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Abstract 

Coastal currents are important agents for the transport of heat, salt and 
other properties in the ocean. Generation and dynamics of coastal currents 
are investigated, including the role of c oastally trapped waves, with focus 
on four specific problems. 

In the presence of a sloping bottom it was found that a buoyant coastal 
current that gradually loses its buoyancy along the coast can be described 
completely with geostrophic dynamics. The along-coast density gradient 
drives a geostrophic flow towards the coast, generating a barotropic current 
along the coast, parallel to the depth contours. Thus a coastal current can 
retain its transport along the coast without deepening. The theoretical pre
dictions were compared with numerical experiments mimicking the Nordic 
Seas using simplified forcing and topography A sloping bottom is essen
tial since geostrophic dynamics are not enough to describe a similar current 
along a vertical wall. 

The propagation and structure of perturbations on a buoyant coastal 
current along a vertical wall was investigated. Using a 1 1/2-layer model, 
analytical solutions were derived in two cases; a current with no horizontal 
shear in the buoyant layer and a current with constant potential vorticity. 

A theory for the transient establishment of barotropic coastal currents 
along closed depth contours was derived. With local forcing, the response 
can be described as a sum of t opographic waves, the mean along-contour 
acceleration and a stationary recirculating part. 

The difference between the response to cyclonic and anticyclonic forcing 
in a closed basin was investigated using a numerical model. It was found 
that although the cyclonic response remained undisturbed, the anticyclonic 
response was severely reduced by along-coast variations in the bottom slope. 
The cyclonic response was stationary and well d escribed by linear theory, 
while the anticyclonic response deviated substantially from linear theory 
and never reached a steady state. 

Key words: Coastal currents, trapped waves, JEBAR, ocean circulation 
stability. 
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...the world of men could be divided into three groups: 
those living, those dead, and those at sea. 

-Guy Gavriel Kay 
The Last Light of the Sun 



Abstract 

Coastal currents are important agents for the transport of heat, salt and 
other properties in the ocean. Generation and dynamics of coastal currents 
are investigated, including the role of co astally trapped waves, with focus 
on four specific p roblems. 

In the presence of a sloping bottom it was found that a buoyant coastal 
current that gradually loses i ts buoyancy along the coast can be described 
completely with geostrophic dynamics. The along-coast density gradient 
drives a geostrophic flow towards the coast, generating a barotropic current 
along the coast, parallel to the depth contours. Thus a coastal current can 
retain its transport along the coast without deepening. The theoretical pre
dictions were compared with numerical experiments mimicking the Nordic 
Seas using simplified forcing and topography. A sloping bottom is essen
tial since geostrophic dynamics are not enough to describe a similar current 
along a vertical wall. 

The propagation and structure of perturbations on a buoyant coastal 
current along a vertical wall was investigated. Using a 1 1/2-layer model, 
analytical solutions were derived in two cases; a current with no horizontal 
shear in the buoyant layer and a current with constant potential vorticity. 

A theory for the transient establishment of b arotropic coastal currents 
along closed depth contours was derived. With local forcing, the response 
can be described as a sum of topographic waves, the mean along-contour 
acceleration and a stationary recirculating part. 

The difference between the response to cyclonic and anticyclonic forcing 
in a closed basin was investigated using a numerical model. It was found 
that although the cyclonic response remained undisturbed, the anticyclonic 
response was severely reduced by along-coast variations in the bottom slope. 
The cyclonic response was stationary and well d escribed by linear theory, 
while the anticyclonic response deviated substantially from linear theory 
and never reached a steady state. 

Key words: Coastal currents, trapped waves, JEBAR, ocean circulation 
stability. 



Preface 

This thesis contains a summary (Part I) and four appended papers (Part 
II). In the summary, the papers are referred to by their Roman numerals. 

Paper I: 
G. Walin, G. Broström, J. Nilsson and O. Dahl, 2004: Baroclinic 
boundary currents with downstream decreasing buoyancy: A study of a n 
idealized Nordic Seas system. Journal of M arine Research 62, 517-543. 

Paper II: 
O. H. Dahl, 2005: Development of p erturbations on a buoyant coastal 
current. Journal of Fluid Mechanics 527, 337-351. 

Paper III: O. H. Dahl and G. Walin, 2006: On the generation of slope 
currents from local forcing. Submitted to Journal of Marine Research. 

Paper IV: O. H. Dahl, 2006: On the preference for cyclonic 
topographically trapped circulation. Submitted to Journal of Physical 
Oceanography. 

Paper I is the result of disc ussions, initiated by Walin, strung out over 
several years between the four authors. Nilsson gave important theoretical 
input. Walin and Nilsson did the most of the writing. Broström provided 
the numerical experiments and wrote Section 2. Dahl gave theoretical 
input, did most of t he analysis of th e model output, and contributed to 
the design of t he numerical experiments and the writing. 

Paper III is based on an idea hatched by Walin, and was written in close 
collaboration between Dahl and Walin. Dahl was responsible for the 
writing and the theoretical analysis, with large contributions from Walin. 
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Part I 

Summary 



1 Introduction 

There are two ways the presence of a coastline can lead to a current along 
the coast: 

(a) Winds transporting water away from or towards the coast. 

(b) Accumulation of bu oyant (less dense) water along the coast. 

Both of the se processes lead to a gradient in the pressure between the open 
ocean and the coastal water. The pressure gradient will cause water to flow 
from high pressure towards low pressure. Because of t he Earth's rotation, 
however, the flow will veer off to the right (on the Northern Hemisphere) 
until the pressure force is balanced by the Coriolis force in the opposite 
direction. When these two forces balance each other, the flow is geostrophic, 
and in the case of a coastal current, parallel to the coast. 

We will now d iscuss the two generating mechanisms. 
Case (a): In a classic paper Ekman (1905) showed that the net trans

port of wate r forced by wind is directed 90° to the right of the wind (on the 
Northern Hemisphere). Furthermore he showed that this Ekman transport 
takes place in a thin surface layer (tens of meters thick, c.f. Nerheim & 
Stigebrandt 2006), the surface Ekman layer. There is a similar layer at the 
bottom of the ocean, caused by friction; the bottom Ekman layer. 

Now, if the wind has a component parallel to the coast, the Ekman 
transport will move water towards/away from the coast. As a result the sea 
level at the coast will rise/sink, establishing a pressure gradient between 
the coast and the open ocean, giving rise to a geostrophic current parallel 
to the coast, as discussed above. This is illustrated in Figure 1.1a. 

Case (b): Buoyant water can be accumulated at the coast either by 
outflow from rivers and marginal seas or by Ekman transport towards the 
coast. The pressure at a point is given by the mass of the water column 
above it. If water columns near the coast are less dense than columns further 
out, we will h ave a horizontal pressure gradient between the coast and the 
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Figure 1.1: a) A coastal current caused by wind driving water away from the coast, 

b) A coastal current caused by the accumulation of buoyant water at the coast. 

ocean which varies with depth. Figure 1.1b illustrates this for a case where 
the sea surface stands higher near the coast, yielding a coastal current in 
the upper buoyant layer. 

Coastal currents transport heat, salt, and other properties in the ocean. 
In Figure 1.2 we show the salinity in the East Greenland Current from the 
AO -02 expedition 2002 (Rudels et al. 2005). The East Greenland Current 
is a good example of a buoyant coastal current, and carries relatively fresh 
water from the Arctic into the Atlantic. Currents like the East Greenland 
Current play a vital role in the thermohaline circulation, and thus for the 
whole climate system. 

Coastally trapped waves a re important in the dynamics of co astal cur
rents. The waves can act as carriers of information - if t he structure of th e 
coastal current is changed at some point along the coast, the change will be 
transmitted along the coast by coastally trapped waves. Thus the travelling 
direction and structure of th e waves govern how a change will spread. 

Coastal currents are often unstable, displaying meanders and tying off 
eddies, which opens for interesting aspects of waves and currents outside 
the scope of th is thesis. 

This summary is organized as follows. Chapter 2 describes general fea
tures of geostrophic motion, and also contains a discussion of how buoyancy 
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Figure 1.2: The salinity in the East Greenlan d Current between Greenland ( to the 

left) and Iceland ( to the right), between 70°l\l and 66.8°N. The current runs close to 

the Greenland coast, and transports fresher water southwards. Th e data are from t he 

AO -02 expedition (Rudels et al. 2005). 

driven currents are best described mathematically. In Chapter 3 station
ary coastal currents are discussed with special focus on the generation of 
coastal currents by along-coast buoyancy variations (Paper I) and the dif
ference between cyclonic and anti-cyclonic flow (Paper IV). A section of 
Chapter 3 is devoted to the difference between flow over flat and sloping 
bottom topography. Chapter 4 essentially contains summaries of P aper II 
and Paper III, and deals with the establishment of coastal currents (Paper 
III) and the propagation of s mall perturbations (Paper II). In Chapter 5 
some possible extensions of the work presented in this thesis are suggested. 
As an appendix the mathematical notation used in this summary is listed. 



2 Geostrophic motion in a 
stratified ocean 

When the flow is strictly geostrophic, the pressure gradient is balanced by 
the Coriolis force and the velocity (u) is given by equation (9) from Paper 
I: 

/

Z i 
k x Vqdz + ~qH k x VH + -,— k x Vp0(x,y), (2.1) 

H J JPO 

where H is the depth and po is a pressure field with arbitrary horizontal 
distribution, q is the density anomaly defin ed by p = (1 — q)pQ with q u 

being the density anomaly at the bottom, i.e. at'J| — —H l. Note that 
the sea surface elevation ij is not explicitly given, but can be determined 
from pq an d the density distribution. In the case of a homogeneous fluid 
v — po/gpo-

All vertical dependence in the velocity is caused by the density distri
bution. Consequently, the only term on the right hand side of (2.1) with 
vertical variation is the first term. I will label this term the "thermal wind"2, 
since it constitutes the thermal wind velocity, with zero flow at the bottom. 

The second and third terms on the right hand side of (2.1) are barotropic, 
i.e. they have no vertical variation. The second term represents the flow 
caused by interaction between stratification and topography, and will be 
labelled the " false barotropic" part of the flow. Note that the false barotropic 
velocity is always parallell to the depth contours, and faster over steep 
topography. 

The third term will be called the "true barotropic" part, since it is not 
dependent on the density distribution. However, there is an ambiguity in 

1For readability the most common variables are not defined in the text. All variables 
are however defined in the appendix. 

2The thermal wind velocity is determined from the thermal wind equation: du/dz = 
g/fk x q, obtained by combining the geostrophic and hydrostatic equations. 
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Figure 2.1: The thermal wind and false barotropic velocities, in the case of along-

coast density variations. Grey arrows repres ent false barotropic velocities and black 

arrows represe nt thermal wind velocities. Note that the false barotropic velocity is 

greater over steeper slope a nd that it grows along the coast. 

this representation of the barotropic part of flow, since t he false barotropic 
part is dependent on the reference density po- This means that if the refer
ence density po is incre ased, the false barotropic velocity will also increase, 
with a corresponding decrease in the true barotropic velocity. 

The properties of the thermal wind and false barotropic flow are demon
strated with the following simple example, as illustrated in Figure 2.1. Con
sider a long straight sloping beach. The density is independent of depth and 
increases along the coast (with the coast to the right) from pi at one point 
to po at another. Thus, the thermal wind will move water towards the coast, 
from deeper to shallower water. This is compensated by a divergent false 
barotropic transport in the direction against the density gradient. 

While the false barotropic term can be calculated from the density field 
and topography (although depending on the choice of the reference density 
po), the true barotropic term cannot be determined from the geostrophic 
relation alone. The addition of th e continuity equation puts constraints on 
the true barotropic term, which can then sometimes be calculated. 

false barotropic 

thermal wind 
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The continuity equation3 

^X Vy H" IVz — 0, (2.2) 

can be rewritten in a more useful form by vertical integration. Wind forcing 
and bottom friction can then be introduced through the vertical velocity 
(w) at the surface and bottom as Ekman pumping. Thus the vertically 
integrated continuity equation can be written 

uh • V-fiT = —V • (mT + in?,), (2.3) 

for stationary flow on a f-plane4 .  Here Uf, is the geostrophic velocity at 
the bottom and mT and m;, are the surface and bottom Ekman transports 
respectively. (This is done in more detail in e.g. Nilsson et al. (2005).) Note 
that only the true barotropic term in (2.1) contributes to the cross-isobath 
flow outside the Ekman layers, i.e., 

ub . VH = -L (k x Vp0(x, y)) . S7H. (2.4) 
J Po 

Bear in mind that both the false and true barotropic velocities are 
needed to calculate the bottom Ekman transport m;,, which depends on 
the strength of the geostrophic bottom velocity u;,. (Remember that m/, is 
perpendicular to uj,.) 

With (2.1) and (2.3) as the starting point some properties of coastal 
currents, especially the results from Papers I-IV, are discussed in Chapter 
3 and 4. 

2.1 How to represent the flow 

When discussing the interaction of topography and stratification in e.g. 
coastal currents, the choice of representation of the flow is of importance 
for the understanding. The representation given by (2.1) is easy to interpret 
physically, and this is why it was chosen in Paper I. In this section two other 
ways of representing the flow will be discussed. 

To obtain the pressure used to determine the geostrophic velocity at 
depth z, the hydrostatic equation5 is integrated vertically. In (2.1) we have 

3The continuity equation states that mass is conserved, and in this formulation also 
that the fluid is incompressible. 

4 On a /-plane there is no variation in the Coriolis parameter. This approximation 
holds for areas with small enough North-South extent. 

5The hydrostatic equation states that the vertical pressure gradient is dependent on 
density only, i.e. dp/dz = pg. It is obtained from the vertical momentum equation by 
neglecting e.g. the vertical acceleration. 
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integrated the hydrostatic equation from the bottom to z .  It is tempting to 
instead integrate from z to the sea surface, yielding 

u - j k x  V V ( x . ! j ) - ^  j \ m V q d z ,  (2.5) 

where r j  is the sea surface height. This representation suggests that the 
bottom velocity is dependent on the stratification above it, while our rep
resentation (2.1) suggests it is not. Which approach is correct depends on 
whether one argues that the sea surface height is causing flow (the common 
approach, leading to (2.5)), rather than being an effect of t he flow pattern 
(our approach). An example using (2.5) can be found in Csanady (1985). 

Another common representation yields the "JEBAR" (Joint Effect of 
Baroclinicity and Relief) terms, often described as a forcing factor. Here 
I will d emonstrate that these terms appear as an effect of using the total 
horizontal transport instead of the explicit bottom velocity in (2.3). This 
is also shown by Mertz & Wright (1992), in a somewhat different way. 

Define the horizontal transport U as 
,o 

U= / u d z .  (2.6) 
J H  

Since all parts of the flow are included in U, the contributions from the 
thermal wind velocity must be subtracted to obtain u& • Vif, appearing in 
(2.3). We are also allowed to subtract the false barotropic velocity, recalling 
that only the true barotropic flow contributes to the cross-isobath transport, 
thus obtaining 

Ub • Vif 

§'VH-(àkx H  
/  V q d z  +  q H V H  
I - H  

d z  • Vif. (2.7) 

The "JEBAR" terms are given by the second term on the right hand side 
of (2.7). The common form of the "JEBAR" terms are obtained through 
integration by parts and multiplication with //if, i.e. 

Gr̂ i: 
c z  

V q d z  +  g j y V i f  
- H  

d z  ) • Vif 

r o  

=  - J \ 9 ]  H Z q d z , H ' 1 j ,  (2.8) 

which constitutes the "JEBAR" terms as defined by Huthnance (1984). As 
in (2.5) this approach also suggests that the bottom velocity is dependent 
on the density column above. 
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Figure 3.1: A coastal current losing buoyancy in the downstream direction. The 

volume transport is constant along the coast, but the thermal wind and false barotropic 

transports gets weaker downstream, while the true barotropic transport is unchanged. 

Thus more and more of the flow is carried by a barotropic slope current as we mo ve 

downstream. (From Paper I) 

3 Stationary coastal currents 

In the absence of wind forcing and friction, (2.3) states that the bottom 
velocity is aligned with the depth contours. Even if surface and bottom 
Ekman layers are present, the bottom velocity will be approximately aligned 
with depth contours (Walin 1972). For the moment the Ekman layers will 
be ignored. 

The true barotropic velocity is aligned with the depth contours when p0 

is a function of the depth only, i.e. 

P a { x , y )  — P o ( H ) .  (3.1) 
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Thus, if t he bottom velocity is known at one point on each depth contour 
and the whole density field is known, the geostrophic velocity can be cal
culated everywhere. In Paper I this is used to describe a buoyant coastal 
current that loses buoyancy downstream, e.g. through cooling, as illustrated 
by Figure 3.1. 

In Paper I the water is buoyant close to the coast, near the surface. The 
density surfaces reach the sea surface at some distance from the coast, in a 
density front. Accordingly, the horizontal density gradient in the front gives 
rise to a thermal wind velocity parallel to the coast, creating a baroclinic1  

jet. 
Now, let the true and false barotropic currents cancel each other at one 

point along the coast, which means that all along-coast transport takes 
place in the baroclinic jet at that point. As the current loses buoyancy, the 
baroclinic (thermal wind) jet gets weaker. Since also the false barotropic 
transport gets weaker (i.e. qn gets smaller), while the true barotropic trans
port retains its strength, a barotropic current appears on the slope, where 
the buoyant layer has contact with the bottom. The sum of t he transports 
in the baroclinic jet and the barotropic slope current is constant along the 
coast. 

Note that the strictly geostrophic description of a coastal current losing 
buoyancy in Paper I is made possible by the sloping bottom. If the coast is 
vertical, geostrophy alone cannot describe the flow, as discussed in Section 
3.2. 

In Paper I we did not show how the true barotropic velocity, i.e. po, 
is determined. As shown by Nilsson et al. (2005) in a follow-up paper, po 
can be determined on closed depth contours, if bottom Ekman layers are 
introduced, by the reasoning below. 

If (2.3) is integrated inside a depth contour H  —  C  and Green's for
mula is applied, the geostrophic contribution (from Uf,»VH) vanishes. The 
remaining expression becomes 

® (mT + m(,)*ndl = 0, (3.2) 
JH=C 

where n is a unit vector perpendicular to the depth contour H  —  C .  Thus 
the total Ekman transport across a closed depth contour is zero for station
ary flow (Greenspan 1968). 

The bottom Ekman transport is a function of the geostrophic bottom 
velocity, U{,. Thus po must be chosen such that (3.2) is satisfied (Nilsson 

this summary the baroclinic velocity is defined as the total velocity minus the 
velocity at the bottom, i.e. u — ut. 
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et al. 2005). In practise the exact value of po will be dependent on the 
parametrization of t he bottom Ekman transport, e.g. linear bottom stress 
as used in Paper III or quadratic bottom stress as used in Paper IV. N0st & 
Isachsen (2003) calculated the bottom velocities along f /H contours in the 
Arctic and Nordic Seas using the same process. Their paper also includes 
an account of how to handle variations in 

3.1 Non-linearities and the preference for cyclonic 
flow 

In the theory presented so far, i.e. a strict geostrophic flow, it is assumed 
that there actually exists a stationary solution. The theory is also linear, 
since the non-linear terms in the momentum equations has been ignored. 
In nature, buoyant coastal currents are often unstable, releasing eddies, 
and change with time due to variations in the forcing. In Paper I we con
ducted numerical experiments with a primitive equation model (MIT-gcm) 
to verify our description of the coastal current. We found that while our 
qualitative predictions were correct, non-geostrophic effects were also im
portant. Likewise Spall (2004) concluded that much of the cross-isobath 
buoyancy transport was carried by eddies. 

Linear theory predicts that forcing driving a cyclonic (i.e. with the coast 
to the right) true barotropic flow will yield th e same absolute velocity as an 
equivalent anticyclonic forcing. The only difference should be in the sign 
of the true barotropic velocity. Non-linear effects can break the symme
try, but are hard to study analytically. In Paper IV a numerical primitive 
equation model (MIT-gcm) was therefore used to show differences between 
the response to cyclonic and anticyclonic forcing. Four different topogra
phies were used, all with closed depth contours. The experiments were 
barotropic with wind forcing and bottom friction. For each topography two 
experiments were conducted, one with cyclonic and one with anticyclonic 
forcing. The forcing was applied in the form of wind-stress parallel to the 
depth contours, in an area close to the eastern coast (i.e. the right hand 
side of th e basins in Figure 3.2). In the same spirit as Paper III, discussed 
in Chapter 4.1, the forcing was only present over a small portion of each 
contour. 

The differences between the cyclonic and anticyclonic cases can be sum
marized as: 

• The cyclonic experiments yielded stationary flow in accordance with 
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Figure 3.2: The sea surfa ce height in cm from the DBSLOPE experiments in Paper 

IV. With north defined as upwards in the figure, the forcing is applied close to the 

eastern coast. The bottom slope is steep in the northwest and southwest. The 

anticyclonic along-slope current is weaker than the cyclonic one. 

linear theory. In the anticyclonic experiments, on the other hand, 
topographic waves were continuously generated. 

• In the cyclonic experiments, the sea surface sunk to a low level in the 
whole central part of the basin. In the anticyclonic experiments the 
corresponding sea level rise was smaller, with a large sea level rise 
close to the forcing region. 

• In the cyclonic experiments, the flow far from the forcing, i.e. in 
the southern end of th e basin, was substantially stronger than in the 
anticyclonic experiments. 

The differences between the cyclonic and anticyclonic experiments were 
greater for topographies where the bottom slope changed along the coast. 
In Figure 3.2 the sea surface height is shown for the cyclonic and anticy
clonic experiments, using a topography where the bottom slope gets steep 
in northwest and southwest (with north defined as upwards in Figure 3.2). 
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3.2 Consequences of a flat bottom and vertical side 
walls 

Over a flat bottom, the dynamics of th e flow are substantially different, as 
shown in numerical experiments by e.g. Winton (1997) and Spall (2004). 
Since Vff = 0, the topographic steering provided by (2.3) vanishes; away 
from the coast the geostrophic flow no longer has any preferred direction. 
The velocity distribution will e ither be determined from the Ekman layer 
parts of the continuity equation (2.3), or one has to include either non-linear 
effects or time dependency. 

At the vertical wall, problems arise when along-coast density variations 
are imposed. This is easily seen if we study a two layer ocean with no 
motion in the lower layer. Let the upper layer vanish at some point away 
from the coast. Then the along-coast volume transport M in the upper 
layer is given by 

M = (3-3) 

where D is the thickness of the upper layer at the coast (Stommel 1966). If 
the buoyancy weakens along the coast, the layer must deepen to maintain 
the transport. As demonstrated in Paper I and above, no such deepening 
is required on a sloping boundary. Furthermore, since the flow through the 
wall is zero, a viscous boundary layer (or some other ageostrophic effect) is 
required to balance the thermal wind transport into the wall. 

There are also differences in the length scales available in flat bottom 
and sloping bottom oceans, as demonstrated in Paper III. The main cross
current length scale over a flat bottom is the Rossby radius of deformation, 
\/gH/f. Over a sloping bottom the length scale of th e topographic varia
tions (generally much smaller than the Rossby radius) is more important. 
Since the geostrophic velocity is approximately inversely proportional to the 
cross-current length scale, we expect faster barotropic currents over sloping 
topography than over flat topography. 



4 Time dependency in coastal 
currents 

In this chapter some aspects of th e temporal variability in coastal currents, 
relevant to Paper II and III, are discussed. Trying to cover the whole field 
of temporal variations is too big a task for this thesis; for a thorough review 
of coa stal processes see Huthnance (1995). The reader should observe that 
equations presented in Chapter 2 do not describe time-dependent motion. 

4.1 Establishment of a coastal current 

In Paper III we study the establishment of a coastal current along a sloping 
coast, bordering a large flat-bottom ocean, from a state of rest. We consider 
barotropic flow, or the true barotropic part of a current driven by horizontal 
buoyancy variations. Forcing is applied through divergent Ekman layers; 
either surface Ekman layers generated by wind, or bottom Ekman layers 
generated by false barotropic flow induced by the stratification. Paper III 
differs from many spin-up studies (e.g. Greenspan 1968) in that the forcing 
is only applied over a small part of the ocean, close to the coast. This way 
the effects of a spatially varying forcing are easily identified. We find that 
the response to steady forcing can be divided into the following three parts: 

(a) A stationary circulation. The velocity and pressure associated with 
this part can vary in both horizontal directions, but the mean pressure 
along a depth contour is zero. 

(b) An accelerating circulation along depth contours, associated with a 
pressure field that is constant along each contours. This term vanishes 
on depth contours of infinite length. 

(c) Topographic waves transmitting the response along the coast. The 
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Figure 4.1: The establishment of a coastal current along sloping topography, ac

cording to Paper III. The upper panel shows the sea surfa ce height 77 = po/gpo, the 

lower di)/dx, which is approximately proportional to the along-coast velocity. Forcing 

is applied in an area close t o y = 0, and the waves travel to the right. Note that 

different wave modes dominate in the different panels. The figure is modi fied from 
Paper III. 

wave field is determined from the initial condition, i.e. the requirement 
that the ocean is initially motionless. 

The wave part (c) of the solution cancels the stationary part (a) as 
well as the accelerating circulation (b) until waves starting in the forcing 
area arrive. For each turn these waves take around the basin, the current 
gets stronger. If f riction is present the waves die out after some time, and 
the acceleration stops. In Figure 4.1 the s ea surface height rj = po/gpo 
(upper panel) and its cross-contour derivative d-q/dx (lower panel) is shown 
along one depth contour. Each line corresponds to a different time, starting 
from an initially flat sea surface, with the waves travelling to the right in 
the figure. Note that drj/dx is approximately proportional to the along-
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slope velocity. The forcing is applied in the region near y — 0 (the coast 
runs along the y axis) and bottom friction is neglected. Because different 
wave modes have different contributions to -q and dq/dx, the development 
with time looks different. While the fastest mode (which goes several turns 
around the basin in Figure 4.1) has a considerable contribution to tj, its 
contribution to dt]/dx is negligible. The next fastest wave mode dominates 
in (h]/dx. and has travelled about halfway around the basin at the time 

showed by the last line in the figure. 
We believe that this treatment of the establishing of a coastal current can 

yield new physical insights compared to other studies (e.g. Gill & Schumann 
1974), with the splitting of the solution into the three parts described above, 
and the inclusion of closed depth contours. 

4.2 Perturbations on baroclinic currents 

In Paper II the structure and propagation of small perturbations on coastal 
currents are investigated. This is done to gain insight into how a local 
change, e.g. in the wind forcing, affects the current downstream. 

The coastal current used in Paper II consists of a buoyant upper layer of 
homogenous density overlying a motionless denser layer. (This is commonly 
called all/2 -layer model.) The coast is a straight vertical wall. At some 
distance from the coast the upper layer vanishes, forming a density front. 
The unperturbed current has no variations along the coast, and is in strict 
geostrophic balance. The perturbations have a long along-coast length scale 
compared to the width of the current, but can otherwise have a general 
shape. 

Analytical solutions are obtained for perturbations on two different basic 
states: In the first case the unperturbed upper layer has a triangular cross-
section, i.e. the velocity is constant across the current. In the second case 
the upper layer has shear, but constant potential vorticity. For both cases 
the development of an arbitrary shaped initial perturbation can be described 
as consisting of the following three parts: 

• A coastally trapped wave. This wave has a structure much like the 
internal Kelvin wave, and travels with the speed of the internal Kelvin 
wave plus the speed of the current at the coast. 

• A front ally trapped wave. This wave moves significantly slower than 
the current itself, and can become almost stationary in the constant 

potential vorticity case. 
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• A structure essentially advected by the current. In the first case this 
consists of an infinite set of wave modes . In the second case (constant 
potential vorticity), the structure cannot be split into wave modes, 
but is smeared out by the sheared current. 

The conclusion is that the structure of the perturbation is important to 
the velocity of its spreading, depending on which of the three parts are 
triggered. 

The literature on small perturbations on buoyant coastal currents is mas
sive, but unlike in Paper II most other works have been aimed at deriving 
stability properties rather than investigating the structure of the perturba
tions. Ivubokawa & Hanawa (1984), examined perturbations on a constant 
potential vorticity current, but did not take the third part of t he solution 
into account. The stability of coast al currents similar to the ones in Paper 
II was investigated by Killworth & Stern (1982). Their conclusion was that 
the current becomes unstable if the velocity is zero or reversed (i.e. flow 
with the coast to the left) at the coast. Paper II is limited to stable cases. 



5 Future outlook 

Despite the large amount of research that has been done concerning coastal 
currents, many questions remain unanswered. This chapter describes some 
possible extensions of the problems discussed in this thesis. 

It would be interesting to try to build a stationary ocean model based 
on (2.1), determining po from the Ekman transport across closed contours, 
as described in Chapter 3 and by Nilsson et al. (2005). To include realistic 
buoyancy forcing, one would need to introduce mixing and advection of 
the buoyancy field, and iterate until the advection is compensated by the 
buoyancy sources. Building such a model for closed depth contours, or 
closed f/H contours, should be feasible. However, inclusion of the equator 
would require large additions to the theory, since the f/H contours merge 
as one approaches the equator. 

To my knowledge no perturbation study has covered a coastal current 
including both a density front and a sloping bottom. Studies including 
sloping bottoms normally assume horizontal density surfaces, and often 
have a vertical coast (e.g. Allen 1975). The addition of a sloping coast 
would require large modifications of the theory from Paper II, but would 
simulate conditions in nature more closely. 

In Paper III we allow forcing through bottom Ekman transports caused 
by false barotropic flow. The generated true barotropic current would ob
viously change the density field through advection; an effect we have ne
glected. A modification of the approach used in Paper III, including the ad
vection of density, would make it possible to model buoyant density plumes 
along sloping bottoms. Such a study could be a useful supplement to the 
scaling theories of Chapman & Lentz (1994) and Lentz & Helfrich (2002). 

It is of some importance to identify the cause of t he difference between 
cyclonic and anti-cyclonic circulation in Paper IV. At the end of t he paper 
it is suggested that carefully crafted forcing can be used to examine the role 
of topographic waves. How to identify other possible causes of the difference 
is not clear at the moment. 
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A Notation 

V - Horizontal gradient operator, i.e 

J  - Jacobian, i.e. J(F,G)  = F x G y  — F y G x  

u = ( u ,  v )  - Horizontal velocity in the ( x ,  y ) direction 

U5 - u at the bottom 

U - Horizontal transport 

w - Vertical velocity (positive upwards) 

p - Pressure 

po - Pressure associated with the true barotropic velocity 

H - Ocean depth 

n - Unit vector, normal to a depth contour 

p - Seawater density 

po - Reference seawater density 

q  -  Density anomaly, defined as p  =  (1 —  q ) p o  

qn - Density anomaly at the bottom 

/ - Coriolis parameter 

g  -  Acceleration of gra vity 

k - Vertical unity vector, directed upwards 

mr - Wind driven Ekman transport 
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rri5 - Bottom Ekman transport 

i] - Sea surface elevation 

M - Along-coast surface layer transport 

D - Surface layer thickness at the coast 
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