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1 Motivation

In shallow seasand estuaries, understanding the physical e�ects of development
and breakdown of strati�cation is a key to understand the ecosystemdynamics of
such regions. Physical processesdue to vertical mixing like heat 
ux, freshwater

ux and momentum 
ux are controlled by the intensity of strati�cation. Biological
properties in strati�ed waters depending on vertical mixing, like 
ux of nutrients,
are suppressedand feedback on physical processeslike absorption of solar radiation.
For example, the primary production of phytoplankton takesplace in a near-surface
layer. Turbulent mixing disposesthe producedphytoplankton in the water column.
But in a strati�ed regime,suppressedturbulence at the pycnocline leadsto a higher
opacity, that means higher absorption rates in the mixing layer than in a well-
mixed regime,when the plankton are displacedover the whole water column. Hence
strati�cation is a fundamental control on primary production (Sverdrup [1953]).

Strati�cation and mixing doesnot only control primary production, but can have
a large impact on the supply of phytoplankton to benthic �lter feeders(Frechette
and Bourget [1985]). In areas with high density of benthic �lter feeders,like the
Limfjord where musselsare grown on shell�sh beds,the musselscan consumemore
phytoplankton than is transported downwards, which results in a depletion boundary
layer near the seabed (Ackermann et al. [2001],Muschenheimand Newell [1992]).

In periods of strong strati�cation or lessmixing in the Limfjord the heavy bottom
layer is decoupled from the upper layer. Then, the pycnocline prevents 
uxes of
nutrients, oxygen and phytoplankton, which can only come from the sea surface
above, and the boundary depletion layer cannot be replenished. The musselgrowth
is reduced during these periods of food depletion, and in extreme casesof oxygen
depletion the musselswill die.

The EU-Project MaBenE (short for: Managing Benthic Ecosystemsin relation to
Physical Forcing and Environmental constraints) started in 2002and �nished a short
time agoin January 2006. Its aim wasto study the physical and ecologicalregimein
several musselgrowth areasin Europe, including the Limfjord, in order to optimise
shell�sh production in terms of yield as well as nature conservation. In order to
obtain a complete and realistic picture of the physical processesin the Limfjord,
determining its benthic life, a realistic 3D-model was set up to study strati�cation
and physical processesin the Limfjord. This thesis aims to report on these model
studies and its results.
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2 Strati�cation in the Limfjo rd

2.1 About the Limfjo rd

The Limfjord is a shallow sound in Denmark separating the Jutland Peninsula from
the island Vendsyssel-Thy. It stretches from the Thybor�n channel (Figure 39 in
the appendix shows a map) at the North Seato Hals at Kattegat with a length of
approximately 180km. The name"Limfjord" is assumedto comefrom earlier times
before1825,when the Limfjord was only an estuary reaching from the only opening
Kattegat into the Jutland Peninsula. On 3 February, 1825, the Limfjord was �rst
opened to the North Sea side by a 
o od, building the so-called Agger-Canal. In
1862,another 
o oding created another opening in the remaining western boundary,
called Thybor�n channel. In the late 19th century , the Agger-Canal was closedby
continuous accumulation of sand.

The Limfjord is of irregularly shape with several bays, narrowings and islands.
The connection to the North Sea is the Thybor�n channel, which leads into the
westernbasin Nissum Bredning. A thin channel, called Oddesund,connectsNissum
Bredning with the inner Limfjord which is dominated by islands and peninsulas,
forming channelsand bays. The island Mors in the westernpart of the inner Limfjord
divides the Limfjord into two channels: Salling Sund, which carries the main 
o w
and Nassund/Vilsund into a basin called Thisted Bredning. In the centre of the
Limfjord is a shallow and wide basin called L�gst�r Bredning. There is an estuary
to the south with Risg�arde Bredning connectedvia Hvalpsund to Skive Fjord and
Lovns Bredning. To the east,L�gst�r Bredning is connectedto the Kattegat through
a river-like channel, being connected to Kattegat at Hals. The main port of the
Limfjord is �Alb org, wherea railway and road bridge passesthe Limfjord from �Alb org
to N�rresundb y.

The meanwater depth is about 4.5 m and the deepest point is in Hvalpsund with
a depth of 24 m. In L�gst�r Bredning, the mean depth is about 5.8 m. There
is a permanent horizontal salinity gradient between the two boundaries, having a
salinity of 32-34PSU at Thybor�n channel and 19-25PSU at Hals. The total water
volume in the Limfjord is 7.1 km3, comparing to the net west-east through
o w of
8.7 km3. That results in a residencetime of 225 days (Dame and Prins [1998]).
With a freshwater input from rivers in the sameorder of magnitude cumulating up
to 2.4 km3 in 2003,the Limfjord is neither controlled only by North Seawater, nor
only by riverine freshwater, but rather by the interaction of both. The salinity in
the inner parts of the Limfjord raiseby 2 to 4 PSU over the whole year 2003. There
were four major in
o w events from the north seaside at the end of June, at the
end of August, in October and an in
o w at the very end of the year at the end
of December. Temperature raise up to 20 degreeCelsius during summer. In the
winter period, the Limfjord is partially covered with ice. The regional wind �eld is
dominated by westerly winds, building a higher seasurfaceelevation at the western
boundary, than in the Kattegat boundary.

The Limfjord is famous for its tasty blue mussels(Mytilus edulis). The mussels
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are said to have an extraordinary size and quality. The meat of the Mytilus edulis
mussel meat is even available in popular supermarkets in Germany, but they are
sold as North-A tlantic fjord musselsfrom the Limfjord. In the mussel �shery, the
musselbedsare placedin the northern part of L�gst�r Bredning at a depth of about
7.5 m at the seabed. Future plans include the idea of growing the musselson ropes
attached to rafts. The advantage is that the musselsarenear the primary production
area at the surfaceand that they are not as endangeredin times of strati�cation.
About 100.000t musselsare being harvested in the Limfjord per year (Royal-Frysk
[2006]).

2.2 Production of strati�cation

2.2.1 Solar heating

In the open ocean,solar heating is the most important stratifying force. The parts
of solar radiation which penetrate the seasurfacewithout being re
ected and sent
back into the atmosphereimmediately, react with the water moleculesand particles
in the water. This reaction is called absorption, and it depends on the spectrum
and intensity of the incoming radiation and the degreeof absorption, depending
on the composition of the water including particles in it. The absorption can be
parameterisedby an exponential law of the intensity of radiation depending on the
distance from the surfaced.

I (d) = I 0 � e� d
g (1)

with g as e-folding length, depending on the wavelength and I 0 as albedo-corrected
surfaceradiation. The in
uence of radiation decreasesexponentially , which means
that in a depth of z = 4:6 � g, the intensity of radiation equalsapproximately 1%
of the intensity of radation at the surface. The range of the absorption length for
visible light measuresabout two orders of magnitude from several 10 cm in dirt y
waters up to several 10 m in the open ocean.

In shallow areasand estuaries,the water temperature is not the most important
agent in determining the strati�cation. In estuaries,freshwater from the river in
o w
is confronted with oceanic water with a relatively high salinity. The di�erences
in salinity are of orders of magnitude, reaching from 0 PSU directly in the river
water up to 35 PSU in the ocean. In shallow waters with a water depth, which
equalsapproximately the absorption length, the solar radiation has an in
uence on
the whole water column. In very shallow waters, there is a signi�cant amount of
radiation at the sea bed which is partially being re
ected into the water column
again. The residual radiation heats up the seabed, resulting a heat 
ux from the
sea bed into the near sea bed water. Furthermore, convective motions and wind
stirring (seesection 2.3) can mix the whole water column. Especially wind stirring
of the whole water column results in increasedtemperatures even at the seabed.

The Limfjord is a shallow estuarine area, such that is expected that saline strat-
i�cation, due to mean horizontal gradients and freshwater supply, plays a more
dominant role than thermal strati�cation, due to solar heating.
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2.2.2 Precipitation

Another agent for strati�cation is precipitation. The fresh water from precipitation
reaches the sea surface and wind induced turbulence mixes the fresh water with
saline seawater. One can assumethat the concentration of salt in the wind-mixed
layer will decreaseproportionally to the volume of fresh water from precipitation.

2.2.3 Di�erential advection

The total derivative of the water's density � may be formulated as the sum of local
tendency by mixing, solar heating, evaporation or precipitation and the advection:

d�
dt

=
@�
@t

+ ~v � ~r � (2)

with ~v being the 
o w velocity. When there is no gradient in direction of 
o w, there is
no advective changein density. In natural waters like the Limfjord, advection is de-
termined by the horizontal 
o w, sothe gradient in density within the advective term
has to have a horizontal part to causean advective change. In this case,horizontal
density gradients are typical for density fronts, which are the boundaries between
strati�ed and well-mixed regimes. When strati�cation should increasebecauseof ad-
vection, vertical inhomogeneitiesin either 
o w velocity or density gradients have to
occur. The advection term then can be seenasa vertically inhomogeneousadvective
changewhich meansthat di�eren t advective changesoccur in di�eren t water depths,
the so called di�eren tial advection. The �rst caseof the stratifying e�ect of di�er-
ential advection is, that there is a vertically constant 
o w velocity over the whole
water column, which advects a strati�ed regime from neighbouring water columns.
In �gure 1, this situation is shown in situation B. The vertical di�erences in the
advection term in (2) are causedby vertical di�erences in the density gradient. The
secondcasefor the stratifying e�ect of di�eren tial advection is a current shear at
density fronts. When there are no vertical di�erences in the density gradient, but
a horizontal density gradient exists, vertical di�erences in density can be produced
by vertical di�erences in velocity. In nature, this procedureoccurs in tidally driven,
shallow estuaries,called tidal straining. Substantial horizontal gradients of density
are induced by freshwater input from rivers in estuaries. Initially , the isolines of
salinity are vertically distorted by di�eren tial displacement. At ebb tide with a sea-
ward 
o w, bottom friction induces a shear in currents. The surface water moves
faster than the water near the seabed and lets the light riverine water overtake the
heavier, more saline water. A stable vertical structure is induced and sharpened
by mixing e�ects by windstressand bottom shear. The mechanism is illustrated in
Figure 2, taken from Simpson et al. [1990].

Estuarine circulation in general is determined by di�eren tial advection. With
having horizontal gradients in density, an internal pressuregradient, which increases
with depth, is produced by a higher hydrostatic pressurein areaswith high density
than in areas with lower density. It follows a 
o w from areas of higher density



2 Strati�cation in the Limfjord 5

Figure 1: Four situations of stratifying. A&C: current shearand horizontal density
gradient, B: advection of a strati�ed situation, D: di�eren tial advection
The situations pictured on the left precedethe situations on the right.
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Figure 2: Schematic of tidal straining: (a) isolinesvertical at start of ebb, (b) strat-
i�cation induced by shearon the ebb modi�ed by top and bottom mixing
(picture taken from Simpson et al. [1990])

(mainly at the seabed) to areasof lower density. The lighter, by the bottom 
o w
lifted water 
o ws backwards from areasof lower density to areasof higher density,
driven by an elevation induced pressuregradient at the seasurface. The prototype
of this circulation is the lock exchange. With removing an interfacebetweenwater of
high density and water of lower density, a stratifying circulation that was described
above sets in. Figure 3 shows a simulated lock exchange with the 3D circulation
model GETM sometime after removing the interfacebetweentwo water masseswith
a density di�erence of 5 kg m� 3 in a closedrectangular basin, which is 64 km long
and 20 m deep(seeHaidvogeland Beckmann [1999]). The corresponding situation in
Figure 1 is situation C. The principles of the lock exchangecirculation and estuarine
circulation are the same, but with the di�erence, that the estuarine system has a
smooth horizontal gradient instead of a step in gradient like with the lock exchange
system.

2.3 Destruction of strati�cation

In relation to strati�cation, a water column can have three principle states. One of
thesestates is the fully mixed water column, that meanshomogeneousconditions in
density � , depending on pressure,salinity and temperature. The strati�ed statesare
stable strati�cation and unstable strati�cation. Unstable strati�cation meansthat
heavier water volumes lie above lighter water volumes. So it is an unsteady state
of the water column, becauseas soon as there is denserwater above lighter water,
turbulence makes for mixing, so that the water becomesdenserwith depth. Stable
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Figure 3: Density distribution in a lock-exchangemodel experiment, simulated with
GETM.

strati�cation is the steady state being called "strati�cation" for simplicit y. In this
case,density increaseswith depth somehow, that means the densewater remains
at the seabed. E�ects which destruct strati�cation have in common that turbu-
lenceis produced, resulting in vertical transports. Such physical e�ects are bottom
sheardriven by near-bed 
o w, surfaceshearby wind and unstable strati�cation by
di�eren tial advection and surfacecooling, including evaporation.

2.3.1 Surface shear

Wind can stir water bodies of any type. When one blows over the surfaceof co�ee
in a cup, waves occur and the water or co�ee in the cup starts moving. The same
e�ect is acting on oceanic waters. The wind blowing over oceanic water does not
only slip over the water, but it causesstresson the seasurface and is towing the
surfacewater in its direction. The momentum of surfacewater is transferred onto
deeper layers by turbulent friction. Becausethese oceanic waters are located on a
rotating earth, the Coriolis force causesevery moving water volume to be diverted
to the right hand sideat the northern hemisphereand to be diverted to the left hand
side at the southern hemisphere. The wind stressat the surface is proportional to
the wind speedsquaredand givesa force per area.

� = Cd � � a � v2
wind

with Cd being the drag coe�cien t, � a is the density of air and vwind is the absolute
wind velocity. This force drives a current on the surface and producesa shear in
currents compared with lower layers. This shear produces turbulence that mixes
the water column. The turbulent friction is assumedby parameterising turbulence
statistically with the eddy viscosity and the vertical shear. This assumption was
�rst formulated by Boussinesq.So the stress� ij being imposedfrom vertical layer i
upon layer j is parameterisedby

� ij = � � � t � Sij

with � denoting the mean water density, � t being the eddy viscosity and Sij =
(@zu) i;j being the shear in currents. Turbulence doesnot only causeturbulent fric-



2 Strati�cation in the Limfjord 8

tion, but it results in turbulent di�usion being parameterisedstatistically by a quan-
tit y called eddy di�usivit y. Giving a turbulent 
ux of � 0

t@zc, with � 0
t being the eddy

di�usivit y and c being a scalar value such as potential temperature or salinity.

2.3.2 Bottom shear

Directly at the sea bed, the 
o w velocity equals zero becauseof adhesion at the
seabed. With a 
o w above, there is a shear in currents that producesturbulence
similar to surfaceshearby wind stressat the seasurface. At the bottom, the force
acting on the moving water volume by turbulent friction can be estimated with a
stress � b = � (u� )2 calculated from the density of water and the turbulent velocity
scaleu� . The velocities outside the near-bed viscous layer can be described by a
logarithmic law. It assumesthat the e�ectiv e roughnesslength at the bottom, z0,
is much smaller than the distance from the bottom:

u(z)
u�

=
1
�

� ln
�

z
z0

�
(3)

where� � 0:41 is the Karman constant and z is the distancefrom the bed. However,
extrapolation of 3 to z ! z0 results in u(z0) = 0, i.e. zero velocity at the bed, such
that the log-law down to the bed givesa su�cien t parametrisation for the 
o ws.

2.3.3 Surface cooling

Surfacecooling is an e�ect that occursmainly at night, when the water temperature
is higher than the air temperature and when cold or dry winds are blowing over the
seasurface. In both cases,heat 
ux from the surfacewater into the air cools down
the surfacewater. The heat 
ux consistsof the longwave back-radiation from the
water, the sensibleheat 
ux and the latent heat 
ux.

QH F = Qs + Qi + Ql

The longwave back-radiation is black body radiation Q i � � T4 with correction
terms. Theseareneeded,becausethe water body is not a black body and the emitted
infrared radiation is absorbedby water vapour, carbon dioxide and greenhousegases.
Thesegasesre-emit the infrared radiation into the ocean. Driv en by the temperature
di�erence between seasurface water and air, a sensibleheat 
ux heats up the air
at the seasurface. Even more than the sensibleheat 
ux, the latent heat 
ux by
evaporation cools down the seasurface.

When there are dry winds with a low relative humidit y, water from the seasurface
evaporates and takes the necessaryamount of heat from the surfacewater. When
there are cold winds that advect cold air or the air cools o� at night, the sensible
heat 
ux cools the surfacewater.

Surface cooling makes the surface water becomedenser than the water below.
Therefore, vertical convection starts in the water column driven by the buoyancy
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that forcesthe lighter water directed to the surfaceand gravitation that forcesthe
relatively heavier water at the surfacein the direction of the seabed. This convective
motion mixes the water column.

2.3.4 Destruction of strati�cation by di�erential advection

As already discussedin section2.2.3,di�eren tial advection canproducestrati�cation
in an ebb tide regime with vertically isolines of density, but a horizontal density
gradient, inducedby estuarinefreshwater input. In a high tide regime,the processof
tidal straining in section2.2.3reverts and in a landward 
o w, bottom friction induces
a shearin currents. The surfacewater movesfaster than the water near the seabed
and lets the saline and thus heavy water overtake the lighter water and inducesan
instably strati�ed system. Convection mixes the watercolumn immediately.

2.4 Quantifying Strati�cation

When one wants to �nd results concerning strati�cation in the model, quantities
describing strati�cation have to be considered.Obviously, strati�cation meansthat
the density of water increaseswith water depth. A �rst way to estimatestrati�cation
is to calculate the di�erence between seasurfacedensity and the water density at
the seabed.

� � = � seabed � � sea sur f ace

The sign and magnitude of this di�erence givesthe type of strati�cation and a kind
of an order of magnitude of strati�cation. By using the water depth H , a mean
gradient can be calculated for each point in the consideredwaters - especially from
this thesis' point of view in the Limfjord by

�
@�
@z

�
=

� �
H

:

A constant density gradient in the whole water column is a very special case in
natural waters. In general,a mixed layer at the seasurfaceand a mixed layer at the
seabed exists, becauseof shearproduced turbulence at the seabed and the surface
and thermal convection at the surface like described in section 2.3. The gradient
in density therefore is located vertically mainly between the bottom and surface
mixed layer in the pycnocline, thus having a stronger magnitude than the mean
gradient for the whole water column. Considering strati�cation and its production
and destruction only by looking at density gradients as solequantities is too simple.
One hasto take a look at energies,especially potential energyasquantit y for energy
stored in strati�cation and turbulent kinetic energyas an agent acting against this.
The kinetic energyof a strati�ed 
o w doesnot primarily decreasestrati�cation, only
the turbulent kinetic energy, stored in turbulence, produced by a shear in currents,
has an e�ect of mixing. When taking the equation for turbulent kinetic energyk in
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a simple form
D
Dt

k = � T + P + B � " (4)

with T being the transport, P is the shearproduction, B is the buoyant production
and " is the dissipation. The left hand side is the total deviation in time for the
turbulent kinetic energy, being composedof the partial deviation in time and the
advective changeof turbulent kinetic energyby the mean 
o w

D
Dt

k =
@k
@t

+ Ui
@k
@x i

(5)

with U being the statistical mean 
o w velocity. In full notation the equation for the
turbulent kinetic energy (after Kundu [1990]) is as follows

D
Dt

k = �
@

@x j

 
1
� 0

hpuj i +
1
2

hu2
i uj i � 2�

@
@j

k

!

� hui uj i
@Ui

@x j
�

g
� 0

hu3� 0i � 2� heij eij i :

(6)
In (6) k is the turbulent kinetic energyper unit mass,u i are 
uctuations in velocity

with the index denoting the direction in space(index 1 and 2 give the two horizontal
directions, index 3 gives the vertical direction), � 0 is the mean density of water, � 0

is the 
uctuation of water density and the overlining bars give statistical means.
The �rst three terms on the right hand side of (6) represent the spatial transport
of turbulent kinetic energy T from (4), with the �rst two terms representing the
transport by turbulence itself and the third term being the viscoustransport. The
fourth term represents the shearproduction

P = �h ui uj i
@Ui

@x j
:

This term is usually positive and represents the loss of mean kinetic energy by the
interaction of Reynoldsstresswith the mean shear. This term is a lossin the mean
kinetic energy budget and a gain of turbulent kinetic energy. With boundary layer
approximation, it is assumed,that all variables except the pressureare horizontally
homogeneousand only have vertical gradients. The horizontal pressuregradient is
one of the driving forces and therefore has to be retained (Umlauf [2001]). The
shearproduction reduceswith boundary layer approximation to

P = �h uwi
@U
@z

� hvwi
@V
@z

:

The �fth term represents the buoyant production of turbulence

B = �
g
� 0

hu3� 0i :

The buoyant production can be a gain for turbulence. When the background density
pro�le in the water column is unstable, the turbulent density 
ux hu3� 0i is downward
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and the turbulent kinetic energyincreasesbecauseof convective motions. When the
water column is stably strati�ed, the turbulent density 
ux is directed upward,
resulting in a loss in turbulent kinetic energy by increasing the potential energy of
the watercolumn.
The last term on the right hand side of (6) is the viscousdissipation

" = 2� heij eij i

where the eij are the 
uctuating rates of strain

eij =
1
2

 
@ui

@x j
+

@uj

@x i

!

In considerationsof mean kinetic energy and mean 
o w, dissipation is a negligible
term, but in the turbulent kinetic energy equation the viscousdissipation is of the
sameorder of magnitude as the production terms P and B . It is the lossby viscous
friction within turbulent eddiesand it represents the lossor conversion from kinetic
energy to heat.

One can seein the equation of turbulent kinetic energy, representing a quantit y
of mixing, that the shearin currents determinesthe production of turbulence and a
stable density pro�le acts against strati�cation. In order to describe strati�cation,
several physical quantities and nondimensionalnumbers are consideredin 2.4.1 up
to 2.4.6.

2.4.1 Buoyancy frequency

In a strati�ed 
uid, a frequency can be de�ned which characterisesfree oscillations
in a stably strati�ed 
uid. This frequency is called buoyancy frequency or Brunt-
V•ais•al•a frequency. When a 
uid particle is displacedvertically, it undergoesvertical
oscillations, driven by the interaction of gravitation and buoyancy for a water vol-
ume with density � 0. When the 
uid is strati�ed in a stable manner, gravitation
forcesthe volume downwards, when it is lifted up into surrounding water with lower
density and buoyancy force the volume upwards, when it is moved downwards into
surrounding water with higher density than � 0. The buoyancy frequencyN is de�ned
by

N 2 �
� g
� 0

@�
@z

: (7)

In a non-strati�ed 
uid, the buoyancy frequency is zero, becausea water volume
with density � 0 has its equilibrium position everywhere in the water column of ho-
mogeneousdensity � 0. With an increasingdensity gradient, the buoyancy frequency
increases. The buoyancy frequency is imaginary for unstably strati�ed 
uids and
hence unde�ned. In stably strati�ed 
uids, the maximal frequency ! of internal
wave motions is N , so that internal waves in a certain depth have a wave period
larger than the period which is equivalent to the buoyancy frequency, Tb = 2� =N .

The Brunt-V•ais•al•a frequencyis a quantit y describingthe density gradient of stably
strati�ed 
uids, and it has to be greater than zero for stably strati�ed situations.
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2.4.2 Gradient Richardson number

The Gradient Richardson number is a number in strati�ed 
uids that combines the
density gradient with the shear in currents. It comparesthe buoyancy frequency
with the shear frequencyand is de�ned by

Rig(z) �
N 2

�
@u
@z

� 2
+

�
@v
@z

� 2 (8)

with �!u = (u; v) being the horizontal 
o w velocity. The gradient Richardsonnumber
is a nondimensionalnumber, indicating the stabilit y of strati�cation in a 
uid. The
nominator of (8) increaseswith the density gradient in the 
uid, and the denominator
term increasessquared with the shear in currents that producesturbulence. In a
stabilit y analysisit canbe found that linear stabilit y of a strati�ed 
o w is guaranteed
if the gradient Richardson number is greater than 0.25 anywhere in the 
o w. It is
necessaryto have Ri g < 0:25 in the 
o w to allow convective overturning, but the 
o w
is not necessarilyunstable, when ful�lling that criterion. But with Ri g < 0:25 one
hasa usefulguide for the prediction of instabilit y of a strati�ed shearlayer, shown in
laboratory (Scotti and Corcos [1972])and geophysical observations (Eriksen [1978]).

2.4.3 Flux Richardson number

Not as easy to measureas the gradient Richardson number from (8) is the 
ux
Richardson number, comparing terms of the turbulent kinetic energy equation (6).
The 
ux Richardson number Ri f is de�ned as ratio of buoyant destruction to the
shear production of turbulent kinetic energy. It is taking the fourth and the �fth
term on the right hand side of (6):

Ri f = �
B
P

=
� g

� 0
hw� 0i

�h ui uj i @Ui
@x j

(9)

For an unstable environment in which the density 
ux is downward, Ri f is negative.
The 
ux Richardson number becomespositive for a stably strati�ed environment.
When having a large negative Ri f , there is strong convection and weak mechanical
turbulence. For a 
ux Richardson number being greater than 1, turbulence is re-
moved by buoyancy at a rate larger than the rate of production of turbulence by
current shear. Observations (Panofsky and Dutton [1984]) show that turbulence is
decaying when there are turbulent 
uctuations and a value of Ri f larger than the
critical value of about Ri f cr it = 0:25 is measured.

2.4.4 Turbulent Prandtl-numb er

The 
ux Richardsonnumber and the gradient Richardson number asnumber stated
above are related to each other by the turbulent Prandtl number Pr , being de�ned
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as

Pr =
Rig

Ri f
=

� t

� 0
t

(10)

With the eddycoe�cien t assumptionthat parameterisesthe vertical Reynoldsstresses
asturbulent viscosity with the socalled eddy viscosity � t and vertical turbulent den-
sity 
uctuations as turbulent di�usion with the so called eddy di�usivit y � 0

t . The
eddy coe�cien t assumptionsare

�h w� 0i = � 0
t
d�
dz

�h uwi = � t
dU
dz

where � 0 is the 
uctuation in density, w and u are the 
uctuation in vertical and
horizontal velocity and U is the mean 
o w velocity. The turbulent Prandtl number
is greater than 1 for a stably strati�ed environment, becausestrati�cation damps
the vertical transports of density and momentum, but the vertical transport of mo-
mentum is suppressedless,becausepossibleinternal wavescan transfer momentum,
but not density.

2.4.5 Froude number and Bulk Richardson number

A nondimensionalnumber describing the 
o w in a 
uid is the Froude number F r .
It relates the velocity in the 
o w to the velocity of shallow water waves

F r =
U

p
gH

(11)

with g denoting the gravitational acceleration,U being the vertically averagedveloc-
it y and H being the water depth. When looking at a certain layer in a two-layered

uid, g has to be substituted by the buoyancy reducedgravit y g0, de�ned by

g0 = g �
� �
� 0

and the water depth has to be substituted by the layer height h, then the internal
Froude number is calculated as

F r layer =
U

p
g0h

;

where U is near the average velocity in that layer The ratio in (11) is between 0
and 1 for a 
o w, in which waves can propagate upstream and downstream. A 
o w
is called critical for F r = 1, that meansthe wavescannot propagate upstream, but
the crest of the wave remains at the place of disturbation. In supercritical 
o ws
with F r > 1, waves propagate only downstream when the Froude number is big,
gravitational e�ects can be neglected. The squared Froude number is the ratio of
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inertial forces to gravitational forces in a 
uid layer, inverting the squaredFroude
number gives the bulk Richardson number

Rib =
�

1
F r

� 2

=
g
� 0

� �
H

U2

H 2

(12)

2.4.6 Potential energy anomaly

A number that handlesstrati�cation in terms of energy including gravitation is the
potential energyanomaly. A volume of heavy water at the seabed needsmore energy
to move upwards and mix with surfacewater than a volume of samesizeand density
that residescloser to the surface. Simpson and Bowers [1981] de�ne this anomaly
of potential energyas

� =
1
H

0Z

� H

(� � �̂ ) gzdz (13)

with the mean density

�̂ =
1
H

0Z

� H

�dz ;

where z is the vertical coordinate (positive upwards), � (z) is the density pro�le in
a water column of depth H . This anomaly of potential energy is zero for a fully
mixed water column. All strati�ed situations with di�erences in � give a change
in � , weighted with the water depth. The anomaly of potential energy becomes
positive for a stable strati�ed water column and it becomesnegative for an unstably
strati�ed water column. Physically, � gives the amount of energy per volume that
is necessaryto mix the whole water column up, bringing about complete vertical
mixing. The unit of � is [J=m3].

In several studies, � has been used to quantify the stabilit y of a water column,
seee.g. Simpson et al. [1990],Rippeth et al. [2001],Wiles et al. [2006].
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3 Setup for GETM Limfjo rd Mo del

For a foundation of the studies presented here, a basic GETM Limfjord simulation
was set up1. This setup contained the model code with a compilation script and all
the necessaryinput �les like topography, reasonableinput constants, simple initial
conditions and boundaries. An important step and task for the present studies is to
work on the basic GETM Limfjord simulation in order to develop a more realistic
and exact reproduction of the Limfjord dynamics. In order to improve the model
setup, the behaviour of the basic setup has beenstudied with the focus on how it
works. Improvements have beenintroduced where the original setup behaved in an
unrealistic manner.

3.1 GETM - the model code

GETM is an abbreviation for General Estuarine Transport Model. GETM is a
fully baroclinic ocean-circulation model with hydrostatic and Boussinesqassump-
tion (Burchard and Bolding [2002], Burchard and Beckers [2004]). The model has
implemented a freesurfacewith drying and 
o oding. The turbulence closuremodels
are taken from GOTM (Burchard [2002],Umlauf et al. [2005],GOTM [2005]) and
GETM works with the eddy viscosity assumption.

GOTM (General Ocean Turbulence Model) is a one-dimensionalwater column
model for marine and limnological applications. It is coupled with a choice of tra-
ditional as well as state-of-the-art parameterisations for vertical turbulent mixing.
Every discretised water column in the model is handled by GOTM to calculate
turbulence quantities.

The numerical discretisation in the model is done with �nite-v olumesand �nite-
di�erences on an Arakawa C-Grid (see Arakawa and Lamb [1977]). On this grid
with indices i,j,k constituting the X-points, temperature, salinity, pressureand sea
surface elevation are given in the centre of the volume on the so called T-p oints.
Horizontal velocities are given between the centres of volumes in the horizontal,
called U-points and V-points. And the vertical velocities and turbulence quantities
like eddy viscosity and eddy di�usivit y are given betweenthe volumes in the verti-
cal, called W-points (seeFigure 4). As transformations for discretisation in space,
GETM can useorthogonal curvilinear coordinates, spherical coordinates, spherical
orthogonal curvilinear or Cartesian coordinates in plain, and generalvertical coor-
dinates or sigma coordinates in the vertical.

GETM is implemented with mode splitting between barotropic and baroclinic
mode. Mode splitting means to calculate the fast changing free surface and the
resulting integrated velocities with a �ner resolution in time than slow changing
baroclinic variables like salinity and temperature, vertically resolved currents and
turbulent quantities. These di�eren t timesteps are called micro timestep for the
barotropic mode and macro timestep for the baroclinic mode. Bed friction is imple-

1 thanks go to Karsten Bolding for preparing the model setup
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Figure 4: numerical discretisation (left: horizontal, right: vertical) on an Arakawa
C-grid. � : X-points, +: T-p oints, � : U-points, � : V-points in horizontal
and W-points in vertical

mented by a logarithmic law assumption for the velocity in the near-bottom layer
with the bottom roughnesslength as tunable parameter for friction stressesand
logarithmic law itself (see2.3.2). This bottom roughnesslength is constant for the
whole model area.

The GETM code is written in Fortran 90/95 with a modular code structure and
prepared for parallel computing. Input and output data can be handled as the bi-
nary, self-describingNetCDF format. GETM and GOTM are public domain models
under GNU Public Licence.

3.2 Calculation environment

The GETM Limfjord Model runs on a 4-PC computation cluster of Bolding &
Burchard Hydrodynamics, located at IOW. The hardware speci�cation of each PC
is Intel Pentium 4 2.8 GHz; 1024 MB RAM; 150 GB harddisk. All PC's were
connectedvia 100 Mbps Ethernet Network. The PC's were running with the Linux
operating system Debian Sargewith Kernel 2.6.8. The installed and usedsoftware
is: NetCDF v3; MPICH v1.1.2; NCO-tools v2.9.9; GETM 1.3.2; GOTM 3.1.3; gcc
v3.3.6; Intel Fortran Compiler v8.0;

One of these PC's is the master computer hosting the /home directory. This
directory is nfs-mounted on every other PC, sothat that the model (GETM,GOTM)
and the setup, containing the input �les, are stored consistently. Each PC has its
own /data directory at the local disk for storing the output �les without using the
network. The model starts running by calling MPICH on the master computer for
running the compiled model executable. The input you have to give to MPICH is
a machine �le and the number of calculation jobs. This number and the number
of machines in the machine �le have not to be identical, it is possibleto sendmore
than one job to onemachine. The GETM Limfjord Model consistsof 16 calculation
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Figure 5: Computation Map for the GETM Limfjord Model on the BBH cluster at
IOW (Warnem•unde)

domains, that means 16 calculation jobs, running on 4 machines. The machine
�le gives a list of network namesof computers the model should run on. MPICH
readsin the con�guration �le for parallel computing (machine�le) and starts running
the single domains on the nodes like mentioned in the machine �le. The master
computer has to run the �rst domain. On the nodes, the running executable is
reading in the input �les of the setup. These input �les are located in the nfs-
mounted /home-directory. The output is stored on the local /data partition directly
on the node. After every timestep, all domains have to exchange their neighbour
data. The information about which points have to be exchanged and who's the
neighbour is given in the �le par setup.dat and was put into the model's executable
during compilation.

The GETM Limfjord Model was splitted into 16 domains with 96x96 points in
each of them. These 16 domains are distributed on the cluster of 4 machines like
in Figure 5. This map and the corresponding machine�le are producedby a matlab
script (Buechmann [2004]). By running this script, matlab readsout the number of
water points in each domain and distributes the domainsto the four machines in the
cluster, so that each machine has to calculate for approximately the samenumber



3 Setup for GETM Limfjord Model 18

of water points. The whole computation time is proportional to the time neededby
the machine with the maximum number of water points, becauseall machines have
the sameprocessorand have to wait for the slowest after every timestep.

3.3 Grid and Coordinates

The GETM Limfjord Model was set up with a Cartesian horizontal grid with a
resolution of 200min the east-west direction and 200min the north-south direction.
The area of the Limfjord measuresabout 130x70km and therefore a spherical grid
is not necessary. The meridional length of lessthan onedegreein latitude will allow
one handle this area as f -plane where the Coriolis frequencywill be set as constant
and not depending on the location within the grid. In the GETM Limfjord Model,
the Coriolis frequencywas calculated from latitude 57.0� .

The vertical setup for the GETM Limfjord Model was realisedin generalvertical
coordinates with a discretisation of 10 vertical layers. This discretisation in general
vertical coordinates introducesinternal surfaceszk with k = 0; ::; 10, which do not
intersect, each depending on the horizontal position (x; y) and the time t. In the
Limfjord Model, z0 is the seabed and z10 is the seasurface. As distribution of these
internal surfaces,GETM useshorizontally varying � -coordinates (�rst applications
by Freeman et al. [1972] for natural waters and Phil lips [1957]for the atmosphere)

� k =
k
N

� 1 (14)

with N = 10 and k = 1; ::; N in this caseand

zk = D� k

This � -coordinates can be re�ned towards the surfaceand the bed. This re�nement
is controlled by the parametersdl for lower zooming and du for upper zooming

� k =
tanh(( dl + du)(1 + � k ) � dl )) + tanh(dl )

tanh(dl ) + tanh(du)
� 1 (15)

with z-levels obtained as follows

zk = D� k ;

seeBurchard and Bolding [2002]. General vertical coordinates are an interpolation
of thesetwo coordinate distributions in order to have an equidistant grid in shallow
areasfor a good resolution of strati�cation near the surfaceas well as near the bed
and the advantage of a higher resolution at the surface and near the bed with a
re�nement like the � distribution in (15). D 
 is the critical depth where the coordi-
nate distribution changesfrom � -coordinates in shallower regions to � -coordinates
in deeper regions. The internal surfacesare de�ned by

zk = D(� 
 � k + (1 � � 
 )� k )
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with � k from (14), � k from (15) and

� 
 = min

 
(� k � � k� 1) � D 


D (� k � � k� 1)
(� k � � k� 1) � (� k � � k� 1)

; 1

!

In the GETM Limfjord Model, the parametersare usedas follows:

du = 2.0
dl = 1.0

D 
 = 10.0 m

This means that the model uses� -coordinates for areaswith a depth below 10
meters and a zoomed � -coordinates with a �ner grid at the surfacethan the re�ne-
ment at the bottom. Figure 6 shows a picture of the layer distribution in L�gst�r
Bredning and the channel Hvalpsund.

The Navier-Stokes-equationsderived for this type of vertical grid are described
by Burchard and Petersen [1997]. They �rst transform the equations into general
vertical coordinates and then integrate these transformed equations over constant
intervals in the transformed space.

3.4 Boundary Conditions and initial conditions

As boundary conditions, GETM useselevations, salinity and temperature at the
open boundary points. In the GETM Limfjord Model, there are two open bound-
aries, one at the North Sea side and one at the Kattegat side. Each boundary
consistsof one gridpoint, becausetheseboundariesare thin channels. As boundary
values,hourly observed data for elevation from Nordjyllands Amt are used. Temper-
ature and salinity data are being observed by Nordjyllands Amt every three hours.
They are linearly interpolated in time where no observational data was accessible.

Seasurfaceelevations, out of the 2D boundary input �le, are linearly interpolated
in time, so that there exists a boundary elevation at every micro timestep for the
open boundary points. The maximum of the two values, boundary and a critical
depth, being the residual water depth of dry water points, is entered directly into
the model as seasurfaceelevation � .

As boundary conditions for velocities at open boundaries,GETM prescribes the
gradient of velocity acrossthe boundary, normally to the horizontal gradient ( ~r h =
(@x ; @y)) of the open boundary, to be zero.

The boundary values, out of the 3D boundary input �le, for temperature and
salinity, given from measurements (lik e with the GETM Limfjord Model) or results
from other simulations, are linearly interpolated in time to have a boundary value
every macro timestep. Vertically, these boundary values are interpolated linearly
onto the layer grid. Becauseof the fact that the boundariesin the GETM Limfjord
Model are shallow and narrow channelsto North Seaand Kattegat it was assumed,
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Figure 6: Vertical slices(above: slice through L�gst�r Bredning northerly of Liv�,
below: slice through Hvalpsund) with layer surfaces.
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that turbulence generatesa mixed water column. Therefore, temperature and salin-
it y are vertically prescribed in the boundary conditions asonly onevalue each. This
value was interpolated as a constant value over depth.

The baroclinic variables temperature and salinity are implemented with a sponge
layer according to Martinsen and Engedal [1987]. This spongelayer is an area, in-
cluding the boundary and reaching three neighbouring water points from the bound-
ary into the model. Temperature and salinity in this area have an abating in
uence
on the boundary values,depending on the distance from the boundary. A property
A at the eastern boundary with a boundary value Abdy is calculated as given in
(16). In (16), i; j are horizontal indices with i being the index in direction of the
spongelayer. The boundary point is at index i = 1 , the spongelayer reaches from
i = 1; ::; 4. The property A is at this timestep not a�ected by the boundary from
index i = 5 above.

Anew (i; j ) = Abdy � sp(i ) + Aold(i; j ) � (1 � sp(i )) ; i = 1; ::; 4 (16)

with spongevaluessp(i ) as follows

sp(1) = 1.0
sp(2) = 0.5625
sp(2) = 0.25
sp(4) = 0.0625.

For initial conditions, it is impossibleto have a realistic 3D �eld of temperature
and salinity out of observations for the whole area. An oceanographicmodel in-
cluding the Limfjord would be the only way to obtain a 3D �eld, but such data
was not accessible.An initial condition can also be created out of several measure-
ments, being extra- and interpolated. By starting modelling with realistic forcing
and boundaries, it can be assumedthat the model "forgets" its initial conditions.
With a model period of the year2003,starting at 1 January, a rough initial condition
for temperature was used: The temperature was set to 3 � C for the whole 3D-�eld.
Becausechangesin temperature are fast in theseshallow waters and thesechanges
are local by heat 
ux and radiation, temperature adjusts quickly. The salinity initial
condition was set more precisely: The Limfjord was vertically set to non-strati�ed,
but has spatial di�erences. One can seein the observations of monitoring stations
in the Limfjord that salinity is quite high and not strati�ed in Thisted Bredning (31
PSU at 1 January, 2003), thus decreasingeastwards. In most parts of the Limfjord,
salinity is around 20-23 PSU. In L�gst�r Bredning, salinity is around 22 PSU. To
keepthe initial conditions simple, salinity was set to 22 PSU in the easternpart of
the Limfjord, but increaseswestward of L�gst�r Bredning linearly to 31 PSU. For
an overview, seeFigure 8. The initial elevation is zero for the whole Limfjord.
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Figure 7: Boundary data for GETM Limfjord Model. Above: seasurfaceelevation,
middle: temperature, bottom: salinity
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Figure 8: Initial salinity for GETM Limfjord Model on 1 January, 2003

3.5 Meteo rological Forcing

As meteorological forcing, model data from the German Weather Service Local
Model (DWD-LM) were used. Thesedata contain air temperature, dew point tem-
perature, humidit y and air pressure in 2m above sea surface, and eastward and
northward wind velocity in 10m above seasurface. The time interval of thesedata
is 3 hours. This meteorological forcing is given at only one point in the model,
becauseit is a local model with a horizontal rangeof 130x70km. It can be assumed
that the meteorological forcing doesnot change a lot within this area. To validate
this forcing data from a weather model against measurements, one can use the ob-
served weather data during the Limfjord campaign in 2003. The valueswere taken
from the Isle of Liv� every 10 minutes. To compare this data, air temperature and
wind speedare comparedbetweenmodel and observations, seeFigure 9.

One can seethat the DWD-LM model comesclose to the observed results and
contains all observed events. There are di�erences of 1.51 � C rms in temperature
and 1.46 m/s in wind speed. Thesedi�erences may be causedby the fact that the
model point is on water and the observation point is on land. The temperature may
be less than the observed values, becausein the DWD model the heat is used for
evaporation of unrealistically assumedwater on land in spring 2003.
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Figure 9: Meteoforcing Comparison Model-Observations; temperature above, wind-
speedbelow

3.6 Improvement of the model setup

The �rst model run was carried out until June 2003. That simulation took about 5
days and the results were stored every hour for barotropic 2d variables and every 6
hours for the whole 3D �eld (salinity, temperature, density, velocities, dissipation,
turbulent kinetic energy). Thesedata of 6 months took 60GB on the harddisk. The
initial conditions were a bit di�eren t than given above. The model starts running
with a linear salinity gradient in the east-west direction for the whole area from 32
PSU at the North Seaside to 22 PSU at the Kattegat side. The initial salinity was
homogeneousin depth. First comparisonswith salinity observations showed a too
high salinity in the end of May, starting already in January with 26 PSU in L�gst�r
Bredning and increasedup to 29 PSU in the end of May. Observations showed that
there should be a salinity of around 23 PSU. Another problem was the temperature
at the end of May. It was around 6 � C at a depth of 8m, but should have been
around 12 � C. These two parameters are very important when one wants to look
at strati�cation. When there is an unnatural in
o w of saline water, there should
be an overestimated strati�cation. If the solar radiation does not warm the water
enough, there should be an underestimated strati�cation, becauseno lighter water
at the surfaceis produced. There were two major problems:

1. too high salinity in the Limfjord,

2. too low warming by solar radiation.

In order to solve the salinity problem, there are many di�eren t methods to choose
between. One major point is the lack of freshwater in
o w by rivers, ground water
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and precipitation. Precipitation is not a major point against river in
o w and it was
not implemented into the model at the time being, soprecipitation is not considered.
Another point will be the initial salinity. When there is salinity in the Limfjord with
its narrow channels, it will take a lot of time to mix this additional salinity up by
freshwater in
o w. In reality, this freshwater in
o w mixes up the saline in
o ws from
the North Sea- when we set up observed freshwater in
o w, it will not be able to
mix up the saline in
o ws from the North Seaand the additional salinity from the
initial conditions. These conditions have to be changed in a way, so that there is
a more or less realistic salinity in the beginning of 2003. A next point to better
salinity is to get maybe more realistic, smaller in
o ws from the North Sea side.
When realistic river in
o ws fall short of the real results, the saline in
o ws must be
either too strong, or the lesssaline in
o ws from Kattegat must be too weak. This
could be a question of centimetres in the elevation measurements or an error or an
e�ect of a bad bathymetry or the coarseresolution of bathymetry. A comparison
with sea charts does not give an indication for a bad bathymetry, except in one
channel that was too wide in the bathymetry.

3.6.1 Improvement of Bathymetry

When looking at a sea chart of the Limfjord (BSH [1997]), almost the mapped
bathymetry looks like being well represented by the 200mx200mbathymetry-�le.
There may be certain points where errors have occurred in the digitalising process,
especially the island Ejerslev R�n and somesurrounding points and the coastalarea
southern of Thyholm had to be corrected simply by taking values near to the sea
chart (BSH [1997]).

But these small areas beside the main 
o w will not have a signi�cant e�ect.
The channel between Sunddraget and Griset�aodde was too wide on the original
bathymetry �le compared to the seachart (BSH [1997]). Narrowing this channel
by one third (seeFigure 11) had a signi�cant e�ect on the through
o w through this
channel. Its depth is quite well represented by the bathymetry �le.

A study about the adjustment of the bathymetry wascarried out by changing the
bathymetry in certain areasand calculating the transport at a narrow channel east
of L�gst�r Bredning. There, the model has only four grid boxes and the channel
is directed eastwards, so a simple calculation to estimate the mean transport was
used.

Tr ansport =
X

4 boxes

Hbox � 200m � ubox (17)

Thesestudies contain �v e caseswith di�eren t changesin the bathymetry. The �rst
two changes were a percental change of the whole bathymetry by 5% and 10%.
These changesshould decreasethe transport by having more friction in the whole
watercolumn. The third change is an arti�cial change. A box was put into the
Salling Sund at the coast in order to narrow the channel, but only in the shallow
parts of Salling Sund. The maximal depth was not changed. Cases4 and 5 are
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Figure 10: Southwesternpart of the Limfjord with Oddesundand Salling Sundbeing
marked

Figure 11: Changesat Oddesund, the old bathymetry is on the left hand side, the
new bathymetry is on the right hand side
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Figure 12: Changesin Salling Sund within case4 of transport studies, left: original
bathymetry, right: boxes in Salling Sund

related to changesof elevation at the North Seaside and the Kattegat side. Two
setups were studied: In Case 4, the mean di�erence in these elevations is half of
the observed di�erence (5cm below observed di�erence in elevation) and in Case5,
the mean di�erence in theseelevations is set to zero, so mainly the wind and short
lasting di�erences in elevations at North Seaand Kattegat drive the saline in
o ws.
The results for the transport after Eq. (17) calculated with hourly values for ubox

are given in Table 1.

Case Transport in m3=s relative Transport

original bathymetry 23.68 1.0
bathymetry minus 5% 22.15 0.94
bathymetry minus 10% 20.67 0.87
box in Salling Sund 23.67 0.9997
SSENorth Seaminus 5cm 19.31 0.82
SSENorth Seaminus 10cm 14.79 0.62

Table 1: Transports carried out by transport studies with several changes in the
bathymetry of the GETM Limfjord Model

One can seein thesestudiesof the through
o w through the Limfjord, that the in-

o w of salinewater from the North Sea,is most sensitive to changesin the di�erence
of seasurfaceelevation betweenthe North Seaand Kattegat boundary. Changesfor
the whole bathymetry will render the bathymetry of the model unrealistic, because
the original bathymetry is almost like the bathymetry on the seachart. Changes,
like strongly narrowing wider channelssuch asSalling Sund, do not have a signi�cant
e�ect. These changesmay be due to a bad coastline and will be in the magnitude
of only one gridbox.

The adjustment of the bathymetry was undertaken only in special points where
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the digitalisation failed and in narrowing of the channel at Sunddraget. In order to
adjust the in
o w from the North Sea,the transport studiesshow that it is advisable
to decreasethe di�erence of the seasurface elevation between the North Seaand
the Kattegat boundary.

3.6.2 Freshwater in
o w

In the model, freshwater in
o w will take place via the in
o w of the rivers. In
reality this freshwater in
o w will be precipitation, groundwater and rivers. The
rivers 
o wing into the Limfjord are not that large, but the more di�use freshwater
in
o w by little rivers along the Limfjords coast results in a freshwater volume of
2.4 km3/y ear. This di�use freshwater in
o w as well as the precipitation on the
land, which doesnot evaporate but 
o ws into the Limfjord via small rivers, will be
included in the runo� data.

GETM registers freshwater in
o w from all the rivers by meansof a specially set
up river speci�cation �le (riv erinfo.dat), that speci�es the assignment of rivers in the
model grid. A river may consist of more than one point, then each point is handled
likea river with runo�-v aluedivided by the number of points, the river consistsof. In
a special netcdf �le are the runo� valuesfor each river and timestep. GETM handles
runo� values in m3/s. The runo� values for each river and timestep are stored in
a special data�le of the rivers (riv ers.ncnetcdf �le was usedin this case). The unit
of this values has to be in Volume per time. In the GETM input�le (getm.inp) a
factor has to be set, which will be multiplied with the values in the rivers data�le.
The outcoming product has to be a runo� value in m3/s. It is possibleto have data
in km3/day in this �le and set the factor to 8:64� 10� 5, for example. The in
o wing
volume is calculated by

Vr iv er = t timestep � vr unof f �
1

N this r iv er
: (18)

This volume is added to the volume in the watercolumn by increasing the sea
surface elevation. Every micro timestep, the model increasesthe elevation by the
height of water volume (index � stands for micro, index m stands for macro):

height = Vr iv er �
1

Agr idbox
;

� � = � � + height:

In the 3D mode, GETM cumulates thesemicro timestep heights to get the additional
height per macro timestep , but adds this macro height to the seasurfaceelevation
after handling layer heights and salinities (in baroclinic mode) for every layer:

macro height =
N �=mX

i =1

height i ;
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Figure 13: Catchment area map used for freshwater input into GETM Limfjord
Model

S(layer) = S(layer) �
� m + H

� m + H + macro height
;

h(layer) = h(layer) �
� m + H

� m + H + macro height
;

� m = � m + macro height:

In the GETM Limfjord Model, freshwater runo� data from Nordjyllands Amt
have been used. These are observed monthly runo� data for 30 catchments areas,
covering the coast of the Limfjord (see Figure 13). A cumulated value for 2003
for each catchment area is given in Table 2. Obviously, the most in
o w occurs in
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catchment areas 29 and 27. This will result in a low salinity in these areas, but
alsoa strong strati�cation in direction of L�gst�r Bredning, where the saline in
o ws
from the North Seawill be confronted with the freshwater from the in
o w of the
rivers.

Simulations with this freshwater input showed a much lower salinity than without
this freshwater input (the decreaseis about 21% in L�gst�r Bredning). This can
be traced back to the fact that the input of freshwater of 2.4 km3/y ear is about a
quarter of the net west-east
o w-rate of 8.7 km3/y ear. The freshwater input wasthe
most important tool to get a realistically modelled salinity.

3.6.3 Adjusting the sea surface elevations

The transport studies in 3.6.1 show that the transport through the channel to Kat-
tegat is very sensitive to changesof seasurfaceelevations at the boundaries. The
di�erence of seasurfaceelevations between the North Seaboundary and the Kat-
tegat boundary drives a mean through
o w and in
o w volume from the North Sea.
When there are problems causedby the discretisation in bathymetry or problems
by the constant bottom roughness,this could be compensatedby a slightly changed
seasurfaceelevation at the boundaries. With a constant realistic river in
o w it is
even possibleto control the modelled salinity in the Limfjord by setting the realistic
through
o w by tuning boundary seasurfaceelevations. The aim of adjusting the sea
surface elevations was a realistically modelled physical behaviour in the Limfjord,
which is why salinity becamean indicator for a realistic combination of the river
in
o w and the wets-east 
o w of the Limfjord. The monitoring station in L�gst�r
Bredning wastaken asreferencefor salinity and seasurfaceelevations wereadjusted
in the �rst six months of 2003so that there would be minimal di�erences in salinity
between measurements and the model. With a di�erence in boundary seasurface
elevations between the west and the east boundary of 2cm, the modelled salinity
was most realistic, comparedto measurements in L�gst�r Bredning.

3.6.4 Turbidit y and residual radiation

When studying the heating of the water, the most sensitive way is to look at solar
radiation and its in
uence on the water column. The �rst reduction of solar radiation
occursdue to the re
ection on the surface. This property is prescribed by the albedo
value. It dependson the angle of radiation from the sun (depending on date, time
and location on the earth) and denotesthe amount of re
ected light with a relative
value between0 and 1, where 0 meansno re
ection, the whole radiation enters the
water column, and 1 meansthat the whole amount of radiation is re
ected on the
surface. The radiation that enters the water column is absorbed by particles and
moleculesin the water column. This absorption dependson the wavelength of the
incoming radiation and the degreeof absorption, depending on the composition of
the water including the particles in it. The absorption obeys the exponential law
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for the intensity of radiation depending on the distance from the surfaced.

I (d) = I 0 � e� d
g

with g as e-folding length, depending on the wavelength. Absorption can be seen
optically as turbidit y of the water. In GETM, turbidit y or absorption is imple-
mented with a double exponential absorption function. The absorption properties
are regarded as the absorption of two types of radiation, long wave radiation and
short wave radiation. After Paulson and Simpson [1977], the double exponential
absorption function with e-folding absorption lengths for each range of wavelength
g1 and g2 is implemented as

Rk = R0 �
�

Ae�
zk
g1 + (1 � A)e�

zk
g2

�
; k = 0; ::; N (19)

with k being the layer index ranging from 0, for below the bottom layer, 1 for
the bottom layer up to N , the number of layers, for the surface layer, A gives the
amount of short wave intensity in the radiation 
ux through the surface,zk is the
depth and R0 is the radiation 
ux at the surface, given in energy per time. The
change in temperature per layer is causedby a di�erence between incoming and
outgoing radiation in the layer

� Tk = � t �
Rk � Rk� 1

� 0 � cp
(20)

with � 0 being the mean density of the water and cp being the speci�c heat under
constant pressure.

In the �rst simulation, temperatureswereso low becauseof the wrong absorption
coe�cien ts which had to be changeddirectly in the model code. The water classof
the Limfjord is approximated as Jerlov water classnumber 6 (Jerlov [1968])

A = 0.78, g1 = 1.40, g2 = 7.90

In the shallow areas there was a mistake in calculating � T by (19) and (20),
becausea signi�cant rest of radiation is lost when the radiation reachesthe bottom.
Two processesweremissing: one processincluding the re
ection at the bottom and
the heating of the bottom by radiation, the other processincluding the following
heat
ux into the water at the seabed by the heated bottom. As an approximation
for those processesthat have their e�ect mostly in the near seabed waters, the
whole radiation that leaves the layer before the bottom layer is taken for heating
the bottom layer as follows:

� T1 = � t �
R1

� 0 � cp



3 Setup for GETM Limfjord Model 32

Catchment Area Runo� in km3/y ear relative Runo� in %

29 0.394 16.1
27 0.322 13.1
12 0.213 8.7
1 0.137 5.6
16 0.116 4.7
24 0.114 4.7
8 0.103 4.2
28 0.101 4.1
10 0.097 3.9
20 0.095 3.9
30 0.09 3.7
13 0.087 3.5
22 0.071 2.9
7 0.07 2.9
25 0.065 2.7
21 0.055 2.3
6 0.046 1.9
11 0.046 1.9
9 0.038 1.6
3 0.03 1.2
23 0.03 1.2
26 0.026 1.1
5 0.025 1.0
4 0.021 0.9
2 0.016 0.7
14 0.016 0.6
15 0.01 0.4
17 0.01 0.4
18 0.004 0.2
19 0.002 0.1
whole area 2.451 100

Table 2: Runo� valuesfor 2003for catchment areasin Figure 13. Data from Nord-
jyllands Amt.
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Figure 14: Points of monitoring observations in the Limfjord

4 Mo del results

4.1 Validation of the model results

In order to validate the model results, monitoring observations in L�gst�r Bredning,
NissumBredning, K�asBredning, Thisted Bredning, Risg�ardeBredning, Lovns Bred-
ning, Skive Fjord and Nibe Bredning are used. In order to obtain a realistic value
for strati�cation, the 4D �eld of density has to be modelled realistically. After the
equation of state for potential density � = � (S; � ; p), onehas to have realistic model
results in the Limfjord for salinity and potential temperature. Becauseof the strong
salinity gradient of 10 PSU betweenthe North Seaand the Kattegat and the salinity
gradient of 20 PSU in areaswith river in
o w, strati�cation, related to di�erences
in the density � , will be correlated to di�erences in salinity. Temperatures play not
such a big role, becausethe Limfjord is shallow and therefore the warming by solar
radiation has an e�ect on great parts of the water volume in the Limfjord. The
di�erence in temperature for a water column between seasurface and seabed are
lessthan the di�erences in salinity. In general,temperature di�erences betweensea
surfaceand seabed reach at maximum 6 � C for short times.

The di�eren t monitoring stations in the Limfjord are shown in Figure 14. As
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a strategy for the comparison in this section, curves of bottom and surface values
from the model and the observations are shown for salinity and temperature at every
monitoring station in the following sections.

4.1.1 Elevations

As validation for elevations, observed data for L�gst�r Bredning were compared
to the model results. For the model data, the monitoring point for salinity and
temperature in L�gst�r Bredning was taken from the model and is comparedwith
hourly values from seasurface elevation measurements (seeFigure 15). The rms-
di�erence between model results and observational data being centred measures
0.054 m. The elevations out of the GETM Limfjord Model behave very closely to
the observations, and it can be seenthat almost every event in the observed sea
surfaceelevations can be reproduced by the model, even in quantit y. A qualitativ e
di�erence in the elevations can be seenat the beginning of the year 2003 - when
the model was started. The �rst value in observations 1 January, 2003, at 00:00
clock is -5.7 cm. The model starts with zero elevation and starts running with an
arti�cial initial salinity that producesarti�cial currents. But within the �rst 15 days
of simulation, the model "forgot" the initial conditions in seasurfaceelevations. In
general, the modelled seasurfaceelevation is a few centimetres below the observed
seasurfaceelevation. Figure 16showsa scatter plot of centred time seriesof modelled
and observed sea surface elevations. The line in that �gure gives the equality of
both time seriesand the most points of the scatter plot are near the equality-line,
the standard deviation between both time seriesis 10.6 cm. The mean di�erence
in modelled and observed sea surface elevations measures6.5 cm and is resulting
from the through
o w adjustments (see3.6.3). This di�erence may be a problem of
di�eren t referencegaugesas well as in 3.6.3.

4.1.2 Salinity

The �gures 18 to 25 show graphsof bottom and surfacesalinity and bottom and sur-
facetemperature. Thesegraphscontain monitoring observations (prin ted assquares)
and model results (prin ted as lines). In general, the monitoring intervals for salin-
it y and temperature are too large to validate the results in quantities. The mean
monitoring interval equalstwo weeksand the model wrote out results every 6 hours
(macro timestep). In all �gures of salinity, it can be seenthat the modelled salinity
has the same magnitude than the observed salinity. The major events are rep-
resented by the model in nearly all monitoring points. In order to obtain a valid
strati�cation information for the musselproducing area, the GETM Limfjord Model
is adjusted in order to give valid results in L�gst�r Bredning. In addition to Fig-
ure 18, Figure 17 shows a vertically resolved salinity over depth for the whole year
2003 at the monitoring station in L�gst�r Bredning. The modelled salinity comes
very closeto the measuredsalinity, especially in the �rst six month of 2003. Since
August 2003, one can seein L�gst�r Bredning that the model is 1 PSU below ob-
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Figure 15: model results and observations of seasurfaceelevation in L�gst�r Bred-
ning
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Figure 17: Vertical, modelled and measuredsalinity pro�les for the year 2003at the
monitoring station in L�gst�r Bredning.

servation for almost the rest of the year. In the end of December, the di�erences
between the modelled and the observed salinity becomesmaller. This discrepancy
may be due to the discretisation of the bathymetry, or to the lack of evaporation,
or to the lack of measurements for the boundary conditions, where the boundary
salinity may be underestimated by the linear interpolation (seeFigure 7). In Au-
gust, 2003, measurements and model data show a big in
o w event. The Limfjord
has somevery narrow channelsthat are discretisedby stepsof 200m, like the North
Seaboundary, Oddesund and Salling Sund. Perhaps someevents of the big in
o w
of August were �ltered out by these narrow channels and reduced the intensity of
this in
o w in August. Another explanation may be the evaporation in the summer
months. With evaporation the salinity of evaporated volumesstays in the water col-
umn and increasessalinity. The rms-di�erences of modelled salinity and observed
salinity for L�gst�r Bredning is 0.97 PSU for the salinity at the seabed and 0.75
PSU at the seasurface. In the areaof Thisted Bredning, the model seemsto behave
more unrealistic than in all other areashaving a monitoring station. The di�erences
are not signi�cant in terms of rms-di�erences, but it seems,that the model doesnot
mirror the events from observations. There are two major problems leading to this
lack in the model: First, the initial conditions are at least onePSU too high, so that
there is too much salt in Thisted Bredning that hasto be mixed out by freshwater or
in
o w events. But the freshwater input cannot compensatethe initial di�erence at
the monitoring point, and the in
o w events from the North Seaseemto be �ltered
out by the narrow channelsnorthwest of the island of Mors. Another problem may
be the monitoring point itself. From the end of May until June 2003,it can be seen
that there great leaps in salinity of 4 PSU per week up and down. The monitoring
point is perhapslocated in an area where a salinity front changesits location.
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The rms di�erences in salinity for all monitoring stations are listed in Table 3.

Monitoring Point rms-di�erence [PSU] rms-di�erence [PSU]
surfacesalinity bed salinity

L�gst�r Bredning 0.75 0.97
Nissum Bredning 0.71 1.07
Lovns Bredning 1.47 2.26

Skive Fjord 2.60 1.77
Nibe Bredning 1.34 1.39
Kaas Bredning 1.00 0.85

Thisted Bredning 1.12 1.49
Risg�arde Bredning 0.96 1.41

Table 3: rms di�erences in salinity between the GETM Limfjord Model and the
monitoring observations

4.1.3 Temperature

The �gures 18 to 25 show graphs of bottom and surface salinity and bottom and
surface temperatures. These graphs contain monitoring observations (prin ted as
squares)and model results (prin ted as lines). In all the �gures, the minimum and
maximum temperatures of 2003,as they appear in the model, are almost the same
as in the observations. At somestations, especially in the shallow parts like Lovns
Bredning and Skive Fjord, the temperatures near the seabed are too high. That is
becauseof the assumptiondescribed in 3.6.4. The residual heat at the seabed heats
up only the bottom layer and producesrelatively high and unrealistic temperatures
in those areas in summer around July and August of 2003, and the samein April
and in the end of May. A better implementation of handling residual heat will �x
that problem. The residual radiation heats up partially the bottom and leads to a
heat 
ux into the bottom layer. The other part of residual radiation is re
ected into
the water column again. This processdecreasesthe heating of the bottom layer, but
is not included in the GETM Limfjord Model.

The rms-di�erences in temperatures for all monitoring stations are listed in Ta-
ble 4.

4.1.4 Velocities

There were velocity observations at the study site in L�gst�r Bredning during the
MaBenE campaign from the 26 May until the 6 June, 2003. These observations
were made in two areasof interest - one over musselbedsand one over sand, being
950 m to the southeast. The water depth at the sandy site was approximately 5 m.
For the comparisonwith modelled velocities the sandy site was chosen,becausethe
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Figure 18: Comparison between modelled salinity and temperature and the moni-
toring observations in L�gst�r Bredning
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Figure 19: Comparison between modelled salinity and temperature and the moni-
toring observations in Nissum Bredning
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Figure 20: Comparison between modelled salinity and temperature and the moni-
toring observations in Lovns Bredning
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Figure 21: Comparison between modelled salinity and temperature and the moni-
toring observations in Skive Fjord
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Figure 22: Comparison between modelled salinity and temperature and the moni-
toring observations in Nibe Bredning
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Figure 23: Comparison between modelled salinity and temperature and the moni-
toring observations in Kaas Bredning
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Figure 24: Comparison between modelled salinity and temperature and the moni-
toring observations in Thisted Bredning
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Figure 25: Comparison between modelled salinity and temperature and the moni-
toring observations in Risg�arde Bredning
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Monitoring Point rms-di�erence [� C] rms-di�erence [� C]
surfacetemperature bed temperature

L�gst�r Bredning 0.94 0.92
Nissum Bredning 0.92 1.04
Lovns Bredning 1.31 2.08

Skive Fjord 1.61 2.36
Nibe Bredning 0.96 1.07
Kaas Bredning 0.97 0.98

Thisted Bredning 0.93 1.23
Risg�arde Bredning 1.04 1.99

Table 4: rms di�erences in temperature betweenthe GETM Limfjord Model and the
monitoring observations

higher roughnessat musselbedswas not implemented into the model. A 1200kHz
RDI ADCP was placed by divers at the bed and was "lo oking" upwards.

ADCP is an abbreviation for Acoustic Doppler Current Pro�ler. It is an instru-
ment to measurevelocities and works like a sonar. At the top of the ADCP, there are
four ceramictransducerslooking in 4 di�eren t, known directions, which are tilted by
around 30 degreefrom the axis of "lo oking". In generalthesedirections are aligned
at 12, 3, 6 and 9 o'clock positions.

For measuring velocities, the ADCP sendsa monofrequencysignal from its four
transducers and switches shortly after this in receiving mode. The sent signal is
scatteredback to the ADCP by suspendedparticles and zooplankton, that are mov-
ing passively with the 
o w in the water column. The time shift betweensendingand
receiving a signal gives the distance from the ADCP to the backscattering object
and the frequency shift by Doppler e�ect gives the velocity of the backscattering
objects.

In generalit is very di�cult to comparemodelled velocity data on a discrete grid
with point measurements. Little di�erences betweenthe modelsdiscretebathymetry
and the always changing real bathymetry will have an e�ect on modelled velocities
directly. Becauseof this, modelled vertically averaged velocities are compared to
the vertical mean of measuredvelocities. Of course, the ADCP cannot measure
velocities in the whole water column, but parts of it at the bed and at the surface
are missing. The comparison therefore will show only qualitativ e similarities and
di�erences. Figure 26 shows the modelled and the measuredvelocities in eastward
and northward direction for the campaign period. The velocities are in both cases
very low and compare at least in the order of magnitude. At the observational
point, someevents that are observed are not resolved in the model. Especially the
modelled northward velocity is not very closed to observations. This can be the
case,becauseof inaccurate resolution in spaceor somelocal, meteorologicalevents.
With the used 1-point meteorological forcing for the whole area, local events are



4 Model results 47

05/25 05/26 05/27 05/28 05/29 05/30 05/31 06/01 06/02 06/03 06/04 06/05 06/06
�0.08

�0.06

�0.04

�0.02

0

0.02

0.04

0.06

0.08

date in 2003

m
ea

n 
ea

st
w

ar
d 

ve
lo

ci
ty

 [m
/s

]
adcp
model

05/25 05/26 05/27 05/28 05/29 05/30 05/31 06/01 06/02 06/03 06/04 06/05 06/06
�0.1

�0.05

0

0.05

0.1

0.15

date in 2003

m
ea

n 
no

rt
hw

ar
d 

ve
lo

ci
ty

 [m
/s

]

adcp
model

Figure 26: Modelled, vertically integrated northward and eastward velocities com-
pared to the observedvelocities for the MaBenE campaignperiod in 5.8m
depth

not resolved with the model. The e�ect of a local wind events is re
ected in the
low 
o w velocities, becauseit is not overlayed by a strong mean 
o w. There is also
an insu�ciency by the model setup in resolving events with lessthan 3 hour length
of time or lessthan 6 hour period, becausethe meteorologicalforcing changesonly
every 3 hours. The comparison of eastward velocities shows a good similarit y of a
tidal signal somehow. It is not a librating change between westward and eastward
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o w, its more a tidal driven, periodical eastward 
o w. The observations show the
samesignal with almost the samephaseand amplitude in periods with low winds
(e.g. at May, 28th-30th; seeFigure 9).

4.2 T-S analysis for L�gst�r Bredning

In Figure 27, the T-S-diagramsfor L�gst�r Bredning, Skive Fjord and Nissum Bred-
ning are shown, including modelled temperature and salinity data for 2003of all the
10 vertical levels in the model. The colours of markers in the picture resolve the
time with blue being at the beginning of the year and red being at the end of 2003.
The T-S-patterns for Nissum Bredning, which is dominated by North Sea water,
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Figure 27: Temperature-Salinity plots for L�gst�r Bredning (left), Nissum Bredning
(right) and Skive Fjord (bottom) for 2003

and the Skive Fjord, which is dominated by riverine in
o ws, are closed over the
year, so that one can assumean annual cycle of density relevant properties that are
annually dominated by temperature. In theseshallow waters, the annual tempera-
ture variabilit y permeatesthe whole water column. This endsup in such vertically
stretched patterns. The plotted pattern for L�gst�r Bredning is not closedas usual
for oceanicT-S-diagrams, hencethe physical properties of the Limfjord do not only
have an annual variabilit y, but a variabilit y over several years. The validation shows
that the higher salinity at the end of the year is also measuredin the monitoring
points. In Figure 28, the T-S-curvesof thesethree typical areasare plotted. Thus it
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Figure 28: T-S-diagrams for the middle vertical layer in Nissum Bredning (black),
L�gst�r Bredning (blue) and Skive Fjord (red) for 2003

appearsthat the water of L�gst�r Bredning lies betweenNissum Bredning, which is
dominated by water of the North Sea,and the SkiveFjord, which is highly in
uenced
by freshwater. In the end of the year, the water type of L�gst�r Bredning tends to
be more alike the water type of Nissum Bredning water than in the beginning of the
year. Hence,L�gst�r Bredning is more in
uenced by water of the North Seaat the
end of 2003than in the beginning of the year, when it was initialised as samewater
as that of the Skive Fjord.

4.3 Strati�cation in the GETM Limfjo rd Mo del

4.3.1 Strati�cation in 2003

When looking at the spatial distribution of the modelledanomaly of potential energy
� , especially in L�gst�r Bredning, onecan seethat the Limfjord is an areawherethe
whole water body can be fully mixed without strati�cation and can be strati�ed in
wide areas.Figure 30shows the anomaly of potential energyfor the wholeyearat the
monitoring station in L�gst�r Bredning. In L�gst�r Bredning, there is no permanent
strati�cation that could lead to permanent oxygen depletion at the bottom for the
whole year, but there are times of strong strati�cation (lik e in the end of May or the
middle of October) and events of causinga lot of vertical mixing, when the anomaly
of potential energy decreasessuddenly. In the following sections, these events of
changesof � are studied. Figure 29 shows the mean potential energy anomaly for
2003,calculated from the model results. Most of the strati�cation of 2003occurs in
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Figure 29: Mean anomaly of the potential energy in 2003 in the GETM Limfjord
Model

deepareaslike Risg�arde Bredning, Hvalpsund and in areaswith a lot of freshwater
in
o w, like in the Lovns Bredning and the Skive Fjord. Strong strati�cation
suppressesmixing and supports strati�cation in the near future, which should result
in a correlation with itself. The period of auto-in
uence should be much longer
than the period of auto-in
uence of the meteorological forcing. In Figure 31 shows
the normalised autocovariance of the anomaly of potential energy. It shows an e-
folding time of 3.5 days and a time interval of 10 days until the �rst zero-crossing.
The autocovariance of windspeed out of the meteorological forcing shows a time
interval of �rst zero-crossingof 5 days, which is half the auto-in
uencing time than
of strati�cation. Strati�cation in
uences itself statistically for a period of 10 days
until the anomaly of potential energydoesnot autocorrelate anymore.

The anomaly of potential energy can be in
uenced by tides, wind, gradients in
density, radiation and heat 
ux. These in
uences are implemented in the model.
Investigations of thesein
uences are shown in the following sections.
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Figure 30: Anomaly of the potential energy in L�gst�r Bredning in 2003 from the
GETM Limfjord Model
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Figure 31: Normalised autocovariance of the anomaly of potential energy for the
year 2003in L�gst�r Bredning
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Figure 32: Anomaly of potential energyin L�gst�r Bredning for May/June 2003and
wind velocity in 10 m above sealevel.

4.3.2 In
uences of wind

Wind stirring is an agent acting against strati�cation. But the turbulence, produced
by wind stress,doesnot mix up the whole water column signi�cantly at every time.
The wind has to have a certain minimal velocity to act against strati�cation. Tur-
bulence produced by light winds does only take place in the upper water column,
but not in the deeper parts where the density increases. Figure 32 shows the po-
tential energy anomaly in L�gst�r Bredning and the wind velocity. In the graph of
wind velocity, a line is plotted at a velocity of 6 m/s. It appears that only winds
with a velocity of above 6 m/s have a de-stratifying in
uence on the water column.
Another property of de-stratifying winds is in this picture, that these winds above
6 m/s have to last for at least 12 hours. There is a wind event with a wind speedof
above 6 m/s at 31 May, 2003,which lasted only 6 hours. This wind event doesnot
have a signi�cant e�ect on strati�cation, seethe graph above. On 2 June, wind with
a speedmore than 6 m/s, lasting for about 18 hours, clearly reducedstrati�cation.
Figure 33 illustrates the crosscorrelationof windspeedto the anomaly of potential
energy anomaly is shown. The calculated anomaly of potential energy in L�gst�r
Bredning and the absolute windspeed out of the meteorological forcing, both for
the whole year of 2003, were taken as basis. The correlation coe�cien t of -0.27 is
found 6 hours after the wind event set in, which corresponds with the time scale
found above where winds have to last at least 6 hours in order to have an e�ect on
� . Figure 33 shows not only a de-stratifying, negative correlation 6 hours after the
wind event, but there is alsoa weak positive correlation 5 days after the wind event.
That may comefrom the stratifying e�ect of a wind �eld, when raising the sealevel
at the North Seaboundary and causing an in
o w. Saline in
o ws, which produce
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Figure 33: Crosscorrelationof windspeedand strati�cation � with windspeedbeing
moved by number of 6h-timesteps

strati�cation in L�gst�r Bredning may need5 days to reach L�gst�r Bredning.

4.3.3 Tidal in
uences

In shelf seas,currents producing turbulence at the bed, thus reducing the strati�ca-
tion, are also driven by tides. In the North Seaand in the Kattegat, there is a clear
tidal signal that in
uences the Limfjord as well. This tidal signal is responsible for
a standard deviation in elevation at the North Seaboundary of 0.32 m and at the
Kattegat boundary for 0.20 m. Thesetwo boundariesare correlated physically, be-
causethe tidal wave, which functions asa signal at the North Seaboundary, spreads
acrossthe Skargeraginto the Kattegat. At the Kattegat boundary, it needsto have
a time shift of the sizeof time, which the tidal wave needsfor the distanceof s = 230
km in waters of H = 40 m depth. With the assumptionof shallow water waves, this
time shift t can be approximated by

t =
s

p
g � H

with g being the accelerationof gravit y, the time shift thus amounting to 3.2 hours.
A crosscorrelation of the elevations at the North Seaboundary and the Kattegat
boundary gives a maximum correlation of 0.78 with a time shift of 6 hours. (see
Figure 38 in appendix A.1)

The tidal signal enters the Limfjord and producestidally generatedvelocities and
elevation patterns. Figure 34 shows the results of a harmonic analysis of hourly
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elevation data taken from the model simulation for May 2003. At the top of the
plot, the amplitude of M2 tide is plotted for the whole Limfjord. Below, the phase
of tidal oscillation is shown and at the bottom of the �gure, the mean elevation is
shown. To start with the bottom picture, it looks as though the way from L�gst�r
Bredning to Aggersund, called L�gst�r Grunde, acts like a bottleneck for the 
o w.
In May 2003,there was a di�erence of 6 cm in seasurfaceelevation over a distance
of 8 km. There are other, more narrow channels on the way from the North Sea
to the Aggersund, like Oddesund, the channel betweenK�as Hoved and Jegind Tap
or Salling Sund. But theseare deepchannelsof 15-20m depth. L�gst�r Grunde is
a very shallow area with a water depth below 1 m and a channel of 400 m width
with a depth of more than 4 m. This area determines the through
o w through
the Limfjord by bathymetry. When looking at the amplitude of M2 tide, one can
estimate the areasthat damp out the M2 oscillation. At the North Seaboundary,
there is a M2 amplitude of about 26 cm. Within the �rst 10 km, the amplitude is
reduced to the half. The area around the North Seaboundary is characterised by
4 narrow channels, being 4-8 m deep. The next reduction is done by Oddesund,
where the M2 amplitudes are reducesfrom 14 cm to 10 cm. In the area of Tambo
Sund, the next reduction of another 4 cm can be seen. In L�gst�r Bredning, the
M2 amplitude in the model is about 5 cm. From the Kattegat boundary there
is a tidal wave coming in with an amplitude of 12 cm. On the way to L�gst�r
Bredning, there is a slight gradient in the M2 amplitude. It is uncertain, though,
wether the tidal signal is being damped out only by bathymetrial in
uences or by
the superposition of tidal waves in the Limfjord. At someplacesin the Limfjord, it
can be observed that M2 amplitudes are annihilated. Theseamphidromic points are
Salling Sund, Visby Bredning and Aggersund. Theseannihilations are generatedby
superposition of the incoming tidal waves and the re
ected tidal waves. In Lovns
Bredning, the M2 amplitude measures8 cm, which gives an ampli�cation of the
tidal wave amplitude of 3 cm comparedto the amplitude in L�gst�r Bredning. This
is due to the combination of bathymetry and wavelength.

One can approximate the tidal stirring in the Limfjord by an term quantifying
the energy per volume for reducing strati�cation, taken from Simpson and Bowers
[1981]

T =
�

@�
@t

�

tide
=

4"k b�u 3
s

3� H
(21)

with " being the e�ciency of tidal stirring, kb being the seabed drag coe�cien t, H
being the water depth and us being the depth averagedamplitude of tidal spring
velocities. This tidal stirring term T can be compared to the anomaly of potential
energy � from (2.4.6). The ratio �=T gives the time, which the tidal stirring needs
for making the water column about fully mixed. When setting " = 0:0037 (lik e in
Simpson and Bowers [1981])), kb � 0:0025, H = 7m, us � 0:1m

s and � = 1017kg
m3 ,

(21) gives a T � 0:6 � 10� 6 W
m3 . With a � of 7.2 J

m3 , that means a mid strength
strati�cation in L�gst�r Bredning, the tidal stirring would need � 140 days to mix
the water column completely.
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Figure 34: Harmonic analysis for M2-tide of modelled sea surface elevation. Top:
amplitude of M2 tide, middle: phaseof tidal oscillation, bottom: mean
elevation
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To conclude,the tidal stirring doesnot have a signi�cant e�ect on reducing strat-
i�cation. The tidal signal is almost �ltered out by the narrow and shallow channels
and only a weak signal of several centimetres reachesL�gst�r Bredning.

4.3.4 Changes in � by heat 
ux

Local changesof the strati�cation by heat 
ux and solar radiation have a stratifying
e�ect in the deep parts of the Limfjord, but for areas like L�gst�r Bredning with
a water depth below of 10 m, the whole water column is heated up, becausethe
radiation reachesall parts of the water column. In areaswherethe radiation reaches
the seabed, the water column is heatedup from the seabedwith the residual energy
from radiation that reachesthe seabed. In this case,the water at the bedgetslighter
than the water above and mixing occurs. This de-stratifying e�ect takes place in
areaslike northern L�gst�r Bredning and Lovns Bredning, for example.

When there is a heat 
ux into the water column at the surface, the heat 
ux
at the surfaceand radiation will produce strati�cation. This processwill increase
temperatures mainly at the surfaceand therefore decreasedensity. This reduction
of density at the surfacewill increase� . When there is heat 
ux through the surface
out of the water column, the temperature decreasesat the surface,density increases
at the surfaceand the water column gets instable and � is negative. This instable
water column will be mixed up very soon, so there cannot be seenlong periods of a
negative � when looking at calculations of � out of the model results, for examplein
Figure 30. In the model, the heat 
ux through the surfacecontains the sensibleheat

ux, driven by the di�erence between air temperature and temperature of surface
water, the latent heat 
ux, driven by the di�erence of saturation speci�c humidit y
and speci�c humidit y, and long wave back radiation. In terms of � , the changeof �
by radiation and heat 
ux can be estimated like in Wiles et al. [2006]as follows

�
@�
@t

�

heat
=

�g
2cp

f Qs(1 � A)T(k; H ) � Qhf g (22)

with Qs being the radiation surface 
ux with an albedo A and T(k; H ) being a
function of water depth H and the e�ectiv e di�usiv e attenuation coe�cien t for
short wave radiation k. T(k; H ) is a function determining the e�ect of heating
by remaining radiation at the bottom with the sameassumption as in the model
implementation (see 3.6.4). For the Limfjord (H = 7 m, k = 0:25, a = 0:55),
T = 0:58. g is the gravit y, � the expansioncoe�cien t, cp is the heat capacity and
Qu is the upward heat 
ux, representing the sum of latent heat 
ux and sensible
heat 
ux out of the water column and the long wave back radiation. In Wiles et al.
[2006],a typical change in � for a L�gst�r Bredning summer regime with a heating
rate of Qh = Qs(1 � A)T � Qu = 160W

m2 contributes a value of 60 � 10� 6 W
m3 to

the potential energy anomaly � . A typical mid strength strati�cation in L�gst�r
Bredning of 7.2 J

m3 needsabout 14 days to improve only by heating.
A crosscorrelationof heat 
ux out of the water at the surfaceand the change in

potential energyanomaly for the year 2003at the L�gst�r Bredning monitoring sta-
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tion givesa maximum correlation coe�cien t of -0.06. Hencethere is no correlation
between surface heat 
ux and strati�cation in the model. The data used for the
correlation had a value every 6 hours. The crosscorrelationof short wave radiation
and the change in strati�cation for the samelocation and period gives a maximum
correlation coe�cien t of 0.09. Therefore the daily mean changeof � and the cumu-
lated daily amount of short wave radiation into the watercolumn was used. Even
short wave radiation hasnot a signi�cant e�ect on strati�cation in L�gst�r Bredning
in the GETM Limfjord Model.

4.3.5 Di�erential advection

In order to determine the sourceof strati�cation in the Limfjord, one idea was to
study the di�eren tial advection, that meansadvection that varies with depth. This
phenomenonwasalready characterisedin section2.2 with discussingtidal straining.
In the caseof tidal straining, the transport of densewater at the surfaceis greater
than the transport of densewater at the bottom, due to bottom roughness.Strat-
i�cation is produced or destructed by the presenceof a horizontal density gradient
and shearin currents. In terms of � , we can calculate a @t � (t) out of the density ad-
vective transport being a function of depth. We can calculate the density advective
transport � (z; t) by

� (z; t) = ~vh(z; t) � r h � (z; t)

with ~vh(z; t) = ~exu(z; t) + ~eyv(z; t) being the horizontal velocity vector and r h =
~ex@x+ ~ey@y beingthe horizontal gradient. By calculating a meanadvective transport
of density by

�̂ (t) =
1
H

0Z

� H

@� (z; t)
@t

dz

and insert � (t) and �̂ (t) into eq. (13), we receive an equation for the changein � by
di�eren tial advection � as follows

� (t) =
1
H

0Z

� H

(� (z; t) � �̂ (t)) gzdz (23)

With � , we have a value for the advective production of anomalies in potential
energy, that meansa value for the advective production or reduction of strati�cation.

An estimation of dependenciesof � is not easybecauseof nonlinearity of strati-
fying and mixing e�ects. The forcing for currents in the Limfjord are the horizontal
density gradients, generatedby in
o ws from the North Seaagainst the di�use fresh-
water in
o w of almost the samemagnitude; the mean elevation gradient between
the North Seaand the Kattegat, driven by the regional wind �eld; and the local
winds that produce surfacecurrents, but mix the water column as well.

In order to �nd out the reason for advective production of strati�cation, four
situations are shown in Figure 1. Thesefour situations are somestandard situations,
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where a special vertical water column is marked as dashedline. This dashedline is
the water column of interest in the situations. For each situation, the illustration
on the left hand side antecedesthe picture on the right. Thesestandard situations
A,B,C and D are printed two-dimensionally, but they can be extended to a three-
dimensional situation as they can be found in reality. This can be achieved by
rotating the �gure spirally around the dashedline. This meansthat the processes,
occurring in the horizontal, can be in a di�eren t horizontal direction for each depth.
Vertical processesdo not play a role in thesesituations of stratifying. A closelook at
thesefour situations A,B,C and D revealsthat situation B and D are related to each
other very closely. The lower vertical half is turned 180 degreearound the dashed
line. Situation A shows a typical stratifying situation in a tidal regime during ebb
tide, as already described in section 2.2. The stratifying conditions are a vertical
shearin currents and a horizontal density gradient. Situation B shows a completely
di�eren t situation of advective strati�cation. � , or one could say strati�cation, is
advectedwith a more or lesshomogeneouscurrent in the whole water column from a
strati�ed water body to the observed water column at the dashedline. Situation C
is determined by a vertical current shear and a vertical homogeneoushorizontal
density gradient like in Situation A. Situation D shows a more typical situation
of the Limfjord. There is not a homogeneousvertical density gradient in space,
but there is always a density gradient when looking in the directions of currents.
With di�eren tial advection it is possibleto determine the advective production of
strati�cation.

A three-dimensionalpicture of this situation is shown in Figure 35. In this situa-
tion, wherethe local winds are directed against the direction of an elevation gradient
driven or density gradient driven current, a shearin currents is produced. The wind
transports freshwater from rivers or lesssalty water from the Kattegat side into the
Limfjord near the surface. At the samemoment, a high density in
o w in a plume
from the North Seaproceedsmainly near the bottom. The salty and denserwater
slidesbelow the lessdensewater and strati�cation is produced.

In section 2.2, estuarine circulation is compared with the lock exchange experi-
ment. The sameprocessis going on in the Limfjord. Without having winds, the
internal pressuregradient drivesa near-bed 
o w of saline water into the lesssaline
areas. At the surfacean oppositely directed 
o w of lesssaline water occurs and the
initially mixed system with horizontal density gradients gets strati�ed. The lifted
seasurfaceelevation in areaswhere rivers 
o w into the Limfjord and parallel to the
density gradient directed winds at the surfacesupport this mechanism by increasing
the pressuregradient near the surface,which drivesthe lesssaline
o w. Strong winds
are responsible for mixing of the Limfjord. The mean horizontal density gradients
remain after such a wind event, becauseof the permanent riverine freshwater input
and the permanently high salinity at the North Seaboundary.

In order to �nd the in
uence of horizontal advective processeson strati�cation, @t �
from the calculated potential energy anomaly at the monitoring station in L�gst�r
Bredning canbecorrelated to � . In order to determine the changein � by di�eren tial
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Figure 35: Stratifying situation with di�eren tial advection driven by a plume in
o w
from the North Seaat the bed and a freshwater current driven by local
winds at the surface.
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Figure 36: Schematic of how to calculate the density gradient in direction of the 
o w
for one layer

advection after eq. 23, the density gradient in direction of current was calculated
for every layer. The valuesare interpolated linearly with angle betweenthe density
gradients to the eight neighbouring water points (see Figure 36) where diagonal
neighbours are consideredas well, in order to have a continuous range of density
gradient. For example: For determining the density gradient for the 
o w shown in
Figure 36 with a grey arrow, the density gradient is linearly interpolated between
gradient to neighbour 1 and gradient to neighbour 2 with the ratio of angle � to
the angle between direction 1 and 2 (being � =4). Apparently, there is a relatively
high correlation factor of 0.78, which means that the changes in � are mainly a
result of di�eren tial advection of density, seeFigure 37. Advective processesare the
determining stratifying agents in the Limfjord. Horizontal di�erences in heat 
uxes
are not the main reasonfor these advective processes.A reduced density by heat

ux or radiation at another placein the Limfjord, that in
uences the observed water
column via di�eren tial advection, cannot be the reasonfor an increaseddi�eren tial
advection of potential energy anomaly, becausethe heat 
ux and radiation from
meteorological forcing is the same anywhere in the whole Limfjord. The way to
�nd the reasonfor the production of strati�cation by di�eren tial advection in the
model is to look for sourcesand sinks for salinity concentration. These are the
boundaries where salty water 
o ws into the Limfjord and the rivers. Figure 29
shows that the well mixed regions in the channels to L�gst�r Bredning, which lead
the saline water from the boundaries with relatively high velocity, did not show a
signi�cant mean strati�cation. But areaswith only diminutiv e 
o w velocities and
riverine freshwater input, show up a tendency to strati�cation. Especially in areas
wherethe water depth constricts wind mixing to the upper part of the water column
and riverine freshwater meetsthe salinewater from the boundaries,a high tendency
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Figure 37: Anomaly of potential energy � in L�gst�r Bredning in 2003, @�
@t and the

advective changeof �

of strati�cation is found in the model. This is corresponding to the high correlation
of strati�cation with di�eren tial advection, becausewith strong horizontal gradients
this can be found in areaswith a lot of freshwater input meeting the saline water of
the North Sea.
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5 Conclusions

During these model studies on strati�cation in the Limfjord, a realistic, highly re-
solving 3D model of the Limfjord was developed by meansof the circulation model
GETM for the year 2003. The model was tuned to give realistic results in L�gst�r
Bredning, the area of major interest, becausethe musselsare growing in this area.
The validation of the model results with the data from monitoring stations in dif-
ferent placesin the Limfjord and data from the MaBenE campaignshowed that the
model results mirror the observed physical dynamics not only in L�gst�r Bredning,
but in the whole Limfjord. Someareasbesidethe main 
o w in the Limfjord still
need some improvement, for example the transport through the narrow channels
north of the island of Mors into Thisted Bredning. Furthermore, the assumption
on bottom warming without re
ection of radiation at the bottom has to be re�ned
in order to obtain a more realistic e�ect of radiation in the shallow parts of the
Limfjord.

The validation showed that the used model, GETM, can reproduce the physical
dynamics in estuarine waters like the Limfjord for a simulation period of one year.
In the short history of the model GETM and its application for realistic simulations
(e.g. Banas and Hickey [2005]), the present Limfjord studiesshow that it is possible
to make realistic simulations with the model GETM.

The model results were used to calculate the anomaly of potential energy as
quantit y describing strati�cation for the whole Limfjord. In the courseof the year
2003,the system of the Limfjord switchesbetweenfully mixed and strati�ed, there
is no permanent strati�cation in the areas where the musselsgrow. The model
post-predict areasin the Limfjord with high potential for strati�cation, like Lovns
Bredning, Hvalpsund and Risg�arde Bredning.

The wind is the major factor of destruction of the strati�cation in the Limfjord.
Winds with at least 6 m/s, lasting at at least 12 hours, reduce strati�cation in
L�gst�r Bredning signi�cantly. Statistically, the information about strati�cation
remains in the systemof the Limfjord for about 10 days.

The stratifying mechanisms in the GETM Limfjord model is the di�eren tial ad-
vection. The system of the Limfjord is characterised by strong horizontal salinity
gradients between North Sea,Kattegat and the freshwater dominated parts of the
Limfjord. The horizontal density gradient drives a stratifying circulation of salty
water from the North Seainto the Limfjord at the seabed under lesssalty water
from the freshwater dominated areas,
o wing over the North Seawater at the sur-
face. This mechanism is mainly causedby the internal pressuregradient due to the
horizontal density gradients, as well as the di�erence in mean seasurfaceelevations
at the North Seaboundary and the Kattegat boundary.



5 Conclusions 63

The horizontal density gradients in the systemof the Limfjord causea stratifying
circulation and strong winds mix the system up from time to time. The horizontal
density gradients remain after mixing becauseof permanent freshwater supply and
saline North Seain
o w. These are the major mechanisms at work in the Limfjord
which thus switchesconstantly betweenstrati�ed and fully mixed.
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A Appendix

A.1 Additional Figures
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Figure 38: Crosscorrelationof elevations at the North Seaboundary and the Katte-
gat boundary
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Figure 39: Map of the Limfjord with labels.
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