münnih et al., 1992; Lorke et al., 2005). The struture of these standinginternal waves in a transet along the major axis of the lake is shown Figure 3.10b-e fordi�erent times during one seihing yle. The lateral veloity struture and the harater-isti isotherm ompression and expansion patterns at opposing ends of the lake were foundto be onsistent with horizontal mode-1 motions (Münnih et al., 1992). Beherer and Um-lauf (2011) showed that the veloities assoiated with these internal motions dominate thenear-bottom shear, suggesting them as the main driving fator for boundary mixing. Dif-ferent from previous studies that have ignored the e�et of rotation on internal seihing inLake Alpnah, Beherer and Umlauf (2011) found that vertial mode-2 motions exhibit theharateristis of a Kelvin-type wave propagating ylonially around the perimeter of thebasin with slightly dereasing signal strength towards the enter. Nevertheless, the periodinear-bottom urrents indued by these seihing motions on the two main slopes of the lake(positions S1 and S3 in Figure 3.9) were found to be largely ross-isobath, suh that thebasi mehanisms skethed in Figure 3.1 still applied.Taking position S3 as an example, Beherer and Umlauf (2011) showed that the BBL doesindeed beome gravitationally unstable during periods of up-slope �ow. Completely analo-gous to the one-dimensional simulations disussed in Setion 3.3, a reversal of the turbulentbuoyany �ux is observed that indiates the onset of onvetion. In spite of large di�u-sivities during these onvetive periods, the mixing rate de�ned in (3.7) was found to benegligible due to the vanishingly small temperature gradients in the onvetive regions. Asin the one-dimensional simulations disussed above, overall BBL mixing at position S3 wasfound to our during periods of down-slope �ow. The most signi�ant di�erene omparedto the one-dimensional ase was related to the ross-slope advetion of strati�ation, and



Internal struture and dynamis of sloping boundary layers 49

Figure 3.10: (a) Modeled isotherms (blak ontours, in ◦C), and along-basin veloities inLake Alpnah for the ase of sinusoidal diurnal wind foring (results are shown for positionC marked in Figure 3.9). Panels (b-e) show transets along the major axis of the lake (seeFigure 3.9) at di�erent times separated by Tf/4, as indiated by the vertial dashed lines inpanel (a). Time is given in hours after the onset of the idealized wind foring. The modelwas initialized with zero veloities and a measured temperature pro�le, assuming horizontalhomogeneity. Modi�ed �gure from Beherer and Umlauf (2011).the possibility of exhange of �uid between the BBL and the quiesent interior (Behererand Umlauf, 2011).The relevane of these �ndings for the whole basin beomes evident from Figure 3.11a,,showing the spatial distribution of the gravitationally unstable near-bottom layers duringtwo periods with maximum near-bottom seihing speeds. This �gure reveals that duringperiods of up-slope �ow on one of the two main slopes, respetively, shear-indued onvetionis observed over nearly the entire slope region below the thermoline, whereas the BBLon the opposing slope remains gravitationally stable (Beherer and Umlauf, 2011). Thethikness hcl of the unstable near-bottom layer may reah up to 3 m at the lower part ofthe slope, whih was found to be in exellent agreement with the measurements by Lorkeet al. (2005). The spatial distribution of the mixing rate Xb de�ned in (3.7) illustrates thatmost of the mixing is assoiated with the stably strati�ed BBLs over bottom areas with



50 Internal struture and dynamis of sloping boundary layersdown-slope �ow, whereas the ontribution of the onvetive regions is negligible (Figure3.11b,d). This generalizes the results from station S3 for the whole deep-water region of thelake, leading to the important onlusions that shear-indued onvetion is the rule ratherthan the exeption in this lake, and possibly also in others with similar geometry and foringonditions.

Figure 3.11: Snapshots of model results for (a,) thikness of the near-bottom onvetivelayer, and (b,d) mixing rate de�ned in (3.7). Average veloities in the BBL are indiated byarrows. Upper and lower rows orrespond to the times of maximum seihing speeds alongthe main axis of the lake (Figure 3.10b,d show the orresponding veloity �elds). Modi�ed�gure from Beherer and Umlauf (2011).In Paper 11 by Lorrai et al. (2011), these results were extended towards ases with realistiatmospheri foring, and ompared to high-resolution veloity and strati�ation measure-ments inside the BBL: for the year 2007 at position S1 on the south-western slope, and for2003 at position S2 at the foot of the slope (Figure 3.9). The slope measurements from2007 were omplemented by long-term urrent measurements in the enter of the lake atposition C that provided information about the vertial struture of the internal seihingmotions. From a deomposition of the latter into long internal-wave modes, Lorrai et al.(2011) showed that for typial summer onditions, the dominant mode was a mixed vertialmode-2/mode-3 internal seihe with diurnal period. Comparison of model simulations andobservations at positions S1 (2007) and S2 (2003) showed that both the basin-sale internal-wave �eld and the loal response of the BBL were well represented by the model. In spiteof di�erent foring onditions in 2003 and 2007, di�erent strati�ation, and di�erent slopeangles at positions S1 and S2, gravitationally unstable BBLs ould be identi�ed in bothdata sets, and were reprodued with good auray by the model. This provided furthersupport for the ubiquitous nature of shear-indued onvetion.



Internal struture and dynamis of sloping boundary layers 51It has, however, also beome lear from these simulations that the omplex struture ofshear and strati�ation inside the BBL requires an exessively small vertial grid spaingin the near-bottom region (of the order 0.1 m in the ase of Lake Alpnah) that ould onlybe ahieved with the speial zoomed and topography-following grid used in this study. Asbrie�y disussed in Paper 10, the ombination of steep slopes and high vertial resolutionmakes suh simulations prone to so-alled pressure-gradient errors that form a well-knownproblem in numerial models with topography-following grids (e.g., Mellor et al., 1993).In our appliations, these problems ould be overome with advaned numerial shemes(Shhepetkin and MWilliams, 2003) and high horizontal resolution, both, however, assoi-ated with high omputational osts. Due to the omplexity of the boundary mixing proessesstudied here, and in view of their overwhelming importane for basin-sale mixing, thereappears to be no viable alternative to this kind of numerially expensive simulations. Fu-ture limnologial appliations with the model used here may pro�t from the availability ofvertially adaptive grids that have reently been developed (Hofmeister et al., 2010), andsuessfully applied to the gravity urrent studies desribed in Setion 2.5.2 above.3.4.2 Quanti�ation of basin-sale mixingIn order to quantify the basin-sale e�et of boundary mixing in terms of an e�etivedi�usivity νe�, the traditional approah is based on the omputation of the net vertialbuoyany �ux, de�ned as the horizontal integral of the loal vertial buoyany �ux, −νht N
2,where νht is the loal vertial di�usivity predited by the turbulene model. The resultis then identi�ed with the apparent basin-sale �ux, −νe�N2

∞
A, where A(z) denotes thehypsographi area, and N∞(z) some representative value for the internal strati�ation.This yields an expression of the form

νe�(z) = 1
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∫
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νht

N2
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∞

dA , (3.8)where integration is over the horizontal area of the basin at depth z (e.g., Garrett, 1990).However, as pointed out by Beherer and Umlauf (2011), this approah is not generallyappliable. Taking shear-indued onvetion as an example, this is easily seen from the fatthat unstable areas (N2 < 0) result in negative ontributions to the integral in (3.8), whihis physially meaningless, and may even lead to a negative νe�. This is ompletely analogousto the one-dimensional ase disussed in Setion 3.3, where the mixing rate de�ned in (3.7),rather than the turbulent vertial buoyany �ux, was shown to be the appropriate parameterfor the quanti�ation of net mixing.For the three-dimensional ase, Beherer and Umlauf (2011) derived a generally valid expres-sion for the e�etive di�usivity based on the approah suggested by Winters and D'Asaro(1996). Their method relies on a vertial sorting algorithm, in whih �uid partiles areassigned a new vertial position z∗ suh that the sorted temperature �eld T (z∗, t) beomes



52 Internal struture and dynamis of sloping boundary layersa monotonially inreasing funtion of z∗. Winters and D'Asaro (1996) pointed out that thedistribution of T (z∗, t) is not a�eted by reversible motions like internal seihes, making itan ideal indiator for mixing. Beherer and Umlauf (2011) extended this method to theirReynolds-averaged framework, in whih turbulent motions are parametrized, rather thanexpliitly resolved as in the original approah by Winters and D'Asaro (1996). They showedthat for their simulations, where lateral turbulent �uxes are ignored, the expression for thee�etive di�usivity is of the form:
νe�(z∗) = 1
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)2 dS , (3.9)where, di�erent from (3.8), integration is over isothermal (or isopynal) surfaes, and N∞orresponds to the strati�ation in the sorted state. Note that the loal strati�ation nowappears in squared form, whih avoids unphysial negative ontributions to the integral.

Figure 3.12: Time series of model results with realisti atmospheri foring: (a) wind stress,(b) deep-water dissipation rate, () deep-water mixing e�ieny, and (d) e�etive di�usivityat 25 m depth. The averages in (b) and () have been omputed for the deep-water volumeof the lake below 15 m depth (maximum water depth is about 34 m). Modi�ed �gure fromLorrai et al. (2011).An appliation of this method for the quanti�ation of net deep-water mixing in LakeAlpnah is illustrated in Figure 3.12, taken from Paper 11 by Lorrai et al. (2011). This�gure shows the temporal evolution of a number of simulated deep-water mixing parameters



Internal struture and dynamis of sloping boundary layers 53for a two-week period entered around the �eld ampaign in 2007. The wind stress alongthe major axis of the lake is seen to be haraterized by the diurnal thermal wind �eldmentioned above, super-imposed by a slower (meso-sale) modulation that leads to nearlyollapsing wind speeds around day 238. The diurnal periodiity in the wind speed results insemi-diurnal �utuations in the average deep-water dissipation rate, whih simply mirrorsmaxima in the near-bottom veloities that appear twie per seihing yle (Figure 3.12b).Lorrai et al. (2011) showed that the deep-water energy dissipation (and all other turbuleneparameters) are dominated by the ontribution of the turbulent BBL, whih underlines theoverwhelming importane of boundary turbulene for overall basin-sale mixing and energydissipation.The mixing e�ieny (Figure 3.12) is seen to be exatly anti-orrelated with the semi-diurnal variability in the dissipation rate, suggesting that energeti turbulene is generallyassoiated with smaller mixing e�ienies. Lorrai et al. (2011) pointed out that this anti-orrelation is also evident on longer time sales: during the ollapse of the surfae windstress around day 238, dissipation rates quikly deay, whereas mixing e�ienies inreaseto values of up to 15 perent (Figure 3.12). Comparison with the one-dimensional ase inFigure 3.8a illustrates that the three-dimensional simulations generally exhibit muh highermixing e�ienies. This points towards the importane of BBL restrati�ation by exhangeof �uid with the interior, whih is not taken into aount in the one-dimensional model. Theoverall e�et of boundary mixing, expressed in terms of an e�etive basin-sale di�usivityaording to (3.9), is shown in Figure 3.12. For an intermediate depth level inside the lowerlayer (z = −25 m), νe� is seen to exhibit a variability between less than 10−6 m2 s−1 duringlow winds and up to 10−5 m2 s−1 during the periods with regular wind foring, whih Lorraiet al. (2011) showed to be in exellent agreement with available observations.3.5 What we have learnedThis study has shown that a seemingly exoti phenomenon � the shear-indued generationof gravitationally unstable BBLs during up-slope �ow � turned out to be a ubiquitous fea-ture that ould be identi�ed at all loations in the investigated lakes, as well as in numerialmodels of di�erent omplexity, overing a rather wide range of physial parameters. Quitesurprisingly, however, in spite of the additional input of turbulent kineti energy due toonvetion, the ontribution of the unstable BBLs to net diapynal mixing was found tobe negligible, mainly due to the fat that onvetive layers are already well-mixed. Duringdown-slope slope, when the vertial shear in the BBL is favorable for the generation of sta-ble strati�ation, the piture is entirely di�erent: the ombination of energeti near-bottomturbulene and shear-indued stable strati�ation ould be shown to result in partiularlystrong and e�ient mixing. Overall, this e�et was shown to provide the largest ontribu-



54 Internal struture and dynamis of sloping boundary layerstion to net basin-sale mixing, at least for the lakes and parameter range studied in thiswork.The rate of mixing of small-sale buoyany �utuations de�ned in (3.7), rather than theommonly used turbulent buoyany �ux, was identi�ed as the key parameter for the quan-ti�ation of mixing, valid for both unstable and stable strati�ation. Using this measure formixing, idealized one-dimensional simulations have shown that the slope angle has the mostpronouned e�et on the overall e�ieny of boundary mixing, where steeper slopes showa stronger tendeny for BBL restrati�ation and thus yield higher e�ienies. Even for thesteepest slopes, however, maximum e�ienies did not exeed a few perent in these one-dimensional simulations. Three-dimensional simulations of boundary mixing in a realistienvironment were found to result in muh higher mixing e�ienies (between 5 and 15 per-ent), suggesting that the exhange of �uid between BBL and interior, for geometri reasonsnot permitted in the one-dimensional simulations, forms a ruial additional mehanism forBBL restrati�ation in lakes, and perhaps also in the oean (see the histori disussion byArmi, 1978; Garrett, 1979; Armi, 1979). From an oeanographi point of view, this analysisis inomplete as some important e�ets, above all those related to rotation (see, e.g., Ma-Cready and Rhines, 1993; Moum et al., 2004), have not been onsidered in su�ient detail.Work is in progress that takes these e�ets into aount.



Chapter 4
List of papers inluded in this work
In the following, a brief ompilation of the 11 papers onstituting this thesis is provided.Aording to setion 5 (paragraph 5) of the Habiltation Regulations of the Faulty of Math-ematis and Natural Sienes at the University of Rostok, the ontribution of the authorhas been expliitly indiated.1. Paper 1 by Arneborg et al. (2007) ontains a ombined model-data study of the dy-namis of dense bottom urrents in the Western Balti Sea. My ontribution onernedthe modeling part of this paper, inluding model set-up, simulations, analysis of modelresults, and text writing.2. In Paper 2 by Umlauf et al. (2007), a new gravity-urrent data set was disussed,extending the loal measurements in Paper 1 to full transets aross the �ow, inludingmixing parameters. Apart from many useful suggestions and remarks from my o-authors, I was responsible for most of the analysis and text writing.3. In Paper 3 by Umlauf and Arneborg (2009a), an in-depth desription of the fullgravity-urrent data set from 2005 was presented, extending the preliminary disussionin Paper 2. Text writing, data analysis, and �gure design have been performed largelyby myself. Besides many suggestions and orretions, my oauthor ontributed theanalysis and disussion of the aousti bottom stress estimates.4. In Paper 4 by Umlauf and Arneborg (2009b), the loal theory developed in Paper 1was extended to inlude the full ross-hannel dynamis. The theoretial work wasdeveloped together with my o-author, who also provided some of the �gures andmany useful omments and suggestions. Most of the text writing and data analysis,however, was ontributed from my side.5. Paper 5 by Umlauf et al. (2010) ontains a two-dimensional numerial study of theross-hannel dynamis along the lines of Paper 4. My o-authors mainly ontributed



56 List of papers inluded in this workwith the initial model set-up and assistane with the newly developed adaptive oor-dinate system by Hofmeister et al. (2010). My responsibility for this work onernedmost of the text writing, theory, and data analysis.6. Paper 6 by Umlauf and Burhard (2005) ontains a state-of-the-art review of seond-moment turbulene models used in marine appliations, inluding a detailed desrip-tion of the models used in the entral Chapters 2 and 3 of this thesis. The majorityof the theoretial analysis and text writing was performed by myself, although withsubstantial ontributions from my oauthor, who was also responsible for the largerpart of the model simulations.7. Paper 7 by Umlauf (2009) ompares the performane of the seond-order turbulenemodels disussed in Paper 6 to some �ows of speial interest in large-sale oeanmodeling. Speial fous of this paper were the mixing properties of these models inregions with vanishing vertial urrent shear, as they appear at the veloity maximumof some relevant �ows like the equatorial underurrent and in many bottom gravityurrents.8. Paper 8 by Lorke et al. (2008) ontains the �rst ontribution to the boundary-mixingpart in this thesis, presenting evidene for the ourene of shear-indued onvetionin the bottom boundary layer of a large lake (Lake Constane). I ontributed with theanalysis of mixing data and text writing for the orresponding setions in this shortpaper.9. Paper 9 by Umlauf and Burhard (2011) is a theoretial modeling study of the e�et ofslope-normal shear on strati�ation and mixing in osillating bottom boundary layerson sloping topography. Theory, numerial simulations, their analysis, and the textwriting were largely performed by myself. This paper was motivated by a suggestionof my o-author, who also provided numerous remarks and orretions during theevolution of the manusript.10. In Paper 10 by Beherer and Umlauf (2011), the one-dimensional and highly idealizedsimulations in Paper 9 were extended to a realisti three-dimensional system (LakeAlpnah, Switzerland). The modeling work was performed by the �rst author, Jo-hannes Beherer, who was a master student in this projet supervised by me. Myontribution to this paper was the basi researh idea, most of the text writing, andstrong guidane regarding the analysis of the model data.11. Paper 11 by Lorrai et al. (2011) is the ompanion paper to Beherer and Umlauf(2011), ontaining the observational omponent of the projet, as well as a omparisonto a realisti three-dimensional model. In this paper, I ontributed with the modalanalysis of the observed internal seihing motions, the oordination of the modeling



List of papers inluded in this work 57work (again onduted by the master student Johannes Beherer), and more than 50perent of the text writing.
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