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Abstract 

In this report the interaction of non-isolated cyclonic monopoles and a ridge on a topographic 
,8-plane is described by means of laboratory experiments and numerical simulations. The experi
ments showsome equivalence with the interaction of large geophysical flows, e.g. oceanic eddies 
or hurricanes in theEarth's atmosphere, with large-scale topographic features. In the laboratory, 
the vortices are created in a rotating tank with a sloping bottorn and a topographic ridge. This 
sloping bottorn mimickes the ,8-plane, which is an approximation for the latitudinal variation of 
the Coriolis parameter. The vortices, created at a fixed position, move due to the ,8-effect in north
western direction, where they will encounter the topographic ridge. In both experiments and nu
merical simulations, only two initial parameters have been varied: the ridge orientation angle a, 
relative to theeast-west axis and the strengthof the vortex r. The orientation angle of the ridge 
has a large inftuence on both the initial trajectory and the flow evolution scenario of the vortex at 
later stages. 

lt has been found that, due to the presence of the ridge, the initial trajectory of the vortex (i.e. 
before encountering the ridge) will be directed less towards the north. For a certain orientation 
angle a, = a~ this trajectory has a minimal northern component. When a, is kept constant, the 
initial trajectory of the vortex is almost independent of r. A stronger vortex, however, moves 
faster. 

Also the vortex evolution at later stages is strongly dependent on a, and r. Even a weak vortex 
can cross (and continue north-western motion) a ridge positioned in zonal direction very easily, 
while only stronger vortices can cross a meridional ridge. In some cases, vortices may get trapped 
on the ridge, where they are strongly deformed and splitted. 

The vortices in both the experiments and numerical simulations (based on a two-dimensional 
viscous model with variabie topography) showed similar behaviour. This indicates that the ob
served results may be understood in terms ofthe physical mechanisms contained in the 2D formu
lation, namely stretching/squeezing of ftuid columns associated with changes of the topography. 
These effects imply the development of relative vorticity over large areas, which eventually de
termines the vortex evolution. For instance, the important condition fora vortex to cross the ridge 
is the development andlor adveetion of a eertaio amount of negative vorticity on the opposite si de 
of the ridge. 



Samenvatting 

In dit verslag wordt de interactie tussen een niet-geïsoleerde cyclonale monopool en een bergrug 
op een topografisch ,8-vlak beschreven door middel van laboratorium experimenten en numerieke 
simulaties. De experimenten vertonen enige overeenkomsten met de interactie van grote geofy
sische stromingen (zoals oceanische wervels of orkanen in de atmosfeer) met grootschalige to
pografisch structuren. In het laboratorium worden de wervels gecreëerd in een roterende tank 
met een hellende bodemplaat met daarop een topografische bergrug. De hellende bodem bootst 
een ,8-vlak na, welke een benadering is voor de breedtegraad-afhankelijkheid van de Coriolis pa
rameter. De wervels, die telkens op een vaste positie gemaakt worden, bewegen onder invloed 
van het ,8-effect in noordwestelijke richting, waar ze een bergrug naderen. Zowel in de experi
menten als in de simulaties worden alleen de twee beginparameters gevariëerd: de oriëntatiehoek 
van de bergrug ar en de sterkte van de wervel r. De oriëntatiehoek van de bergrug heeft een grote 
invloed op zowel het eerste deel van de wervelbaan als ook op de latere stromingsontwikkeling. 

Er is aangetoond dat, vanwege de aanwezigheid van de bergrug, het begin van de wervelbaan 
(d.w.z. voordat de bergrug beklommen wordt (t < 40 s)), minder richting het noorden gericht 
is. De baan heeft voor een zekere hoek ar= a~ een minimale noordwaardse component. Als ar 
constant wordt gehouden, dan is de beginbaan bijna onafhankelijk van r. Een sterkere wervel 
beweegt echter sneller. 

Ook de stromingsontwikkeling voort > 40 sis sterk afhankelijk van ar en r. Zelfs een zwakke 
wervel kan een zonale bergrug eenvoudig oversteken (en zijn noordwestelijke beweging vervol
gen), terwijl alleen sterkere wervels een meridionale bergrug kunnen oversteken. In sommige 
gevallen worden wervels gevangen door de bergrug en worden ze sterk gedeformeerd en gesplitst. 

De wervels in zowel de experimenten als in de numerieke simulaties (gebaseerd op een twee
dimensionaal visceus model met variabele topografie) laten een soortgelijk gedrag zien. Dit wijst 
erop dat de geobserveerde resultaten begepen kunnen worden in termen van de fysische meeha
nismes in de 2D formulering, namelijk strekking en compressie van vloeistofkolommen door ve
randeringen in de topografie. Deze effecten impliceren de ontwikkeling van negatieve vorticiteit 
in een groot gebied, wat uiteindelijk de stromingsontwikkeling van de wervel bepaald. Bijvoor
beeld: de belangrijkste voorwaarde voor het oversteken van een bergrug door een wervel is de 
ontwikkeling van en/ of de ad veetie van een bepaalde hoeveelheid negatieve vorticiteit aan de over
zijde van de bergrug. 
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Nomenclature 

The most important variables and constants used in this study are summarized here. The number 
at the end of each entry refers to the page where it is described or defined for the first time. 

English 

b Initial vertical position of the vortex, [m] 
D Characteristic depth scale/maximum ftuid depth/reference depth, [m] 

f Coriolis parameter, [ ç 1] 

g Gravitational acceleration, [m-ç2] 

h Maximum height of the ridge, [m] 
H Fluid depth, [m] 
L Characteristic horizontallength scale, [m] 
p Pressure, [N·m-2] 

p Reduced pressure, [N·m-2] 

q Potential vorticity, [m-1.ç1] 

R Horizontallength scale of the vortex, [m] 
RE Radius of the Earth, [m] 
Sb Slope of the bottorn 
Sr Slope of the ridge 
fs Syphoning time, [s] 
TE Ekman spin-down time, [s] 
Tv Time-scale for radial diffusion, [s] 
u Characteristic horizontal velocity scale, [m·s- 1] 

V Velocity vector (u, v, w) 

VE Velocity vector inside the Ekman layer (uE, vE, wE) 

Greek 

Cir 

a' r 
{3 

Ridge orientation angle 
Ridge orientation angle for which the vortex has the most southern trajectory 
Gradient of the Coriolis parameter in GFD, [m-1.ç1] 

lll 

51 
8 
6 
8 

20 
9 
6 
5 
5 

10 
19 
11 
13 
20 
19 
17 
17 
6 
5 

17 

18 
34 
11 



{3' Gradient of the Coriolis parameter in the laboratory, [m-1·s-1] 

y Constant used in the y-plane approximation, [m-2.ç1] 

y' Constant used in the y-plane approximation in the laboratory, [m-2·s-1] 

r Vortex strength, [m2·ç1] 

8E Ekman layer thickness, [m] 
'fJb Local bottorn elevation, [m] 
1) Kinematic viscosity, [m2.ç1] 

p Density of the ftuid, [kg·m3
] 

<Pc Centrifugal potential, [m2 • s-2 ] 

<Pgr Gravitational potential, [m2 . s-2] 

\IJ Stream function, [m3.ç1] 

(J) Relative vorticity, [ ç 1
] 

wo Maximum vorticity, [s- 1] 

Q Background rotation, [ s-1] 

Non-dimensional parameters 

E 

Ro 

Ekman number (relative importance of the viscous term compared to 
the Coriolis term), (vjQL2

) 

Rossby number (ratio of Coriolis and inertial forces), (U jQL) 

Non-dimensional sum of {3' in the x- and y-direction CfJ;), (fJ;R; fo) 

iv 

13 
12 
14 
20 
9 
9 
5 
5 
5 
5 

10 
9 

19 
5 

6 

6 

42 
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Chapter 1 

Introduetion 

In this research project a Iabaratory model of the interaction of barotropic non-isolated monopo
lar vortices with a ridge on a rotating system is studied. Non-isolated cyclonic vortices 1 will be 
considered here as a first approximation of the vortices occurring in theEarth's atmosphere (e.g. 
hurricanes) and oceans (e.g. eddies). A good understanding of the dynamics of these quasi-two
dimensional structures is very important, not only from the academica! point of view, but also for 
its applications in meteorology and oceanography. 

It is a well-known fact that cyclonic geophysical vortices have a tendency to move in north
westem direction (in the narthem hemisphere )2

. The exact direction or trajectory of the vortex 
depends on several parameters: the initia! position (relative to e.g. theequator and topography), 
extemal flow, size and strength of the vortex, and the bottorn topography. The latter two will be 
discussed extensively in this report. Knowing the trajectory of a vortex (for example a hurricane) 
is essential for meteorologists. It is important to predict whether a hurricane will encounter pop
ulated areas or not. Lives (and also a lot of casts) can be saved by effectively evacuating those 
areas which are threatened. In tigure 1.1 the trajectory3 of the hurricane Floyd (September 1999) 
is shown. Floyd had, when it passed the Bahamas, wind speeds of over 59 rnls. The results of such 
a hurricane can be devastating. Por instance, the hurricane Andrew ( 1992) was responsible for 52 
deaths and it caused an estimated damage of $25 billion, making it the most expensive natura! 
disaster in the United States history. 

In the ocean an analogous situation occurs. A cyclonic monopolar vortex on the narthem 
hemisphere will move to the north-west. This can have large effects on local ecosystems, when 
for example hot or cold water is transported. Pollutants (and also salt) are carried by these large 
eddies over long distances. 

In recent years a lot of (laboratory) research has been done about vortex-topography interac-

1 Non-isolated vortices have a non-vanishing total vorticity (see sec ti on 3.1.2) and cyclonic means that the vortex 
bas the same sense of rotation as the background. 

2 An anticyclone will move in south-western direction. A more detailed explanation for this phenomenon is given 
insection 2.5. 

30n a pure f3-plane the hurricane will move to the north-west. In this figure however, Floyd moves to the narth
east at later stages. This might be due to a background flow. It cannot be explained by conservation of potential 
vorticity (see section 2.3.3). 

1 



Figure 1.1: Trajeetory of the hurricane Floyd. 

tion. Carnevale et al. ([2]) showed that a smali-scale cyclonic vortex in a relatively broad val
ley tends to climb up and out of it in a cyclonic spiral about the centre. A relatively broad hili 
is dimbed in an anticyclonic spiral around the peak. The motion of atmospheric vortices in the 
vicinity of a large-scale topographic ridge was examined by Zehnder and Reeder ([17]) and Zehn
der ([18]) . The topographic parameters were chosen to represent the Sierra Madre mountains of 
Mexico. The interaction of a monopolar vortex and a cosine-shaped meridional ridge/trough are 
described by VanGeffen and Davies [7]) . They also studied the interaction fora zonal topography 
and for various heights and widths of a meridional ridge ([8]). 

This research project is devoted to study (theoretically, experimentally and numerically) the 
interaction of a non-isolated monopol ar vortex and a topographic ridge. Both in the Iabaratory ex
periments and numerical simulations the ridge, placed in the trajectory of the vortex, is a structure 
with triangular-shaped cross-section (see section 3.1. 1), and can be compared with, for example, 
a mountain range situated in the trajectory of a hurricane. The parameters which will be varied 
in this study are the ridge orientation angle a, and the vortex strength r. The main goal is to 
understand how the vortex trajectory is affected by the presence of the ridge and what is the im-

2 



portance of the orientation angle of such a topography. In the next chapter the fundamental theory 
descrihing the dynamics of this problem will be explained. In chapter 3 the experimentalset-up 
and results will be described, while in chapter 4 the numerical results are given. In chapter 5 all 
the results will be discussed. 

3 



Chapter 2 

Theory 

2.1 Introduetion 

Geophysical fluid dynamics (GFD) is the branch of fluid mechanics that concerns the behaviour 
of large-scale flowsin the Barth's atmosphere and oceans. Two effects are typical for geophysical 
flows: 

• Stratification, due to temperature and salinity variations. This effect will not be considered 
in this report, since the attention is restricted to homogeneaus fluids. 

• Background rotation, associated with the spin of the Earth around its axis. This effect 
gives rise to two additional forces, notpresent in a non-rotating system (see [10]): 

- Centrifugal force, which does not play a significant role in GFD since it can be in
cluded together with the gravitational force. 

- Coriolis force. Accelerations due to the Coriolis effect have a strong influence on the 
dynamics of the flow in atmosphere and ocean. 

The Coriolis force causes motion in a homogeneaus fluid to become aligned vertically in so
called Taylor columns (see section 2.3) and will have a significant effect on the flow only if the 
time-scale of the motion is larger than the rotation period of the Earth (see [5]). This criterion 
is often used in GFD for a motion to be considered as large-scale. Since flow measurements are 
made in the rotating Earth, it is convenient to introduce a reference framework co-rotating with 
the planet (see also [10]). 

2.2 Governing equations 

In this section the basic equations which govern the fluid motion will be derived, concerning: 
the Coriolis parameter, Taylor columns, the shallow-water equations, stream function and relative 
vorticity, conservation of potential vorticity and approximations for the Coriolis parameter. 

4 



Figure 2.1: Dejinition sketch of motion in a rotating system. 

2.2.1 Coriolis parameter 

In a non-rotating frame the Navier-Stokes equations have the following form: 

av 1 2 
- + (v · V)v =--\lp+ V<l>gr + \JV v, at p 

(2.1) 

where v is the velocity vector, p the constant density of the ftuid, p the pressure, <I> gr the gravita
tional potential and \J the kinematic viscosity. 

Wh en introducing a rotating coordinate frame, as suggested in the previous section, the N avier-
Stokes equations become (see [10]): 

av 1 
- + (v · V)v+20 x v = --VP+ 1JV2v, at p 

(2.2) 

where 0 is the background rotation and P the reduced pressure, defined as: 

(2.3) 

with <l>c = n2r 2 /2 the centrifugal potential and r the distance to the axis of rotation (see figure 
2.1 ). The third term on the left-hand si de of (2.2) represents the Coriolis acceleration, which is 
important in this study. This term can be written as: 

i j k ( w cos cp - v sin cp ) 
20 x v = 0 2ncoscp 2Qsincp = 2Q usincjJ , 

u v w -ucoscp 
(2.4) 

with i and j the unit veetors in the local eastern and northern directions, k the unit vector in the 
direction perpendicular to the Barth's surface and Q = 101 (see figure 2.2). When assuming a 

5 



Figure 2.2: Definition of the coordinates on the rotating Earth. 

shallow ftuid layer (i.e. when the horizontal length scales are much larger than the mean ftuid 
depth), the vertical velocity w will be much smaller than the horizontal veloeities u and v, so that 
the Coriolis acceleration becomes: 

2Q x v = (- fv, Ju, -2Qucoscp), (2.5) 

in which the Coriolis parameter is defined by: 

f = 20. sincp. (2.6) 

This parameter describes the latitudinal variatien of the Coriolis force, in the i and j directions. 
The Navier-Stokes equation (2.2) can be non-dimensionalised by introducing the non-dimensional 

variables (indicated by the tilde): 

v= uv, P=pr?.ULP, 
t 

t=
Q' 

r= Lr, (2.7) 

with U and L typical velocity and length scales. After substitution into (2.2) the following non
dimensional equation is obtained: 

av - -- -
--= + Ro(v · V)v + 2k x v =-\lP+ E\flv. at (2.8) 

Here k = QjiQI is the unit vector in axial direction and Ra and E are the Rossby and Ekman 
number, respectively, defined by: 

u 
Ro=

QL' 
V 

E--nu· (2.9) 

The Rossby number is a measure of the ratio of the Coriolis and inertial forces, whereas the Ekman 
number describes the relative importance of viscous forces in the flow, with respect to rotation 
effects. 

6 



V 

Figure 2.3: The Taylor column. 

As mentioned before, the Coriolis force will only have a significant effect on the flow if the 
Rossby number is small. This means that Lj U, which is the time a fluid element with velocity U 
neects to travel a distance L, has to be larger than the rotation period of the Earth (1 ;n) (see [5]). 

2.3 Taylor columns 

Consicter the non-dimensional Navier-Stokes equation (2.8). Assuming that: 

• the flow is (nearly) stationary, 

• the Rossby number is small (Ra« 1), 

• viscous effects are small (E « 1), 

these equations can be simplified to the so-called geostrophic balance (the tildes being omitted 
for convenience): 

2k x V= -VP. (2.10) 

By taking the curl of (2.10) it can be shown that (see [3] and [10]): 

av =0, 
az (2.11) 

where z is the axial coordinate. This is called the Taylor-Proudman theorem, which states that 
geostrophic flows are independent of the axial coordinate. 

The experimentalproof of this theorem was given by Taylor, who performed a laboratory ex
periment in which an obstacle was towed steadily through a rotating fluid. The fluid was observed 
to flow around, rather than over, the obstacle, in a column-like fashion. The obstacle carries a 
stagnant volume of fluid, usually referred to as a Taylor column (see tigure 2.3). 

In the rotating tankexperimentsof this report it can indeed be observed that the fluid in the 
created vortices arranges itself in vertical columns and remains so during the experiment. 

7 
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Figure 2.4: The shallow-water model. 

2.3.1 Extended shallow-water model 

In case the horizontallength scale Lis much larger than the mean ftuid depth D, the so-called 
shallow-water approximation can be made. In this section the extended shallow-water equations 
will be derived, descrihing the dynamics of a shallow, rotating layer of homogeneaus incompress
ible viscous ftuid. The conventional shallow-water model has recently been extended by Zavala 
Sansón and Van Heijst ([15]) with non-linearEkman terms and bottorn topography. Definitions 
of some variables and constauts for this situation are shown in figure 2.4. 
The shallow-water theory is characterized by the condition: 

D - « 1 L . 

Consicter the component form of (2.2) in Cartesian coordinates: 

au au au au 1 ap 2 
- +u- + v- + w- - fv = --- + v\7 u, 
at ax ay az p ax 
av av av av 1 ap 
- +u- + v- + w- +ju=---+ vVZv, 
at ax ay az p ay 
aw aw aw aw 1 ap 
-+u-+v-+w- =--- + vVZw -g, 
at ax ay az p az 

(2.12) 

(2.13) 

Assume that the hydrastatic balance can be applied in vertical direction, vertical accelerations can 
be neglected and the horizontal velocity components (u and v) are z-independent (see [15]). The 
following result can be obtained by taking the curl of (2.2) ( only the third component is shown 
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here): 
aw aw aw (au av) 2 -+u-+ v- + - +- (w+ f) = vV w, 
at ax ay ax ay 

(2.14) 

where w represents the relative vorticity, which is defined as: 

av au 
w =(V x V) 2 = ax- ay. (2.15) 

The continuity equation: 
au av aw -+-+-=0, 
ax ay az 

(2.16) 

expresses conservation of mass and can be used to determine the flow in vertical direction. Inte
gration over the fluid depth yields: 

1,1/,+H (au av) - +- dz+ [wpb+H = 0, 
ax ay 1/h 1/h 

(2.17) 

where 'f/b is the local bottorn elevation and H the height of the fluid column. Taking into account 
that u and v are independent of z this equation becomes: 

(
au av) 
ax + ay H =- (wlz=T/h+H- wlz=T/b). (2.18) 

Ignoring wind stress, the vertical velocity onthefree surface is given by the kinematic condition: 

a a a 
Wiz=q1+H = -(rJb + H) + u-(rJb + H) + v-(rJb + H). (2.19) 

) at ax ay 

Por variabie bottorn topography, the vertical velocity induced by the thin Ekman layer at the bot
torn is, for low Rossby numbers, given by the Ekman condition (see [13]): 

aryb a'Ylb 1 
Wiz=T/h =u-+ v- + -8Ew, 

ax ay 2 

with 8 E the thickness of the Ekman layer (see section 2.7 and [15]): 

Inserting these conditions in (2.18) yields: 

~ 
8E =V j• 

au av 1 DH 8E 
-+-=---+-w. 
ax ay H Dt 2H 

In this equation the horizontal material derivative DI Dt has been introduced: 

D a a a 
- = -+u-+v-, 
Dt at ax ay 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

and can be interpreted as the time derivative following a fluid partiele as it moves with the flow. 
The equations (2.14) and (2.22) are referred to as the extended shallow-water equations and to
gether they describe the motion of a homogeneaus fluid over variabie topography with Ekman 
friction. 

9 



----- -----------

2.3.2 Stream function and relative vorticity 

In this research project the topographic variations will normally be much larger than the free
surface elevations, so the time derivative of H may be neglected (i.e. H = H(x, y)): 

au+ av = _ __!_(u aH+ V aH)+ OE w. 
ax ay H ax ay 2H 

By rewriting this equation as (see [15]): 

_E_ (Hu- ~oEv) + _E_ (Hv + ~oEu) = 0, 
ax 2 ay 2 

and defining a stream function \11 according to: 

1 
Hu- -oEv 

2 
1 

Hv+ -oEu 
2 

expressions for the horizontal veloeities u and v are obtained: 

u = 1 1 (a \IJ oE a \IJ) 
1 + (;~) 2 H ay 2H ax ' 

V = 1 1 ( a\11 oE a\11) 
1 + (;~) 2 H ax 2H ay . 

(2.24) 

(2.25) 

(2.26) 

(2.27) 

(2.28) 

(2.29) 

Wh en the Ekman layer thickness is much smaller than the ftuid depth (oE I H « 1) these equations 
can be approximated by: 

u 1 (a \IJ oE a\11) 
H ay- 2H ax ' 

(2.30) 

V = 2_ (-a\11 _ oE a\11) 
H ax 2H ay . 

(2.31) 

Substituting these expressions in (2.15) the relation between w and \11 is obtained: 

I 2 1 OE 2 
w =--V \11 + -\lH · \l\11 + --J(H \11) 

H H2 2H H2 ' ' 
(2.32) 

with J the Jacobian operator. Inserting (2.24), (2.30) and (2.31) in (2.14) yields: 

(2.33) 
aw OE 2 OE - + J(q \11)- -\l\11· \lq = v\1 w- -w(w + f) 
at ' 2H 2H ' 

where q = ( w + f) I H is the poten ti al vorticity. The sum of the relative and planetary vortic
ity (w + f) is called the absolute vorticity. This is the time evolution equation for the relative 
vorticity. The third term on the left-hand side of (2.33) represents adveetion effects driven by the 
Ekman layer. The Ekman terms on the right-hand side represent stretching effects associated with 
the Ekman suction or blowing. 

10 



2.3.3 Conservation of potential vorticity 

Conservation of potential vorticity is important for the analysis of large-scale geophysical flows. 
We will be using it quite frequently and in this section it will be derived. In the inviscid case, 
without Ekman or lateral friction, (2.33) reduces to (see [15]): 

aw aq aq 
-+Hu-+Hv-=0, at ax ay (2.34) 

or, after some manipulations: 

Dq = .!}_ (w + J) = O. 
Dt Dt H 

(2.35) 

This equation implies material conservalion of potential vorticity. Thus stretching/squeezing of 
a fluid column means an increase/decrease of the absolute vorticity. 

2.3.4 Approximations for the Coriolis parameter 

Because of the latitude-dependenee of the Coriolis-term in large-scale flows there are serious 
complications in solving the evolution equation. In this section some approximations ofthe Cori
olis parameter (2.6) will be given (see also [10]). 

The J -plane approximation 

Consictering relatively small meridionallength se ales (L < 100 km), J may betaken as a constant: 

J =Jo= 2Q sin<f>o, (2.36) 

with <Po a central (reference) latitude. This is called the J-plane approximation. 

The /3-plane approximation 

For larger scales (100< L < 1000 km) J has to be approximated by a Taylor series around a ref
erence latitude </>0 : 

. cos <Po 2 J(</>) = J(</>o + 8</>) = 2Q[sm<f>o + --RE84> + 0(84> )], 
RE 

(2.37) 

with RE the radius of the Earth. This approximation is necessary when geophysical phenomena 
span several degrees of latitude. A geometrical sketch of the situation is shown in figure 2.5(a). 
Equation (2.37) can now be written as: 

J =Jo+ f3y with R = 2Qcos<f>0 

1-' RE ' 
(2.38) 

with y = RE84> and under the assumption that the quadratic and higher-order 84> terms are small 
compared to the others. This linearization is referred to as the /3-plane approximation. 
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fo + f3y 

a) 

Figure 2.5: (a) Ge ometrical sketch of the meridional coordinate y in the {3-plane approximation. 
Coordinate system used in the y-plane approximation. A top view of the Earth is given with the 
pole in the centre. The distance to this pole is represented by r. 

The y-plane approximation 

When cf>o = ±90°, cos cf>o = 0 and thus the {3-effect is absent. Using a new coordinate system 
defined like in tigure 2.5(b ), equation (2.37) now becomes: 

f = 2Q- 2Q2~~cf>o rz =Jo- yrz, 
E 

with y = ± JJ for cf>o = ±90°. This approach is referred to as the y-plane approximation. 
E 

2.4 Laboratory experiments 

(2.39) 

In this section the basic dynamics involved in the laboratory experiments, in which the f-, {3- and 
y-plane approximations can be simulated will bedescribed (see [10]). 

f-plane 

The f-plane approximation can be mimicked in the laboratory by a rotating tank with constant 
angular velocity and with a constant ftuid depth. The Coriolis parameter in this case is constant: 
f =Jo= 2Q. 

{3-plane 

In the {3-plane approximation the Coriolis parameter is latitude dependent It has been shown 
(see [11]) that this approximation can be mimicked in the laboratory by a rotating tank with a 
constantly sloping bottorn in the y-direction (see tigure 2.6). 
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Figure 2.6: Schematic picture of the simulation of a {3-plane in a rotating tank. 

Let us consider a water depth H defined by: 

H(y) = D- T/b(y) = (1 - 8)D, (2.40) 

with D a reference depth and T/b the local bottorn elevation. The topography is assumed to be 
shallow: 

(2.41) 

Equation (2.40) can be substituted in equation (2.35) and expanded in a Taylor series. Under the 
assumption of low Rossby number this results in: 

D ' Dt (w +Jo+ f3 y) = 0, (2.42) 

with {3' defined as: 

(2.43) 

and sb the constant bottorn slope. This is identical to the inviscid vorticity equation on a {3-plane, 
which can be obtained by substituting f = Jo + f3y in (2.35) with a constant ftuid depth: 

D n/w +Jo+ f3y) = O. (2.44) 

A northward motion of a ftuid column in the planetary case means a decrease in relative vorticity 
(see (2.35)). A decrease in relative vorticity in the laboratory is obtained when a ftuid column 
moves towards a shallower part of the tank. The shallower part of the tank thus corresponds with 
"north" and the deeper part with "south". 
For the geophysical (GFD) and the laboratory cases, f3 and {3' (as wellas conservation of poten
tial vorticity) are given in table 2.1, with Ho the uniform depth of the geophysical domain (it is 
assumed that there is no change in ftuid depth) and Jo = 2Q the Coriolis parameter. 
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Table 2.1: Dejinitions of the parameter f3 for GFD and the laboratory, as wellas conservation of 
potential vorticity. 

Gradient of f Conservation of q 

GFD f3 = 2Q COS!f!_o 
R 

w + 1 (y) = constant 
Hjj_ 

Lab {31 = sb]o 
D 

w +Jo 
H ill = constant 

y-plane 

The y-plane (<Po = 90°) approximation, given by f = fo - yr2, can be dynamically simulated 
by a parabolic topography. In a rotating free-surface fluid (see figure 2.6) such a topography is 
provided by the parabolic shape of the free surface: 

nzrz 
H(r) = Hr=o+ lg' (2.45) 

where r is measured from the tank's rotation axis. On the topographic f- and {3-plane such a 
parabolic free surface is also present. The influence of this surface, though, can be neglected for 
not too high rotation speeds. Analogous to the {3-plane it can be derived that: 

D ~3 
I 2 I .;,~ ) -(w+fo-yr)=O with y=-, (2.46 

Dt gD 

which is identical to the vorticity equation on a y-plane, obtained by substituting f = fo - yr2 

in (2.35) with a constant fluid depth: The smallest depth occurs at r=O, so the centre of the tank 
thus acts as the "north pole". 

2.5 Motions of monopolar vortices 

Vortices are common structures in geophysical flows (both in the atmosphere and ocean) and in 
the laboratory. The following vortices can be distinguished: 

• Monopoles, which can be split up in two categories: 

- Cyclones (sense of rotation is the same as the background rotation) 

- Anticyclones (sense of rotation is opposite to the background rotation) 

• Multipoles (such as dipoles, tripoles etc.). 

In this research only cyclonic monopolar vortices will be used. These structures consist of a sin
gle set of closed streamlines around a common centre. The creation of these monopoles in the 
laboratory will be discussed insection 3.1.2. In this section the motion of cyclonic monopoles on 
the f-, {3- and y-plane will be explained. 
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North ( shallow) 

+ 
South ( deep) 

Figure 2.7: Fluid adveetion around the centre of a cyclone on a {3-plane. Positive vorticity is 
indicated by a "+ ", while a "-" represents negative vorticity. 

Monopole on an f -plane 

On an f -plane a circular monopol ar vortex will stay fixed in space, because the ftuid depth is 
constant in the whole domain and no vorticity will be developed (except at the boundaries), which 
can force the vortex to move. 

Monopole on a {J-plane 

On a {J-plane, however, a monopole will have the tendency to move in the north-western direction, 
as has been shown analytically since the early workof Adem (see [1]). An explanation can be 
found when looking at tigure 2.7. 

Fluid pareels east of the vortex will move to the north ( or in the laboratory to the shallower 
part of the tank) and due to conservation of potential vorticity they will gain negative vorticity. 
Fluid pareels on the western si de of the vortex will do exactly the opposite: they will move to the 
south and gain positive vorticity. In this way a dipolar-like structure has been formed, which has 
a self-induced momenturn in north-western direction. 

An anticyclone will move to the south-west due to the same principle. 

Monopole on a y-plane 

A y-plane can be simulated by a parabolic topography (see previous section). Such a topography 
is provided by the parabolic shape of the free surface. The centre acts as a north pole and since 
a vortex has the tendency to move in the north-western direction, it will spiral towards the centre 
in an anticyclonic sense (which means a clockwise motion). 
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Figure 2.8: The mechanism of Rossby wave propagation. 

The description of the behaviour of monopol es given above is valid on the northern hernisphere. 
For the southern hernisphere the terrns north-west and south-west should be interchanged. 

2.6 Rossby waves 

A Rossby ( or planetary) wave is a propagating signal perturbation associated with poten ti al vortic
ity. Rossby wavescan be observed in both the atrnosphere and the oceans, as rneandering patterns 
of alternating cells of positive and negative vorticity. A Rossby wave is slow, with its frequency 
always being smaller than f (see [10] and [13]). The only essential condition fortheir existence 
is the presence of a gradient in the background vorticity. 

A rernarkable feature of a Rossby wave is that it always propagates westward relative to the 
rnean zonal flow. The rnechanisrn of this westward phase velocity can be understood frorn the 
principle of potential vorticity conservation, as illustrated in figure 2.8 (see also [9]). Fluid pareels 
that are displaced northward (on the northern hernisphere) acquire anticyclonic vorticity due to the 
,8-effect, while fluid pareels displaced southward acquire cyclonic vorticity. Inspecting the ob
tained flow field, yields that both the maximaand minima in vorticity, and thus the whole pattern, 
will shift westward. 

In this study Rossby waves are observed at places with a large gradient in the topography (i.e. 
at the ridge). Such waves are usually referred to as topographic Rossby waves. 

2.7 Spin-down by the Ekman boundary layer 

In this section the influences of viseaus farces on the equations of motion will be exarnined. Ne
glecting viscosity is approxirnately correct in the bulk of the flow dornain, but the situation be
cornes more cornplicated when boundary effects are included. Boundary layers are required to 
bring the interior velocity to zero at the solid walls. The top and bottorn frictional boundary lay-
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ers of geophysical flows, called Ekman layers, are essentially different from boundary layers in 
non-rotating fluids. A recent study about Ekman layers on a topographic ,.8-plane has been done 
by Custers (see [4]). 

In [3] and [10] the structure of the boundary layer on the bottorn of a rotating fluid has been 
studied. Assuming: 

• a geostrophic flow in a homogeneaus fluid over a flat bottorn (with the velocity vector given 
by v = (u, v, w)), 

• the no-slip boundary condition at the rigid bottom: u E = v E = wE = 0 for z = 0, 

the veloeities (uE, VE, wE) inside the Ekman layer are given by (see [10]): 

u (1- e-<z!oE) cos(z/th))- v · e-<z!oE) sin(z/oE), 

v (I- e-<z!oE) cos(zfoE)) +u· e-<zJoE) sin(zfoE), 

(2.47) 

(2.48) 

withoE the Ekman layer depth, giving the thickness of the layer that is directly affected by friction 
(see also (2.21)). Vertically integrating the continuity equation yields: 

w =- {
00 

(auE +avE) dz =OE (av- au)= OE cv. 
10 a x ay 2 a x ay 2 

(2.49) 

This effect that causes a vertical velocity in the interior is called Ekman pumping. 1t is caused by 
a non-zero horizontal divergence in the boundary layer. From this equation it can be seen that if 
negative vorticity is present, this divergence has to be compensated by downwelling in the interior 
(and vice versa). lf there is, for example, a cyclonic vortex between two horizontal rigid bound
aries, both the upper and lower Ekman layer will pump fluid towards the interior of the vortex. 
So the vortex tube is squeezed and the interior vorticity and kinetic energy reduced. 

There are two viscous effects which are responsible for the decay of a vortex: Ekman spin
down and radial diffusion. The time scales of these two effects are given by: 

• Ekman spin-down time TE (see [10]): 

D 
TE= ,J2VJ" 

• time scale for radial diffusion Tv (see [2] and [10]) 

Lz 
Tv=-, 

\) 

(2.50) 

(2.51) 

Taking typical experimental values v = w-6 m2 js, D = 0.24 m, L = 0.03 mand f = 1 s- 1 gives 
TE= 120 s and Tv= 900 s, which indicates that the Ekman spin-down mechanism is much more 
efficient in producing the decay of the flow. 
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Chapter 3 

Laboratory experiments 

In this chapter the laboratory experiments are described. Experiments with both fl.uorescein dye 
(qualitative) and tracer particles (quantitative) have been performed. The data from the quanti
tative experiments are used to estimate the vortex strength r, as it is shown in section 3.2, and 
to examine the flow fields in the whole domain. The qualitative dye-experiments, described in 
section 3.3, are used to visualize the vortex evolution affected by the ridge. Inthelast section a 
regime diagramme with the relevant parameters of the problem is shown. In the next section the 
experimental set -up and operation is presented together with a brief overview of the data process
ing software. 

3.1 Experimentalset-up and operation 

3.1.1 Experimental set-up 

In order to dynamically simulate the variation of the Coriolis parameter f, a tank with a uniformly 
sloping bottorn (sb) is used. The tank is placed on a turntable, rotating at a constant angular ve
locity (Q). A schematic representation of the set-up is given in figure 3.1. On the bottorn of the 
tank a ridge is placed with a certain orientation angle a, relative to theeast-west axis. A view of 
the ridge is given in figure 3.2. The numerical values of some of the experimental parameters 
are given in table 3.1. 

3.1.2 Creation of monopoles 

In this study only cyclonic monopoles are considered (as was mentioned in section 2.5). In this 
section it will be explained how these vortices are created in the laboratory. Two different types of 
cyclonic monopoles can be distinguished: isolated and non-isolated. Isolated vortices are created 
by placing a small bottomless cylinder in the rotating tank, stirring the fl.uid inside it and then 
quickly lifting the cylinder vertically, releasing the vortex in the ambient fl.uid. Isolated vortices 
thus generated will also be referred to as stirring vortices. 

A non-isolated cyclonic vortex is created by locally withdrawing a fixed amount of fl.uid through 
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Lights 

Water surface 
0 

{3-plane 

Water tank -+--- Rotating table 

Figure 3.1: Cross-section of the experimental set-up. The right ( shallow) part of the tank corre
sponds to the north ( see section 2.4 ). The ridge ( see figure 3.2) is not shown in this figure. 

a sink forts seconds, e.g. by syphoning it through a thin tube. Due to conservation of angular mo
mentum a non-isolated cyclone is thus produced. Such vortices are referred to as sink vortices. 
Figure 3.5 shows an example ofthe azimuthal velocity profile and the conesponding vorticity pro
file for monopoles used in the experiments. The velocity profiles of sink and stirring monopoles 
are well approximated by (see [2] and [12]): 

(3.1) 

Vstir(r) (3.2) 

where w0 is the peak vorticity, R the horizontallength scale and r the di stance to the centre of the 
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Table 3.1: Numerical values of some parameters. 
I Parameter I Value I 

Dimensions of the tank 1.5xlx0.3 mj 
Angular velocity of the tank (Q) 0.5 rad/s 

Maximum water depth ( D) 0.24m 
Slope of the bottorn (sb) 0.05 
Slope ofthe ridge (sr) 0.3 
Width of the ridge ( w) 0.1 m 
Height of the ridge (h) 0.03m 

vortex. The corresponding vorticity distributions are given by: 

r2 
w0 exp(-

2
R

2 
), (3.3) 

wo ( 1 - ;;2 ) exp (-;;2 ) ' 
(3.4) 

Although both vortices have a continuous vorticity distribution with a maximum value at the vor
tex centre, other characteristics are essentially different. The sink vortex has a single-signed vor
ticity, whereas the stirring vortex has a core of positive vorticity, surrounded by a ring of negative 
vorticity. In fact, since the area integral over w yields zero, the stirring vortex has no net vorticity. 
This also implies that at large distances the circulation r = :f v · dr of the stirring vortex is equal 
to zero. The velocity of the non-isolated sink vortex drops off in good approximation as r- 1 at 
large distances from the centre, whereas the velocity profile of the isolated vortex drops off much 
more quickly. In this study only (cyclonic) sink vortices were used. 

3.1.3 Running the experiments 

First the tank was filled with water and spun up for at least 20 minutes to obtain a solid body ro
tation. A thin tube, placed 0.4 m from the eastern and 0.35 m from the southern boundary (see 

Figure 3.2: (a) The topographic [3-plane with the ridge, which is shown in more detail in (b ). 
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Figure 3.3: Definition sketch ofthe position ofthe ridge and vortex in the tank. 

tigure 3.3), was used to create a sink vortex. Once the forcing was stopped afterts seconds the 
vortex started, due to the topographic {3-effect, to move in north-western direction, where it en
countered the ridge. The experiment ended when the vortex had almost completely decayed or 
when the flow evolution scenario could be determined, which was typically the case after a few 
minutes. The whole experiment was recorded by a video-camera co-rotating with the tank. Only 
the ridge orientation angle ar and the syphoning time t.~ were varied in the experiments. 

3.1.4 Flow visualization and data processing 

A vortex can be visualized in two different ways: qualitatively and quantitatively. Both methods 
will be mentioned here briefly. 

• Qualitative visualization. In this method fluorescein dye is injected into the vortex. The 
dye, originally contained within the vortex, can be traeed by looking from above with a 
camera co-rotating with the tank. In this way good qualitative information about the vortex 
can be obtained and its trajectories can be visualized. The disadvantage of this method is 
that no information about, e.g. vorticity and velocity fields can be acquired. 

• Quantitative visualization. In order to acquire more quantitative information tracer par
ticles floating on the water surface are used. Their motion can be recorded on video and 
analysed by special software. 

For tracking the partiele motions the image analysis system Digimage is used (see [14]). This 
software programme has specifically been developed for fluid flow analysis in the laboratory and 
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contains several functions for image processing. The most important function for our purpose is 
the determination of the veloeities of the tracer particles. The positions of the particles are lo
cated in each image of the recorded experiments and from these locations the partiele paths and 
veloeities are determined. This process is called partiele tracking. 

The Digimage set-up that is required for the partiele tracking is shown in tigure 3.4. A con-

Co-rotating camera 

/ ' '' 
~~~ '' 

Diglmage system (VCR, TV and computer) 
Floating particles 

Water surface 

Figure 3.4: The Diglmage set-up for the laboratory experiments. 

neetion between the VCR and the computer allows the video images to be controlled and auto
matically analysed by Digimage. Por more information about Digimage see [14]. 

3.2 Initial vortices 

Vortices generated with a different syphoning time, ts, have a different strength r. In this section 
their strength at initial stages of motion will be estimated using the vorticity profiles obtained from 
quantitative partiele experiments. Approximate velocity and vorticity profiles of vortices created 
for three different syphoning times Cts=60, 90 and 120 s) are given in tigure 3.5. The centre ofthe 
vortex is taken to beat the point of maximum vorticity (w0). The radial distribution of vorticity, 
equation (3.3), is adjusted to the experimental data by estimating the horizontallength scale of 
the vortex (R). These values are inserted in the corresponding velocity equation (3.1) and plotted 
in the figures. 

In each experiment the water was syphoned at a rate of approximately 3.9 · w-s m3/s. The 
vortex strength can be calculated from the definition: 

r=JwdA, (3.5) 

which can be approximated by: 
(3.6) 
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Figure 3.5: Velocity ((a)-(c)) and vorticity ((d)-(f)) profiles ofthe sink vorticesfor three different 
syphoning times. Each point in the velocity profiles represents a partiele velocity. In the vorticity 
profiles each point represents a vorticity value on a regular grid. 

Using this expression the following vortex strengths are obtained: 

r6o ~ 0.006 ± 0.002 m2 js, fgo ~ 0.008 ± 0.003 m2 js, rl20 ~ 0.007 ± 0.003 m2 js. (3.7) 

A few points can be noted: 

• The velocity profiles do notfit the experimental data very accurately, because due to the {J
effect the vortex will already start to move during the forcing and therefore a non-eireular 
vortex is produced. The formulae (3.1) and (3.3) are valid fora flat bottom, while here they 
are used as an approximation on the {J-plane. 

• Another reason for this inaccuracy is that there are not many particles in the centre of the 
vortex (r ---+ 0), which makes it difficult to determine the profile in the centre of the vortex 
co re. 

• A longer syphoning time ts does not necessarily imply a stronger vortex, as can be seen 
from tigure 3.5 and approximation (3.7). 

3.3 Flow evolution scenarios 

This section describes the vortex evolution scenario in the presence of the ridge, for different ex
perimental parameters. The trajectories of sink vortices in three typical experiments are plotted 
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in tigure 3.6. The three examples show the following flow evolution scenarios: 

. 

. \ ' . 
~ ' V 

' ar= 90° ar= 49° '·' 
1"=120 s 1"=90s 

0 

ar= 49° 
1"=45 s 

Figure 3.6: Example of a vortex that (a) crosses the ridge and then moves parallel to it, (b) crosses 
the ridge and ( c) gets trapped by the ridge. The interval between two points is llt=20 s. 

• Vortex crosses the ridge and then moves parallel to it (a typical example is given in tigures 
3.7 and 3.8). This scenario will be refered to as "vortex moving parallel to the ridge". 

• Vortex crosses the ridge and continuesits path towards the north-west (tigure 3.9). 

• Vortex gets trapped by the ridge (tigure 3.10). 

In this study the scenario mainly depends on the parameters ar and ts. The dynamica! processes 
responsible for the different scenarios will be described next. 

3.3.1 Vortex moving parallel to the ridge 

A typical example of an experiment with ts=120 s and ar= 90a is given in figure 3.7, where the 
vortex is visualized with fluorescein dye. In this case the vortex crosses the ridge and then moves 
parallel to it (see also tigure 3.6(a)). From a similar quantitative experiment the stream function 
and vorticity tields we re obtained, which are given in tigure 3.8. The dynamics of this experiment 
can be described as follows: 

1. The vortex is created at the south-eastern side of the tank and starts to move in western 
direction. The vortex moves to the west rather than to the north-west due to the presence 
of the ridge. 

This motion can be explained by consiclering that the vortex will have the tendency to move to
wards its local north-west, i.e. upslope and to the left, relative to the effective topographic slope. 
In the absence of the ridge, the overall topography induces the vortex to move in nortb-western 
direction, while the dosest slope of the ridge induces a soutb-western motion. A combination of 
these two effects causes the vortex to move in western direction (t=20 -60 s). The influence ofthe 
sloping bottorn combined with the ridge will be called the effective ,8-effect. 
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Figure 3.7: Vortex encounteringa ridge (t5 = 120 s and a,= 90° ). In this case the vortex moves 
parallel to the ridge after crossing. The symbol "x " denotes the initia[ position of the vort ex. 

2. Once the vortex gets close to the ridge (t=80-1 00 s) it bencts slightly towards the south, 
because the infiuence of the ridge is now much stronger than the infiuence of the overall 
bottom. 

3. Afterwards, the vortex crosses the crest of the ridge (t=120 s) and it experiences the op
posite slope at the other side, which forces the vortex towards the north-eastern direction. 
The effective ,8-effect is now directed towards the north and therefore the vortex will move 
parallel to the ridge. 
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Figure 3.8: Stream function (a) and vorticity contour (b) plots of a vortex encounteringa ridge 
( ts = 120 s and CLr = 90°). Solid lines in figure (a) re present counter-clockwise motion, while 
dashed lines correspond toa clockwise direction. The dotted line is the zero-contour. The interval 
between the streamlines is b. 'IJ = 2. 0 · I o-6 m3 j s. In figure (b) solid and dotted lines corresponds 
to positive and negative vorticity, respectively. The interval between the vorticity lines is b..w = 
0.12 s- 1• 
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In tigure 3.8(b) it can beseen that negative vorticity is present at the western side of the ridge 
(north of the vortex) at t = 100-140 s. From numerical simulations it will become clear that the 
criterion for crossing and continuing its original north-western motion is the presence of enough 
negative vorticity on the opposite1 side of the ridge, as is pointed outinsection 4.3.1. The amount 
of vorticity in this case wasnotlarge enough to make the vortex continue its north-western motion. 

3.3.2 Vortex crossing the ridge 

A different scenario is observed when the orientation angle is changed toa, = 49°. In tigure 3.9 
a vortex with ts=90 sis created at the same position as in tigure 3.7. The tirst part ofthe trajectory 

Figure 3.9: An example of a vortex crossing a ridge (ts = 90 s and a,= 49° ). 

(until the vortex has crossed the ridge) is analogous to the previous experiment (see tigure 3.6(b)). 
In this case the vortex also starts to move to the west (t=20-60 s ), crosses the ridge (t=80 s) and 
bencts to the north (t=100 s). In this experiment, however, the inftuence of the overall bottorn 
topography is stronger than the inftuence of the ridge and the vortex continues its path towards 
the upper left-hand corner, i.e. north-westward. 

10pposite to the side where the vortex was created 
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Figure 3.10: Vortex getting trapped by the ridge (ts = 45 s and ar= 49° ). 
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3.3.3 Vortex trapped by the ridge 

Using the same orientation angle (ar= 49°) but a weaker vortex Cts=45 s), the third scenario is 
observed. The vortex in figure 3.10 behaves in a similar fashion as in the previous situation dur
ing the first 80 s. While the vortex in the previous case was strong enough to continue its nortb
western motion, the weaker vortex returns towards the ridge (t= 120-160 s ), crossingit fora second 
time (t=180 s). This behaviour is producedas soon as the vortex experiences the opposite slope 
of the ridge and thereby is induced to move towards the crest once again. In this process, the 
shape of the cyclone is strongly deformed and it releases some dye originally contained within it 
(t=200 s). Afterwards the vortex tends to cross for the third time. When having reached the crest 
of the ridge, however, it splits in two parts, one on each si de of the ridge (t=260-280 s ). Each part 
subsequently moves towards its corresponding local north-west (t=300). 

3.4 Regime diagramme 
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Figure 3.11: Regime diagramme of ar and ts for the qualitative dye-experiments. Different sym
bols represent different scenarios: (o) vortex crosses, (V) vortex moves parallel to and (x) vortex 
gets trapped by the ridge. 
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The flow evolution obviously depends on ts and ar. A regime diagramme can give a clear pic
ture of which scenario can be expected for certain values of these parameters. This diagramme 
is shown in tigure 3.11. The experiments in which the vortex crosses the ridge are indicated by 
a circle. A vortex which moves parallel to the ridge is indicated by a triangle, and when it gets 
trapped it is represented by a cross. From this diagramme it can be seen that a vortex is more 
likely to be able to cross the ridge and continue its nortb-western motion for small ar and large 
(~. For larger ar and smaller ts the vortex will cross move parallel to the ridge. Finally, when ar 
is large and ts is small, the vortex will get trapped by the ridge. The numerical simulations in the 
next chapter will reveal details about the criterion for e.g. crossing and getting trapped. 
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Chapter 4 

Numerical simulations 

In actdition to the experiments, the behaviour of a cyclonic vortex on a topographic .B-plane in
teracting with a ridge was numerically simulated by using the 2D-equations derived in chapter 2. 
The aim of these simulations is to verify whether the physics contained in such a 2D-formulation 
is able to predict the laboratory experiments correctly. The numerical code is presented briefly 
in the next section, while in section 4.2 and 4.3 the initia! direction of the vortex and the flow 
evolution scenarios are described, respectively. A regime diagramme is given in the last part. 

4.1 Numerical code 

The numerical simulations were carried out with the code NSEVOL, originally developed by Or
landi and Verzicco (University of Rome). The code was improved and extended by Van Oeffen 
(see [6]) in order to handle a great variety of initial vorticity distributions, ranging from single 
vortices to a vorticity field covering the whole domain. Later, variabie topography and Ekman 
effects were included by Zavala Sansón ([15] and [16]). 

The equation that needs to be solved for determining the time evolution of the flow is the quasi-
2D vorticity equation (see (2.33)): 

aw ( w + f ) oE ( w + f) 2 oE -+ J -- \11 - -V\11· V -- = vV w- -w(w+ f). at H ' 2H H 2H 
(4.1) 

The relative vorticity w is given by (see (2.32)): 

1 2 1 OE 2 
w=- H V \11+ H2 VH. V\11+ 2H H2J(H, \11). (4.2) 

By prescrihing an initia! vorticity distribution and the depth field, the stream function is deter
mined from equation (4.2). Once the stream function has been obtained, the time evolution ofthe 
vorticity is computed from ( 4.1) using a fini te differences method. This means that this equation 
is discretised on a grid and the value of the vorticity is computed in each grid point. The accuracy 
of the computation is determined by the density of the grid and the time step. More information 
about the code can be found in [6]. 
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Running the simulations 

NSBVOL uses an input file for prescrihing the parameters of each simulation. A complete de
scription of this file is given in appendix B. A bottorn with a slope of 0.05 is used to simulate the 
IJ-effect and is, tagether with the ridge, entered through a separate file giving the depthof the ftuid 
in each grid point. The maximum depth was H0=0.24 mand the Coriolis parameter f=1 ç 1, as 
in the laboratory experiments. In the numerical simulations the ridge was prescribed as shown in 
tigure 4.1. It must be noticed that the numerical domain is 0.5 m larger in the y-direction than 

y 
= 1.5 

North 

a, 
South 

0 0.35 m 0.40 m x= o.75 x 

Figure 4.1: Definition sketch of the position of the ridge and vort ex in the domain. 

the rotating tank used in the experiments, in order to minimize boundary effects when vortices 
get too close to the narthem wall. When a, = oa the ridge is placed in east-west (zonal) direc
tion with the crest at y = 0.7 m, while the ridge is in north-south (meridional) direction, with the 
crest at x = 0 m, when a, = 90°. In all cases the initial distance from the vortex initial position 
(0.35;0.35) to the edge of the ridge is 0.25 m (which is indicated by the circle). The width and 
height of the ridge were taken 0.1 m and 0.03 m, respectively, as in the laboratory experiments. 
A more detailed description of the ridge geometry is given in appendix A. 
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There is no extemal flow and the no-slip boundary condition ( v1 = Vn = 0) is applied at the si de 
walls. A Gaussian monopolar vortex (Lamb vortex), with length scale R=0.03 m, is used as an 
initial condition. Vorticity and stream function are calculated at intervals of 20 s. The simulations 
are stopped as soon as the flow evolution scenario of the monopole can be determined, which is 
usually between t=340 s and t=700 s. 

The parameters that have been varied in the simulations are the vortex strength rand the ori
entation angle of the ridge ar. 

4.2 Initial trajectory of the vortex 

In this section the initial trajectory of the vortex centre (t _:s40 s) is considered (i.e. when it is 
still far from the ridge). The aim is to abserve the influence of the ridge at the initial stages of 
motion. The trajectory is determined by following the position of the maximum vorticity, which 
is assumed to be in the centre of the vortex (this is indeed the case if the development of vorticity 
at the (no-slip) boundaries is not considered). Although this initial trajectory is dependent on all 
the parameters in the simulations, in this section the dependenee on r and ar is examined. The 
results are presented in two different ways: 

1. The orientation angle of the ridge a, is varied, while r remains constant, 

2. The vortex strength r is varied, while ar remains constant. 

Variabie a, 

The initial trajectory of a vortex (f=0.0150 m2/s) for several values of a, is given in figure 4.2(c), 
where the positions at t=O, 20 and 40 s are plotted. The orientation angle of the ridge is varied 

"' 
a' = 70° 

"~ r' = 0.0150 m2 js 

(a) (b) (c) 

Figure 4.2: Initia! trajectory ofthe vortexfor varying an while the vortex strength is kept constant 
in each figure. The position of the vortex in absence of the ridge is denoted by a circle. The lines 
in the figures are the trajectories for ar =0°, a~ and 180°. 

from oa to 180° in steps of 1 oo. The ridge is positioned at a di stance of 0.25 m from the initial 
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position of the vortex and cannot be seen because it is situated outside the range of this tigure. In 
tigure 4.2(a) and (b) the trajectmies for other vortex strengtbs are drawn. The ridge orientation 
angle for which the vortex has the most southern position after 40 s is denoted as a~. In addition, 
the position of the vortex in absence of the ridge, is denoted by a circle. Notice that the same 
tendency can be observed for all vortex strengths: the vortex has the most southern position for 
a = a" which is larger for stronger vortices. Also, the trajectory with the ridge absent is almost 
identical to the trajectory with a,=180°, which shows that for large a, the effect of the ridge on 
the vortex is minimaL 

Variabier 

(a) (b) (c) 

Figure 4.3: Initia! trajectoriesof vortices with a, kept constantineach ft gure and with r varying: 
O.OOS(x), 0.0075(), 0.01 (+), 0.0125(o)and0.0/5(*)m2 js. 

When plotting the positions at t=O, 20 and 40 s for constant a,, but varying r, the plots in tigure 
4.3 are obtained. It can be concluded from these tigures that a stronger vortex on a topographic 
.B-plane moves much faster than a weaker one, but over the same trajectory. The vortex strength, 
therefore, is not an important parameter in the initial direction of the trajectory. 

4.3 Vortex encounteringa ridge 

In the previous section the initial trajectory of the vortex, when it is still relatively far from the 
ridge (t .::::: 40 s), was studied. In this section different flow evolution scenariosof the vortex for 
t >40 s, i.e. when it encounters the ridge, will be examined. In the next section the two most 
common scenarios are described, namely "vortex crossing the ridge and continuing its north-west 
motion", and "vortex getting trapped by the ridge" (the former will be referred to as "vortex cross
ing the ridge"). Both situations were also found in the laboratory experiments. First, a criterion 
for crossing will be given, while later two more scenarios are presented. 
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4.3.1 Criterion for crossing the ridge 

Examples of vortices crossing and getting trapped are given tigure 4.4. The orientation angle 

(a) (b) (c) 

Figure 4.4: Trajeetory of a vortex that gets trapped by the ridge (a) and crosses the ridge (b) and 
( c ). The interval between two points is D.t=20 s and a, = 60°. 

is constant (a,= 60°) in all cases, and r takes on the values 0.0050, 0.0100 and 0.0150 m2/s, 
respectively. The reason why only the two stronger vortices cross and continue its nortb-western 
motion is the presence of negative'vorticity at the northern side of the vortex after crossing the 
the ridge. This is shown in tigure 4.5, where vorticity contour plots corresponding to the three 
experiments in the previous tigure are presented. Note the presence of negative vorticity on the 
crest of the ridge in all cases, and around the vortex in the cases where it crosses the ridge (b and 
c). 

This negative vorticity was originally developed by the squeezing offtuid columns on the east
ern side of the ridge, as can be seen at t=40 s in tigure 4.6 where the complete evolution scenario 
is shown for the simulation with r = 0.0100 m2/s and a,= 60°. When these ftuid columns leave 
the ridge at a smaller depth than where they started to climb it (e.g. t= 100 s ), the net result will be 
the creation of negative vorticity at the western side of the ridge. The vortex forms a dipolar-like 
structure with this patch of negative vorticity and it will continue its nortb-western motion if this 
patch is strong enough. lf not, the vortex will get trapped. 

At t=80 s the start of the creation of a topographic Rossby wave on the ridge can be observed 
(see section 2.6). This wave can clearly beseen at t=220 sas a series of alternaring cells of positive 
and negative vorticity. 

4.3.2 Vortex moving parallel to the ridge 

Besides the two main cases "crossing" and "getting trapped", two other scenarios have been ob
served in the simulations: "vortex crosses the ridge, moves parallel to it and continues its nortb
western motion" and "vortex does not approach the ridge". The former, which will be presented 
in this section, is a mix between crossing and getting trapped and will be referred to as "vortex 
moving parallel to the ridge". The latter will be discussed in the next section. 
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(a) 
r = 0.0050 m2 /s 

1=120 s 

(b) 
r = 0.0100 m2 js 

(c) 
r = 0.0150 m2 ;s 

Figure 4.5: Vorticity contoursjor three experiments withar = 60°. Solid lines represent positive 
and dashed lines represent negative vorticity. The interval between the vorticity lines is !::J..w = 
0.1 s- 1. 

A typical trajectory of a vortex moving parallel to the ridge (ar= 0°) is given in tigure 4.7(a). 
In tigure 4.8 the corresponding vorticity contours are drawn. The trajectory of the vortex can be 
explained as follows: 

1. The vortex, created in the south-eastem part of the domain, starts to move in north-westem 
direction, due to the (effective) .tJ-effect. At this initial stage, the cyclone mainly experi
ences the overall slope and the southem slope of the ridge, bothof them in the same direc
tion. 

2. The vortex will climb the ridge (t=80 s) and once it has crossed it the effective .tJ-effect 
(which now is associated with the northem slope ofthe ridge, opposite to the overall slope) 
forces the vortex to move towards the east (t > 120 s ). 

3. Some negative vorticity will be advected overthe ridge (t=120 s) and a dipolar like structure 
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is formed, which is, however, not strong enough to continue the north-westem motion. 
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1=0 s 1=20 s 1=40s 

1=120 s 

1=220 s 

·.~ 

Figure 4.6: Vorticity contours of a vortex encounteringa ridge (ï = 0.0100 m2/s an a,= 60° ). 

a,= Û0 "a,= 15 o 

' ~ 
'-

" ~ 
0 _,. 

~· ~' " " " 
(a) (b) 

Figure 4.7: Trajeetory of a vortex (ï is 0.01 m2/s) that (a) crosses the ridge, moves parallel to it 
( and then continues its north-western motion) and ( b) does not approach the ridge. 
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Figure 4.8: Vorticity contours of a vortex encounteringa ridge (r = 0.0100 m2/s and ctr = oa ). 
The interval between the vorticity lines is !!:..w = 0.1 s- 1. 
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4. A topographic Rossby wave, which started to format t 2::80 s, is present on the ridge and 
moves in (local) western direction. The vortex, moving eastward, advects some negative 
vorticity of this wave over the ridge at t :::::240 s. A dipolar structure is formed again and 
this time the vortex is able to continue its north-westem motion. 

4.3.3 Vortex does not approach the ridge 

For certain orientation angles the vortex does not approach the ridge. An example is shown in 
figure 4.7 (b) where a, = 150°. In figure 4.9 the corresponding vorticity contours are plotted. 

t=Os t=20 s t=40 s t=60s 

t=80 s t=IOO s t=I20 s t=140 s 

Figure 4.9: Vorticity contours of a vortex encounteringa ridge (r = 0.0100 m2/s and a,= 150° ). 
Solid lines represent positive and dashed lines represent negative vorticity. The interval between 
the vorticity lines is !!1w = 0.1 s-1• 

The ridge in this simulation is placed too far towards the south to have a significant inftuence 
on the trajectory. The vortex continues its north-westward motion, almost as if the ridge were 
absent. 
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4.4 Vorticity generation due to the ridge and the wall 

In the early stages ofthe simulations (see e.g. tigure 4.10), the development of a patch ofpositive 
vorticity can be observed at the intersectien of the ridge and a boundary. Apparently, this vorticity 

a,= 0° 

• x •x 
,,~"''' 

Figure 4.10: Development of vorticity near the intersection of a ridge and a boundary. The vort ex 
strength in all cases is r = 0.01 m2/s. 

is part of a topographic Rossby wave induced by the negative vorticity at the wall, which appears 
as aresult of the no-slip condition. Note that this process is only observed when the local north
west, associated with the slope of the ridge (which may not be opposite to the bottorn slope), is 
directed towards the wall. In this case, a cell of positive vorticity can be developed at the local 
eastern part of the negative vorticity cel, at the wall, according to the Rossby wave mechanism. 
For this reason, a similar process cannot be produced at the opposite side of the ridge, as can be 
observed in all cases in tigure 4.1 0. 

4.5 Regime diagramme 

The flow evolution is, as shown in tigures 4.8-4.9, dependent on the parameters ar and r. Like in 
section 3.4 a regime diagramme of ar and r can be made. For the simulations, however, it was 
decided to make a diagramme of the non-dimensional ,8-effect, ,8~ (which is dependent on ar), 

and the Rossby number Ro (because ofthe f-dependence). The detinitions of ,8~ and Ro will be 
given next. The reason not to use ,8~ arid r in the experimental regime diagramme insection 3.4 is 
that ris not well-detined in the experiments (e.g. similar values of r were obtained for different 
fs). 

Definition of Ro 

Like in section 2.2.1 the Rossby number Ro is detined as: 

u 
Ro=-. 

QL 
(4.3) 
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With the definition 

r = f V . dr ~ 2rr RU, (4.4) 

Ro can be approximated by: 
r 

Ro = 2nR2Q' (4.5) 

where L has been substituted by R. 

Definition of {3; 

In equation (2.43) {3' is defined as: 

(4.6) 

with sb the slope of the bottorn and D a reference depth. This parameter {3' is defined fora sloping 
bottorn without a ridge. With a ridge present an additional {3~ has to be defined (and for conve
nience {3' for the overall bottorn is redefined as f3!J: 

{3~ = fosb, {3' = fosr, (4.?) 
Hb r Hr 

where sb and Sr are the slope of the bottorn and the ridge (which are in this study equal to 0.05 
and 0.3, respectively) and Hb and Hr are the mean fluid depth ofthe bottorn and the ridge (which 
are equal to 0.218 mand 0.203 m, respectively). 

The parameter {3~ only has a component in the y-direction, while {3~ has a component in both 
the x- and y-direction, depending on the ridge orientation angle ar. The combined components 
in the x- and y-direction can be written as: 

{3, fo . {3' . 
x= =-SrSlnar = rs1nar, 

Hr 

{3, fo fo {3' {3' 
y = =-SrCOSCXr +=-Sb= rCOSCXr + b' 

Hr Hb 

(4.8) 

The sum of {3~ and {3~ gives the total f3;, which is defined as: 

'_ / 12 ,2 _ (Sr )
2 

2srsb (Sb )
2 

f3t- y f3x + f3y - fo =- +=-=-cos ar+ =-
Hr HrHb Hb 

(4.9) 

This f3; can be non-dimensionalised and so f3; is obtained: 

{3* = f3;R 
1 fo · 

(4.10) 

A regime diagramme of f3; and Ro is given in figure 4.11. It can be seen that Ro > 1, but due to 
viscous damping effects it will soon decrease ( see [ 16]), which is a condition for two-dimensional 
motion (see sectien 2.3). Four different regionscan be distinguished in this diagramme (see also 
sectien 3.3). The flow evolution in each region has a different scenario: 
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Figure 4.11: Regime diagramme showing the numerically simulated flow evolution scenarios 
when encounteringa ridgefor different values ofthe parameters Ro and f37, de.fined in the equa
tions ( 4.3) and ( 4.10 ), respectively. 

• Vortex crosses the ridge, moves parallel to it and then continues its nortb-westem motion 
(<>). 

• Vortex crosses the ridge ( o ). 

• Vortex gets trapped by the ridge (x). 

• Vortex does not approach the ridge ( + ). 

At the right and top si de of this diagramme the values for ar and r are given, respectively. At the 
upper left-hand side ofthe diagramme a simulation is shown for which the vortex crosses the ridge 
and then moves parallel to it (V). In this case the monopole has encountered the eastem boundary 
and it can not be determined whether it will eventually get trapped or continue its nortb-westem 
motion. 

From tigure 4.11 it can be concluded that a vortex is more likely to be able to cross when: (i) 
f37 is largerand thus ar is smaller, or (ii) Ro is largerand thus ris larger. A smaller ar means that 
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the slope of the bottorn and the ridge are more aligned. When these slopes are perpendicular to 
each other only the stronger vortices will be able to cross. When ar = 120° the vortex will climb 
the ridge and also deseend it, but it will not cross it, because the gradient of both the bottorn and 
the ridge are directed in north( -western) direction and there is no mechanism to force it towards 
the soutb-western corner. For ctr 2: 150° the inftuence of the ridge is very smalland the vortex 
will not approach it. 

When cernparing tigure 4.11 with 3.11 the same qualitative conclusions can be made. In the 
laboratory, however, the vortices were created too close to the ridge and therefore approached it 
in all experiments. Another difference between the simulations and the experiments is the way 
the vortices were created (see also section 5.2). In the numerical simulations a vortex is created 
instantaneously at t=O s, while in the experiments the vortex is produced by withdrawing some 
water. During this process some vorticity is already developed (especially at the ridge and at the 
boundaries) which inftuences the flow evolution of the vortex. 
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Chapter 5 

Conclusions 

In this research project a study on the interaction of monopolar non-isolated vortices with a ridge 
on a topographic ,8-plane has been done. The results are split up in an experimental part and nu
merical simulations for which the results are given in chapter 3 and 4, respectively. The goal of 
this project was to investigate, the inftuence of the ridge on the behaviour of the vortex. 

The two parameters which were varied, are the vortex strength (r) and the ridge orientation 
angle (a,). These two parameters haveastrong inftuence on both the initial trajectory ofthe vor
tex and on the flow evolution scenario at later stages, as can be concluded from the numerical 
simulations, which will be discussed tirst. 

5.1 Numerical simulations 

lnitial trajectory of the vortex 

The initial trajectory (t =S40 s) of the vortex is (for constant a,) almost independent of r (as can 
beseen in the tigures 4.3 and 5.l(a)). Although stronger vortices move faster, they move over the 
same track as the weaker ones. 

For a constant r, the initial trajectory of the vortex is dependent on a, (see tigures 4.2 and 
5.1(b)). The shape ofthis trajectory can be explained by examining the development of negative 
vorticity (created by squeezing of ftuid columns advected from a larger depth) on the ridge (see 
tigure 5.2). The inftuence of this patch of negative vorticity has to be added to the north-western 
motion of the vortex produced by the topographic ,8-plane. The combination of the topographic 
effects produced by the ridge and the overall slope has been detined as the effective ,8-effect. The 
more the slopes of the bottorn and the ridge are aligned, the more the advected ftuid columns 
are squeezed and the more negative vorticity is developed (see tigure 5.2). A stronger patch of 
negative vorticity forces the vortex to move faster, as can be seen in tigure 4.2. However, not 
only the strength, but also the position of the cell of negative vorticity relative to the cyclone, 
determines the trajectory ofthe vortex. When the slope ofthe ridge is less aligned with the bottorn 
slope (larger a,), the originally north-western motion is opposed by a south-western tendency 
induced by the ridge. As a result, the northward motion is reduced. In other words, the patch 
of negative vorticity developed on the ridge is situated more to the western side of the vortex, as 
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Figure 5.1: The initia! trajectory of the vortex for (a) constant ar and varying r (0.005 (x), 
0.0075(), 0.01 (+), 0.0125 (o) and 0.015 (*) m2 js, (b) constant r=0.0150 m2/s and varying a, 
(positions at t=O, 20 and 40 s ). 

is illustrated in tigure 5.2. The dipolar structure thus formed has a momenturn which is directed 
less towards the north. So due to a combination of strength and position of the negative vorticity 
on the ridge (which depends on ar), added to the north-western motion of the vortex, the most 
southern trajectory is observed fora~ (which is approximately 70° for r = 0.0150 m2/s). 

Flow evolution at later stages 

The flow evolution scenariofort >40 sis strongly dependent on rand a,. The simulations re
vealed that the more the slope of the ridge and bottorn are aligned, the easier it is for the vortex 
to cross (and continue its north-western motion), while only strong vortices can cross a merid
ional ridge (i.e. when the slopes are perpendicular toeach other). The criterion for crossing is the 
adveetion of a certain amount of negative vorticity over the ridge (see tigure 4.5). Fluid pareels 
in front of the ridge (on the si de where the vortex was created) are advected over the ridge and 
negative vorticity will be developed. Afterwards, these ftuid columns are stretched when they de
scend at the other side of the ridge, regaining some vorticity. lf the fluid pareels start to climb the 
ridge at a point situated more to the south than where they leave the ridge, the net result is that 
the ftuid columns are squeezed and negative vorticity will be left. This scenario only occurs for 
large r and/or smallar (see tigure 4.11 ). For small r or large a, the vortex is not able to cross. In 
case of a zonal ridge (a, = 0°), the vortex will cross, move parallel to the ridge and tinally con
tinue its north-western motion. The parallel motion is caused by the amount of negative vorticity 
on the ridge, which counteracts the influence of the advected vorticity at the northern si de of the 
ridge. The vortex crosses at a later stage, when negative vorticity is advected from the ridge for 
the second time and only a small amount is lefton the ridge (see tigure 4.8). 
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Figure 5.2: Development of vorticity on the ridge for experiments with r =0. 0150 m2 Is. The ridge 
orientation angle ctr is given in the figures. The solid lines re present positive and the dotted lines 
negative vorticity. The interval between the vorticity lines is !1w = 0.1 s- 1. 
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The vortex will get trapped by the ridge if not enough negative vorticity is advected at the northern 
si de of the vortex. If ar is too large, the inftuence of the ridge is too small and the vortex will not 
approach it. 

5.2 Experimentalpart 

The quantitative behaviour of the vertices in the experiments is different from those in the sim
ulations. The initial trajectory of the experimental vertices is purely westward, instead of north
westward. Also the evolution scenarios at later stages differ slightly from the numerical simu
lations. An explanation for this difference can be found in the creation of the vertices. In the 
numerical simulations a vortex is created instantaneously at t=O s, while in the experiments the 
vortex is produced by withdrawing some water. During this process some vorticity is already de
veloped, especially at the ridge and at the boundaries. The vorticity, which was developed during 
the syphoning, forces the vortex to move in western, insteadof northwestern direction. The qual
itative behaviour of the vortex evolutions scenarios of the experiments is in good agreement with 
the simulations. Both from the numerical simulations and from the experiments it can be con
cluded that a vortex is more likely to be able to cross a ridge when ar is smaller and/or r ( or ts 
for the experiments) is larger. 
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Appendix A 

Height of the ridge 

The height of the ridge, entered in the numerical code through an input file, is given in this ap
pendix. The origin is arbitrarily chosen at the centre of the southem boundary. 

The initial position of the vortex (0.35 m, 0.35 m) and the distance to the ridge (0.25 m) are 
kept constant. In order to do this the si de of the ridge has to coincide with the tangent of the circle 
(r=0.25 m) around the vortex. (see figure A.1). When a,=0° the crest of the ridge is situated at 
y=0.7 m, while fora,= 90° the crest ofthe ridge coincides with the y-axis. At (xp, Yp) the ridge 
touches the circle. This point is given by: 

r2 tana, 
---- +r+ w- 2rsina,, 
1 + tana, 

(A.1) 

(A.2) 

where the definitions of r, a,, wandbare given in figure A.1 and K = 1 when a, :s 90° and K = -1 
when a, > 90°. The planes in which the left and right part of the ridge are situated, interseet the 
x-, y- and z-axis in the following points: 

x, 
Xp tana,- Yp 

(A.3) 
tana, 

y, Yp- xP tana,, (A.4) 

z, hm sin a, ( Xp tana,- Yp)' 
w tana, 

(A.5) 

xP tana,- Yp 2w 
(A.6) X[ ---

tana, sma, 
2w 

(A.7) YL Yp- Xp tana, + --, 
cos a, 

hm(Yp- Xp tana,) sin a, 
(A.8) ZL - +2hm, 

wtana, 

with hm the maximum height of the ridge. The height of the ridge (l and r refer to the left and 
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y 
= 1.5 

North 

South 
0 0.35 m 0.40 m x= o.75 x 

Figure A.l: Definition sketch of the position of the ridge and vort ex. 

right part, respectively) is then given by: 

h, = ( 1 - ~ - l_) · Zr 
Xr Yr 

for (A.9) 

ht = (1 - ~ - L) . Zt 
X[ Yt 

for (A.lO) 

The height of the bottorn is given by: 

f/b = SbY = 0.05y. (A.ll) 

The depth of the fluid equals the maximum fluid depth D=0.24 m, minus the height of the ridge 
and bottom: 

H=D-rJ 8 -h,-ht. (A.l2) 
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AppendixB 

Input file for NSEVOL 

The input parameters for the numerical code NSEVOL are entered through a separate file. A com
plete description of this file is given here: 

1 -0.75 0.75 0 1.5 
2 129 129 
3 4 4 0 

4 1 
5 0 0 
6 1 1 1 
7 1 1 

8 1000000 * * 200 0 
9 0.1 200 

10 2 

11 0.1 1 
12 1 1 0 2 
13 3 2 2 200 2 2 2 
14 0 
15 '***' 
16 23 
17 0.35 0.35 * 0.03 
18 9 
19 4 

20 0.35 0.35 0.1 0.1 200 1 
21 8 
22 0.35 0.35 0 
23 9 
24 200 2 

alx1i alx1f alx2i alx2f 
n1 n2 
ibcx ibcy kind of flow (kof) 
nrot 
beta gamma 
ttpp fcero friet 
iarak (Arakawa's coef.) nnln 
1/visc. tmax mmax mist icfl 
dt rostam 
nrc 
rorcO 
np1 

kind of circle I ccx 
np2 npsi nout 

ccy 

npl nes ntrm npltm nps ngp1 ngp2 
nprfl 
run name [8 char.; 3 are prefix] 
kind of vorticity (kov) 
yc1 yc2 strength rscale 
kov 
kot 
tc1 tc2 rt1 rt2 nnn mmm 
kot 
xt yt nxt 
kot 
ntprt ktout 
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The numerical values of the parameters which are the same for each experiment are given. 
The ones which vary are presented by an asterix (*). 

I Line nr.: Description: 

1 Physical dimensions of X1, X2 domain. 
2 Number of grid points in X1, X2 direction. 
3 Boundary conditions ( 4=no-slip ), 

kof= 0: no extemal flow. 
4 Nrot=1: include rotation effects. 
5 Strength of fJ and y. 
6 Ttpp = 1: include bottom-topography, fcero = f 0 , 

friet = 1: include friction. 
7 I arak = I: u se standard Arakawa coefficients, 

nnln = I: include non-linear terms. 
8 1/viscosity, maximum time for calculations, 

maximum number of time steps, information is printed each mist time units, 
iefl = 0: time step dt is constant. 

9 Time step, field printed each mstam time steps. 
10/II Nre = 2: circle with fixed radius roreO, co-moving with vortex, 

koe = I: centre is maximum of vorticity. 
I2 Printing strides for the output of the vorticity fields, 

npsi = 0: \11 not to output file, 
nout = 2: data saved for Gnuplot and not written to screen. 

13 Npl = 3: vorticity and streamfunction, nes= 2 contours and surface, 
ntrm = 2: XII terminal, number of time steps between successive plots, 
number of seconds pause between plots, 
step through grid points in XI, X2 direction. 

I4 Nprfl = 0: no profilesalong lines. 
I5 Name of the run. 
I6 Kov = 23: Gaussian monopolar vortex (Lamb vortex). 
17 Centre coordinates, strength (f) and horizontallength scale of the vortex. 
18 No more vortices (since more than one vortex can be placed). 
I9 Kot = 4: Tracers placed randomly in an elliptical blob. 
20 Centre coordinates of ellipse, form of the ellipse, 

number of tracers in the patch, (integer) seed value for the random series. 
2I Kot= 8: Single tracer point on selected coordinates. 
22 Coordinates of the tracer point, no more tracer points. 
23 No more tracers. 
24 Number of time steps between printing of the tracer positions, 

ktout = 2: Output files '<namrun> .trs' and/or '<namrun> .trp'. 
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Appendix C 

Technology assessment 

The field of geophysical ftuid dynamics is mainly concemed with large-scale ftows in theEarth's 
atmosphere and oceans. These ftows cao be considered as being quasi-two-dimensional and are 
very persistent, abundant and powerful. A hurricane, like Floyd for example on page 2, can cause 
considerable damage (both lossof lives and material damage). Oceanic eddies cao carry pollu
tants, caused by e.g. an accident, over long distances. Knowledge about their trajectories cao help 
us to proteet threatened areas and to forecast and prevent major disasters. 

Laberatory studies have to be performed to gain more insight in the theory of 2D-vortices and 
their interactions with a bottorn topography. Numerical simulations should reveal whether the 
!Jhysics behind the experiments are understood well enough. 
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Satellite image of the hurricane Floyd during the sunset of September 12, 1999 at 21:48. 

Hereby I would like to thank all the people who helped me during my graduation project: my su
pervisors Luis Zavala Sansón and GertJan van Heijst, the technicians, Ph.D. students, staff mern
bers and fellow-students. 
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Stellingen 
behorende bij het afstudeerverslag 

"Monopole-ridge interaction on a topographic ,8-plane" 
R.H.C. Eijmberts 

1. De baan van een wervel op een .B-vlak wordt sterk beïnvloed door de aanwezigheid van een 
bodemstructuur. 

Dit verslag, hoofdstuk 3 en 4. 

2. De wervelsterkte van een niet-geïsoleerde monopool op een .B-vlak heeft een grote invloed 
op de snelheid van deze wervel, terwijl voor een vaste oriëntatiehoek van een bergrug het 
eerste deel van de baan vrijwel onafhankelijk is van deze sterkte. 

Dit verslag, hoofdstuk 4. 

3. Voorwaarde voor een niet-geïsoleerde monopool voor het passeren van een bergrug op een 
.B-vlak is dat er voldoende negatieve vorticiteit wordt ontwikkeld aan de overzijde van de 
bergrug. 

Dit verslag, hoofdstuk 4. 

4. Het percentage automobilisten dat de mistlamp voert, is niet evenredig met de dichtheid van 
de mist. 

5. Diegene die inlogt op de Big Brother site wordt zelf ook bekeken. 

Remco Habing. 

6. De meeste snookerspelers die zich minachtend uitlaten over het poolbiljarten, halen hun 
gemiddelde speelniveau bij lange na niet bij een spelletje pool. 

7. Een hoogste serie bij biljarten zegt niet altijd iets over iemands gemiddelde speelniveau. 

8. Er kan bij het poolbiljarten een onzekerheidsrelatie worden opgesteld tussen het zuiver ra
ken van een bal en het verkrijgen van positie op de volgende. 

9. De prijs van een keu is zeker niet evenredig met haar gewicht (en ook niet met de kwaliteit). 



10. Het aantal mensa-bezoeken van een afstudeerder neemt toe als het deelnemen aan kaart
spelletjes afneemt. 

Remco Habing & Richard Eijmberts, 29-11-1999. 

11. Veel sporten, die in het buitenland heel populair zijn, kunnen in Nederland een Barney
effect goed gebruiken. 

12. De hobby van sommige mensen komt soms wel heel duidelijk naar voren bij de stellingen 
van een verslag. 

13. Het feit dat een verslag stellingen bevat maakt van het verslag nog geen proefschrift. 


