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Synopsis:

| “€omprehensive 3 dimensional ‘maodel.

Tmodel .is used: to- see- if the 1.box model 1s

I msufﬁ!(nent to analyse the (onsequence of-a

The purpose of this report is to analyse the
effect of constructing a sluice in Thyborgn
Channel in respect to flooding. Furthermore
the water quality of the Limfjord is analysed
and how a sluice will affect the water quality.

To investigate the effect of a sluice in regard
to flooding in the Limfjord, different scenarios
are investigated, where both the location and
the operation of the sluice are analysed. The
result of the scenarios is that the sluice should
be located on the West side of Thyborgn, if
the sluice should be able to protect the city.
The operation of the sluice should depend on
weather forecasts, and closed 2-7 days before
the storm.

The 'water quality-analysis is conducted with
two.models; a simple box-model~and a
In the
box model the impact on the water quality as |
a consequence of the sluice is_analysed. In the
box modelthe sluice had a negative impact on

the-water quahty Therefore the 3 dimensional

slhice. For the 3 d1mens10na1 model the effect
of arsluice on the nitrogen-concentration is also
investigated. The result of the 3 dimensional
model, shews’ipossible improvement of the

water quali{;y", if a Sluice is built.
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the year of the publication, like [name, year|. The sources with several authors are listed
[name et al., year|. All references are listed in the end of the report in the bibliography.
The references-to-figures;-tables and equations are-numbered according to the chapters,
for example figure 6.3 will be the third picture in chapter 6. If a source is mentioned in
the caption for a figure, the picture is from this source. The Mike Zero models and the
box model used for the project can be found in appendix F.

All elevations are in DVRY0 and all figures are selfmade unless something else is
mentioned.
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The Limfjord

The Limfjord is the largest coastal water system in Denmark, which is-located between
the North Sea and Kattegat-in-the-northern part-of-Jutland, and is illustrated in figure
1.1. The Limfjord extends an area of 1,500km? and covers approximately 1000km of
coastline. It has an average depth of 4.9m and contains around 7.4km? water. Around
525,000 people live in the main catchment area of the fjord, which is approximately 1/6
of Denmark’s area. [Miljgministeriet, By- og Landskabsstyrelsen, 2010]

The Limfjord and the North Sea have not always been connected. In 1825 there was a
storm surge that invaded the land and created the Agger Channel. In 1862, a new storm
surge occurred, and created the Thyborgn Channel. A few years later Agger Channel
was-closed due to sand transport with water, which left Thyborgn as the only connection
between the Limfjord and the North-Sea: The channel has been kept open and is now an
excavated channel, known today as the Thyborgn Channel. Agger-Channel was located a
little'north of Thyborgn Chanuel. [Miljoministeriet; By- og Landskabsstyrelsen; 2010]

"N

)

The North Sea

o H?Is
. Aalborg 4 W
Q 0] attegat =
Thisted Lagster Nibe ¥
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Legend ]
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0510 20 30 40 The Limfjord
B Kilometers

Figure 1.1: The northern part of Jutland and the Limfjord.
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to chrnﬁe changes, the discussion about precautlonary measurements to prevent flooding

has increased.-|{Ngrgaard et al., 2013|

Thyborgn Channel is shown in figure 1.2. The channel allows water flow from the North
Sea towards Kattegat.. The higher salinity of the water from the North -Sea has provoked
an increase of the salinity in the fjord. The flow has also resulted in a flux of nutrients
that moves the nutrients with the water flow towards Kattegat.

N Kzergarden

A

The North Sea

Thyborgn Channel

Thyboren

The Limfjord

i.0 05 1 2 3 Cheminova
e mmmmm———— Kilometers

" ... Figure 1.2: Thyborgn-Channel, which is-located-in the western part of the Limfjord.
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During the past century there has been an increased discharge ofnitrogen-and phosphorus
from the catchment arca. The increase of nutrients discharge to the Limfjord has resulted
in Several environmental problems regardlng the ecosystem in the Limfjord.

B

One of the envrronrnental problems is oxygen depletion; whlch_has inereased the last 30
years [leﬁ]ordsamtmne 2006]. T*his-has-forced animals hvrng in_the area with oxygen
depletion to flee-if p0881b1e or die from suffocatlon After oxygen depletion has occurred '
several years pass until the area- is fully recovered '['Powﬂlelf and- Kube, 1999]. “Since the
middle of the 1980’s, the amount of nutrieuts led Sre} thefjord-has been reduced,-but oxygen
_depletion still occurs every summer-in some extend The most gxposed areas are Thisted
—Broad, Lovns Broad, Skive Fjord and Hjarback Fjord: In-thelast decades approximately
10- 30% of ‘the Limfjord has been affected by oxygen depletion.. The affected areas of

A al-boaifgdﬁjij§ ﬁ ﬁli!:rszrqm Ezlengjh;sggziced in ﬁgore 1.3 and compared with the
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Figure 1.3: Areas affected by oxygen depletion in the Limfjord from 1996 to 2006,
compared with 1940. |[Limfjordsamterne, 2006]

The discharge of nutrients has also-affected the eelgrass spread, which has disappeared
from large areas. of the fjord=“In 1901, the eelgrass was observed-at_5.5m below the
water-siurface,' and taday the average depth for eelgrass is 2.2m. The réasons| for the

r

/

disappearance of the-eelgrass are,"among 6thers; an increase of phytoplankton, bad oxygen —

conditions at the bettom and mussel scraping. Eelgrass has positive properties for both
Sanimals living in the fjord, but also, on.erosion and algae bloom. - Since the-spread of

celgrass has been measured since the Beginning of the 20th century in Denmark, it has

been used as an indicator of the water quahty [Danmarks Naturfredmngsforenlng, 2013].
; [Limfjordsamterne, 2006] LA B - - '

. <l 41| I ; -

“Phe distribution of animals 11V1ng on the bottomlof the-Limfjord Has chlanged over: the' :
past 100 years. Now the bottom is dominated by common mussel and oyster’s feeding by
filtering the watét) I the period between 1910 and 1952 the increased amount of nutrients
di’scharg.ed to the fjord resulted in a bigger productivity of, for example, benthic animals.

The' 1ncxea,s.1ng' discharges of nutriehts=have resulted in"a decréase of the bottom animals
since the 196&’3 The COIldltl@DS in-the fJOI‘d from the 1960’3 until now have a,ﬂ'ected the
amount of bottoni- ﬁsh hv1ng in ’t.he lefJOI‘d Flgure tid-illistrates the athount ‘of fish
caught the same place with' the same gear: e—VEI‘Y_yea,'I‘ 1n the Limfjord from 1980 te-2005;

indicating the biggest changes occu-rred il the beglnnmg “of the nineties. ThlS‘ has also
meant that all commercial fishing -in the f]OI"d has stopped except for mussel dredging.

- 3 [lefJordsarnterne 2006]
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I Problem Identification

In this part, different aspects concerning the hydrodynamics of the Limfjord and
ecological processes are described. The hydrodynamic processes are important in
respect to flooding and transport of nutrients. The impact on the hydrodynamic
processes from global warming is also described, to better understand the future
risks regarding flooding.
Furthermore, the problems concerning the nutrients are compared with the
demands regarding the Water Framework Directive, and .the role that the
¢atchment ared-Has ih the discharge of nutrients to the fjord. It is also investigated
why-nutrients-in form of nitrogen and phesphorus are a problem regardmg the
water quality of the fjord.
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Flooding

The hydrodynamics of the water in the Limfjord are important in order to study flooding
and nutrient transport....Therefores~the tides, wind and salinity are described in this
chapter.

Global warming will affect the water levels, precipitation rate, salinity and wind. Since
the water level and wind speed will increase, the risk of storm surge and flooding will also
increase, consequently having more flooding. [Larsen, 2007a)

2.1 Hydrodynamic

The-hydrodynamics in the Limfjord are unique because the fjord in reality is a strait

system connecting-the North Sea with Kattegat. Because the Limfjord is connected with

an ocean in both ends, the salinity through the fjord is higher thai in-the rest of the

fjords” in :Denmark. “Fh-a simplified sceﬁariq, the Limfjord can be seen as a big-basin

betweerl Thyboron and Logster while from Logstor to Hals-it consists of-a fairway which ™
.. s illustrated-in-figure 2.1.

© N

. . 1 A

The North Sea

Is i
Aalborg L

Legster Nibe

Kattegat

% Thybore

Skive

fal,

= =i Figure 2.1: The Limfjord can in principle-be divided into a big basin between Thyborgn
- Ands L@gst@r and a channel from L@gst@r to Hals ‘
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The movement of the water in the Limfjord is controlled by different flow parameters,

which-are-described in the following sections.

2.1.1 Tides

The waterfevel in the Limfjord is partly controlled by the tidal flows. The tide at the
North Sea is the governing factor controlling the flow in and out of the Thyborgn Channel,
and changes every 12.5 hours. Models have shown that if a drastic change of the water
level in the North Sea occurs, e.g. a raise of one meter, it will take 24 hours before the
water level in the inner part of the Limfjord reaches its maximum. So, tides have only a
small influence on the water level variation in the fjord. At Thyborgn it is approximately
0.5m, at Hals it is about 0.3m, and at Skive it is around 0.1m 12.5 hours after the tidal
wave affected Thyborgn. The delayed influence of the tidal waves is due to the friction
through the fjord. The transport of pollutant out of the fjord is only partly affected by
the tide because, as the simplified sketch of the fjord illustrates, the western part consists
of a large basin and the water level only raises 0.1m at Skive. |Larsen, 2005]

2.1.2 “Wind

In-the:Lintfjord, one of.the*most important flow parameters is the windywhich due to the
shear stress-transferred to-the. water surface resultzin-a flow. “The surface stress caused by
the wind can:he expressed-by-the following equation:

7_w:‘/Oa'CD'I/VlQO

Ty . | Shear stresses ‘ ‘ {Pal

pu | Density 4 | [igfmd]
Cp | Drag coefficient A Tl
Wio | Wind velocity at ten meters height [m/s]

The'wind stress makes the water,move with the wind direction, which results in a wind-
setup on the coagbs=with onshore wind'“Bhis.will Faise-the - water-lével and the change. is
inversely. propertional to the depth, which'can be seen in-equation 2.1. |

A= - _“;m Az — 2.1
Ah |~Change in water height [m]
Az Affected distance [m]
. =3
Aalborg Hiversity.. = e
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set-up situations on the shallow broads, resulting in current through the straits. The
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2 3 Sallnlty

The-salinity in the Limfjord is dependent on the salinity in the North Sea, which is
controlled by addition of the Atlantic water and the English Channel. The North Sea
salinity is 32-34PSU and Kattegat has a salinity of 19-25PSU. The low salinity in
Kattegat is due to the water from the Baltic Sea, which has a very high input of fresh
water. In the Limfjord, a large variation of salinity is observed, due to its dependency on
the wind and freshwater addition [Larsen, 2005]. If the salinity in the North Sea changes,
the full effect will first be reached one year later in the residual part of the Limfjord. This
indicates that-although-the tide and wind move-a-lot of water around the fjord, it is the
same water that is being moved around, and there is only a small exchange with water
outside the fjord. [Larsen, 2005]

The discharge from the streams is about 20% of net flow in the fjord. The net flow and the
dispersion through Thyborgn Channel has a large influence on the salinity in the western
part of the Limfjord. The stratification of the fjord has been monitored over several
decades. The measurements indicate the highest concentration at Thyborgn Channel,
and a lower concentration towards Hals. Figure 2.2 shows a sketch of how the salinity is
in-the Limfjord from Thyborgn to Kattegat. The figure shows measured data from six
stations in the Limfjord.

: 33 32 31 30 29 28 27 26 25 24 23 22

= ef Figure 2.2: Sketch of the. Sahmty through the Limfjord.

Aalbor Q‘W é?lgeilfv in 2.1 whlch is the mean of all depths and all measurements
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Table 2.1: Mean of salinities for the six measurement stations in 2005. [DMU, 2005]

2.2 Climate Change and Storm Surge

A consequence of the climate change is the increase of water levels and wind, which has
a-large-influence-on-flooding:~ When the sea temperature rises, the water expands and
the water level increases. Water is also added to the ocean from the melting ice from
Greenland and Antarctica ice caps and glaciers. The water level is predicted to rise 0.7m
if the ice caps melt completely.

During the next 50-100 years the water level is expected to rise with 0.19-0.58m. The large
rise of the water level will have huge effects on coasts and flooding protection because at
the same time global warming will also have an influence on the wind. The storm activity
will be more frequent but also more powerful because the climate change will affect the
average wind speed, and increase it with 5%. |[Ngrgaard et al., 2012]. This will result in
morewregular and stronger storm surges and waves. [Larsen, 2007a]

Tlhie storm surge freqﬁency in-Logster is 40-years;but in 2050 it will reduce its frequerncy
to every 15 years, and every 1-2 years by 2100/ [Region Nordjylland, 2011]

Wehenra, Stoj‘rfn surge occﬁrs, depends on the interaction® with different parameters, such
as wind velo€ity,.tides and coastal development.. The storm surges have become Stronger

- . in the period of 1931-2005,-where only-two of the twenty most powerful storm surges at
Thyborgn Harbour occurred, from 1931-1968; -[Larsen: 2007b]

Climate change is pointed as thewsowrte of & laxger nmeer of st(;rrri surges.and the greater—
frequency of the events between 1931-2005. The stormm surge that-hit the Isimfjord-in 2005
was a storm surge With a 1000 years frequency, and it is expected to occur more often in
thefuture |Larsen, 2007b]."Figure 2.3 shows the coasts affected by the flood. It was the
highest waterlevel theasured in the Limfjord. [NielSén, 2006f "
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Figure 2.3: The coasts that were flooded during the storm the
marked with red. [Stormradet, 2009]

of January 2005, are

On the 8" of January 2005 a large part of the west coast of Jutland had wind from the west
almost with a hurricane strength. The mean wind with Hanstholm reached up to 35m/s
and the rest of the country was the gust of wind on hurricane strength. During the period
before the storm surge occurred, a long period with west wind had already increased the
water level in the Limfjord. The storm surge resulted in strongly increased water levels
in the Limfjord. At Thyborgn coast had the highest water level ever measured at 2.97m
[Nielsen, 2005]. After the storm surge, 424 damages were reported in Denmark, and 371 of
the damages reviews came from areas near the Limfjord. The total compensation for the
reported claims amounted to approximately 33 million DKK [Stormradet, 2009]. After
the flood, the discussion.about the closure of Thyborgn Channel was resumed, this time
based on' the global warming and its effe¢t oh the water levels.
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Water Quahty of the
Limfjord

In"this chapter, the water quality of the Limfjord is described. First the European Water
Framework Directive is explained in regard to the water quality. Furthermore the different
sources of nitrogen and phosphor are presented and why these nutrients are important for
the ecological system of the Limfjord.

3.1 Water Framework Directive

As mentioned in the introduction, the Limfjord is affected by oxygen-depletion which has
influenced many of the species that live or lived in the fjord. This is not only a problem
in the Limfjord but in most parts of Europe, which is why the EU has constructed the
Water Framework Directive.- Since-Denmarktis‘d part of the EU, they-are also part of the
EU Water-Framework Directive. This was'established.in 2000 and each memiber of-the
EU was forced to camply with the directive by 2015 [Bidstsup et _al.,.2006].

EU’s ‘Water Framework Directive establishes a framework-for the protection of rivers and
lakes transitional waters (estuaries, Tagoous; etc.); coastal waters and groundwater in all
EU ¢ountries. As-an instrument to-reach these goals, Vandplanerne (Water Plans) are
used.—They describe how water-areas-should have-a ’good-status’. -This has caused the
Danish legislation in Miljgmilsloveni(Enviroamental Law). This provides a framework for
the protection of the Danish waters [Miljoministeriet, 2009].

The aim-of the=directive is to reach a ’good status’=for ground and surface waters,
which includes the Limfjord: Good status includes both'the chemical and ecological
conditions, amnd-is obtained if thestatus only. deviates a=littlefrom the unaffected status.
To figure.outy the status, 'a Basis Analysisis carried out=which for the Limfjord includes
a characterisation ofthe water, description .ofsmanznadeimpacts-on the Limfjord and an
economic analysis of thewuse of the water. [Bidstrup:et: al;2006]

As explained, eelgrass is used as indicator-of the.status of the fjord. The Water Plan
for the Limfjord states that to reach a ’good status’, the depth limit for distribution
of eelgrass needs to be 4.1m. To reach -a ’good ‘status’ the depth for eelgrass should
be 74% of the reference condition Miljginisteriet Naturstyrelsen [2011]. To reach this

Aalb orgjﬂniivlefrlg,izwpom parameter for the level of total nitrogen of 409gN/1 is
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2005 from the agriculture were assumed to be 14,500 tonnes of nitrogen and 317 tonnes
of phosphorus.- To achieve a good status, the discharge should be reduced to 9,520
tonnes nitrogen and 364 tonnes of phosphorus per year. This result in a reduction of
4780 tonnes nitrogen and 47 tonnes of phosphorus compared to 2005. To get a better
understanding of where the nutrients come from, the catchment area of the fjord is

investigated. [Vandrammedirektivet, 2006]

3.2 Catchment Area

The catchment area of a fjord can have a huge influence on the recipient depending on
what is imported to the recipient. The catchment area of the Limfjord covers 7608km?,
which leads to an average discharge of water to the Limfjord of approximately 82m?3/s
[Bidstrup et al., 2006]. Figure 3.1 shows the catchment area and all the streams discharged
to the Limfjord. |Bidstrup et al., 2006]

N

A

Legend

Streams
b LY ' Catchment area

0510 20 30 40

? The Limfjord
Kilometers

‘H."'F_igure 3:1: Catchment area of the Limfjord; and the streains. dischared o the fjord.
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makes the catchment area a big source for loadlng of nutrients. Approximately 70% of

_ the nitrogen and 30% of the phosphorus loadlng i f:]ord from the catchment area,
A cmme/gdr tﬂe ‘5gn¢m C[L{m ? erne, 20(36] Du the hig ?L ul uz/ L\
ﬂ Ehe (¢ t’ IT)QHQM)@, here L jc/u lated a large\a ufri ﬂl

accdmulated nutrients can, during flooding, be washed out to the lefjord [Department

of Environment and Primary Industries, 2011|

Phosphorus and nitrogen to the Limfjord can be discharged from two types of sources,
point sources and diffuse sources. Point sources can be, for example, waste water treatment
plants and fish farms. Diffuse sources can be, for example, from the atmosphere or
agriculture. The distribution of nitrogen and phosphorus added to the fjord from the
catchment area can be seen in figure 3.2. [Limfjordsamterne, 2006]

Nitrogen

Phosphor

Agriculture

B Background contribution

M Storm water drainage
Wastewater treatment plant
Scattered dwellings
Industry
Fish farmning

' Flgure 3.2: Dlstrlbutlon of nltrogen and=phosphorus added to the Limfjord.” [Limfjord-
saferne; 2006]

Overall, a big effort in reducmg mtrogen and phosphorus from the catchmeflt area hasbeen =
done. As result of this, the nitrogen dlscharge has been reduced by 20% and phosphorus

L 'by 70% since the" 1980 5. 3.1, |[Limfjordsamterne, 2006]

The reaSon why: nitrogen and phosph_orus are 1mportant_parameters 1s further ‘explained
“in the" mnext sectlon

e ,_' o ‘_'T\: e o o |
3.3 Nutrients " e __'.-;_F-,_- TE e =
o : e : ] =
- Phosphorus and nitrogen overload i *the Tast decades represent a big problem in the

_ Limfjord. The use of fertilizers in agriculture las increased the nutrient-load; in particular
- . bhosphorus and nitrogen, and it has conflicted with fisheries, NATURA 2000 areas, angling
and bathing. [Bidstrup et al., 2006] e
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represelﬁmg a problem to the ecosystems [Paytan and McLaughhn 2007]

Nitrogen is-considered the most important factor for the water quality in the fjord.
Nitrogen is the limiting factor compared to phosphorus in the summer and late summer.
More nitrogen to the fjord will therefore results in a bigger algae growth in this period
when the fjord is vulnerable. [Larsen, 2013b]

3.3.1 Nitrogen
In the Limfjord, the main nitrogen load.is from-agriculture.

In the land, nitrogen is absorbed from the atmosphere as No, and fixed by photosynthetic
organisms to N Hsz, in a process called nitrogen fixation [Falkowski, 1997].

Since nitrogen limits the plant growth, there is large discharge of nitrogen as fertilizers
to the arable lands. This way, nitrogen from arable land represents the largest load of
nitrogen to the fjord.

Nitrate is the compound that is released from the water streams to the Limfjord, and
is reduced by algae, bacteria and plants, to amine form, used for their metabolism.
Ammonium is oxidized by nitrifying bacteria and comnverted into nitrite (NO; ). |Valiela,
1995|. Denitrification is-the process where /N O5 isstransforimed into nitrogen -No or N>O,
which are gases, and can“beréleased again to-the atmosphere |[Falkowski, 1997} <In the
ﬁgure 3.3, 'the different processes of nitrogen can be séén.

Uptake and assimilative reduction in cells
Organic ®

nitrogen N, fixation

! Dissimilative reduction ™=

[ Db e e T B - AR |

+ ; - -
NH NH,OH N, N,0 ; NO NO, NOjg

Excretion & decay
Uptdke

Ammonium Hydroxyl amine N gas Nitrous oxide [l Nitric oxide Nitrite Nitrate

L= l J J E Nitrification T ’ Nitrification T

"-‘ Oxidation
skdte: -3 -1 . 0 1 2 3 5

[ e

Figure 3. 3 Thisy picture shows-tlie n1trogen cheimical processes that take place in=the
nitrogen cycle [Vahela 1995]

Between 1990 and 2004, the Limfjord reoei.v_ed"annuaHy 18‘,700 tons of nitrogen, where
“the catchment area contributed the biggest load.” From 2005 the annually discharge is
~ dssumed to be 16,300 tonnes of nitrogen. The amount obtained from the atmosphere is

1,800 while- the last 14,500 is from agrlculture [lefJordsamterne 2006]
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The anthroﬁbg;e,y}c sources of phosphorus in the LmlfJord come from agriculture

J‘;"-, (ﬁ@rtlhzers) Waste WE’ter Treatment Plants, fish farming and industry. [L1m£]ordsamterne
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Figure 3.5: Phosphorus processes in the water column [Valiela, 1995]

The largest amount of phosphorus is buried in marine sediments. Particulate phosphorus
can be regenerated to dissolved forms, or settle to the bottom. Dissolved phosphorus reacts
with iron oxides and forms carbonate fluorapatite or is bounded to iron oxide particles.
The deposition of phosphorus on the sedlments is .dependent of the tedox conditions.
Sediments with high conten.t of fervic iron-and: manganese phase, in-oxic conditions.will
enhance the uptake of phesphorus by-adsorption and mmneral formation, so the phosp_horus
will stay buried in the sediment because the retaining capacity is high. However, the
re%ai,n'ing capacity in anoxic conditions is lower, and when iron isireduced, phosphorus
bounded:to it is Teleased t0 theswater column. Presence of oxygen in the bottom enhances
- “=.the coupling between iron and phosphorus ‘while low oxygen bottom slows down organic
maftter oxidation and phosphate is released at’a hlgher Speed [Paytan and Mclatghlin;

2007, B 1 T I | Sy =

3.3.3 Probléfhs-w_ith Nutrients

a

The' redson why eutroﬁcatlon in.the Limfjord represents a problem is because it leads
to high productlmty of algae. These algaeshave-a-short hfﬂycle, so- when they_die,
they-sink’ andin. the decomposmlon process oxygen is taken up, leaving hypexia, (low
oxygen) or anoxia (nof oxygen) condltlons at. the Bottoni of the water. This problem ‘1§
specially relevant during the sanimer seaso, yvhen' the Water temperature is hlgh a,hd
the wind-is low, so the water columm is steady and the_oxygen isnot circulating up’ and
- “down the water column [Larsen, 2007a). Benthic. fauna that have habitats there does not
“have enough oxygen and die, so especially the ecosystems in the bottom offthe water are

negatlyely affected. [Bidstrup et al., 2006]
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In—the past 100 years the climate has changed and has affected water temperature and
precipitation. Water temperature has increased 1.1°C, precipitation 15% and [Larsen,
2007a]. The average temperature in 2100 is expected to rise 2.2-3.5°C, and it will have a
large influence especially at night.

\_IL/“
‘

Climate change will result in an increased annual precipitation of approximately 14%,
even though there will be longer drought periods during the summer. The rain events
occuring in summer will be more powerful.

The-increase of precipitation will affect the nutrient runoff to the streams, since more
water will run through the fields with the nutrients and be discharged both in streams
and groundwater, and in the end to the Limfjord. If the precipitation rises with 10%, the
input to the fjord rises with 10% [Limfjordsamterne, 2006].

The temperature rise will further increase the growth and decay of algae, which will result
in more frequent oxygen depletion, and also be in a larger scale [Bendsge et al., 2003].
Furthermore higher temperatures result in less oxygen can be dissolved in the water which
also implies faster oxygen depletion |Limfjordsamterne, 2006].

A tise in precipitation and temperature will therefore have a bad effect on the fjord.
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Problem Statement

As mentioned before, the Limfjord has large problems with flooding and the water quality-
The storm in 2005 resulted.in.severe-looding of the western part of the Limfjord. Different
solutions to prevent flooding have been discussed. One of the possibilities is to construct
a dam with a sluice at Thyborgn Channel, hereby making possible to regulate the water
flow into the fjord and avoid the water build-up before the storm and during the storm.
This should ensure a lower water level and minimise the effect of the storm, since less
water would be moved around during the storm.

The construction of the sluice could also increase the flow in the Limfjord, which could
enhance the wash out of nutrients, thereby improving the water quality.

Therefore, the construction of a sluice in Thyborgn Channel is investigated in this report
in respect to both storur surge protection and water quality improvement, which results
i the following' preblem formulation:

Is it possible to avaid flooding in-the Limfjord today and i the future, by implementing
and “operaté-a.stuice at-Thyborgn, and would it hereby be possible to improve the waten
L quality, by reducing the nitrogen concemtration-in the Limfjord?

To investigate the problems, the report-is_divided into two parts. The first concerns the

flooding on-the Limfjord, and a model is made-to analyse~the problem and-the effect of
implementing a sluice:-“Lhé secondpart’cori¢drns ‘thel bidlogical and ecological-status of
the fjord. The present status will be.analysed and how the status will be improved- by
implementing:the sluice. To investigate this, twomodels will be made. One will consist on
a simple box model'and the second is an advanced model to better describe the processes
andyexchange of flow in the*fjord. ‘
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II _Flooding

As mentioned in the problem statement, the Limfjord has large problems
concerning flooding during storms. In 2005 the storm affected the area between
Thyborgn and Logster, as illustrated in figure 2.3. In this part of the project the
effect of implementing a sluice to prevent flooding is analysed. This is dene by
using -‘measurements from the storm in 2005 in a two dimensional flood model.
First it is analysed where to place-the sluice. After this it is analysed what

 criterias. should be used for when to. close the sluice. This-is-carried out by

analysing the effect-on the water levels,‘ when closing the sluice at different. times
before the storm peaks. After the closing time analysis an optimal sluice setup
is desciibed.
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Model Setup

To analyse different scenarios in respect to flooding, a Mike 21 model is created.

Mike 21 is a two dimensional model selection in the program called Mike Zero, which
uses a numerical solution of the Reynolds Average Navier Stokes equation to calculate
the flow parameters, further described in appendix D. Before any calculations can be
done, a bathymetry of the Limfjord is made, describing the bathymetry of the Limfjord.
This bathymetry consists of a triangular mesh where each note is assigned a depth
corresponding to the scatter data. Hereafter the depths are interpolated between the
notes. The grid size for the flood model is rough consisting of 2600 elements. This can be
problematic if the grid cells are too large, and the triangles cover a total cross section of the
fjord.~This has in some areas resulted in very small depth as illustrated in figure 5.1. This
can be solved by. generating. finer grid, but since this would increase the computational
‘tim,e,. this is not *desirable. Tlierefore the problem i$ solved by manually correcting the
depths assigned to the problematic notes; this has been done several places-in:thé fjerd,
and anexample of a correcting is-illustrated 0 figure 5.2

_F__i:gure 5li—An al.r-ea:,with small depths, the Figure 5.2: The same area where the depths
dept_:h isvincreasing from réd to blue, 2 - —have been cotregted manually, the depth is

increasing from ted to-blue.

‘ On figure 5.2 it can be seen 'that_thé‘cof-rfébt'ion ;'}a'sigsulac'éd in too high deptfi. This is
e still a better solution than'the low dep'th,.;zvhich would have almost stopped the flow. To
: each side of the Limfjord there is assigned a beundary for the oceans-=These boundaries
are 111ustrated in figure 5.3.
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Bathymetry [m]

B Above 0O
B 15- 00
] -30- 15
L1 45- 30
] 60- 45
C 1 75- 60
B 90- 75
1 105- 90
B -120--105
B 135--120
Bl -150--135
Bl 1c5--150
Hl -180--165
Bl -195--150
Bl 210--195
B Below -210

Figure 5.3: The bathymetry of the Limfjord used in the Mike 21 and the boundaries assign
to each end.

The simulation period for the flood model is chosen to 14 days, from the 15¢ to the 15 of
January, which corresponds to the period of the storm in 2005 including build up and the
settling of the water after the storm. The time step is set to a maximum of 600 seconds
for the model;-which corresponds with most of the measured data.

5:1 - The Hydrodynamic: Model: Setup
The hydrodynamic model -ificludes  of several elements, which have an influence on the
flow.” "Two: parameters with importance are the bed friction andsthe wind friction. The

bed frlctlon 18 described from the Mannmg number wherea number is assigned to each
mo e cell.*FPhese bed frictions-are-determined-in-section-5.1.1"

v i ]

The wind forcing is constant lin the| domain‘but vaf)';ing over time; the values are mean.
valiies-of measurements of the winid speed from Hals and Thybornn The wind friction s
the same for the entire grid, but is varying over Fifue depended on the wind Speed The
wind friction is increased by changing the drag coefficient (Cp).from the standard values
of 010026 $0°0.0045 for wind velogities above 25m/s, thereby better describing the effect of
the max1mun1 w1nd vélocities. The valuer for. the wind frictions 1s—f-rom a case study, where
the same data was used [N@rgaard, et al Not pubhshed]

The time dependent SOUTCe ihput i 1s, in the hydrodynamlc model (the fresh water dlscharges.
from the streams conneeted to the-Limfjord." Tlies .total—amau.nt of Streams discharging to
the Limfjord is combined in 31 sources. T'he__‘_sources [ocation-are illustrated in figure 5.4.
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Bathymetry [m]

Bl Above 0.0
B 15- 00
] 30- 45
] -45- 30
[ ] 60- -a45
] -75- 60
] 90- 75
= -105- 00
B -12.0--105
B -13.5--120
B -15.0- 135
Bl -165--150
B -150--165
Bl -195--180
Bl 210--195
Bl Below -21.0

[ Undefined value

Figure 5.4: The streams location in the bathymetry to the Limfjord.

The two boundary conditions in each end of the fjord are assigned a water level, which
varies in time. The two boundaries are measurements from Thyborgn and Hals. Apart
from the two boundaries a land boundary surrounds the entire fjord. The land boundary
works in principal as a vertical wall around the bathymetry, which means that the water
level will stay in the Limfjord and not flood the surrounding areas:

5.1.1 Flood Model,Calibration

The flood model is-ecalibrated  to- make it capable to model the correct ‘water level and’

flow. The data available for the calibration is the water level in Skive and Lggstor. There._
" has nét been used flow data for the fJord for calibrating the flows. But, since the water

levels in the tjord are dependent of the flows, the flows are assumed correct if the water

levels are correct. The calibration is then _made by comparmg the modelled Wlth the water
slevels in the measuremeht Stat;ons in L¢gst¢1 amdiskive. - 4

. ||} | . =
"For the first simulation, the model is_run-with a)Manning number of 55m1/ 3 /s for the '
entire grids correspondmg earthy channel. This-resulted in too low modelled peaks; but
"peaking at the correct time compared with the measured water levels. Therefore the
M‘anmng number in the eastern part of the fjord was decreased to a value of 30m!/3 /8,
Wthh w111 iicrease the water level he-Test of tlie ﬁ]ora—The chosen values feor the bed
“friction are 111u‘strated in ﬁgﬂre 5. 5
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Figure-5:6:=The-bed friction in Manning numbers of the Limfjord.

The result from the new bed friction minimizes the errors between the measured and
the modelled water levels. The measured and the calculated water levels for Logster are
illustrated in figure 5.6.
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Figure 5.7: Modelled and measured water levels for Skive.

In figure 5.7 it can be seen that the water level during the peak of the storm has not been
possible to model. The reason for this might be that the wind friction is set very high in
order to get a sufficient flow through the fjord. But this also result in a very big build
up in this area, removing the water from the measurement station illustrated in figure 5.8
and-thereby making the modelled water levels too low.

Surface elevation [m]
Il Above 195
s 1.80- 1.05
I 165- 1.80
150- 165
135- 150
120- 135
1.05- 1.20
0.90- 1.05 -
0.75- 0.90 fr— i B
060- 0.75 b e = S ke
0.45- 060 .
030- 045
015- 0.30
000- 0.15
. 0.15- 0.00
. % Bl celow 015
I~ 1 undefined Value

'J ™ Y

Flgui'e_ 9. 8. ‘xModelled water levels in fhe area of Skive durmg the strongest wind speeds

||| ENNNNNEND

(31m/5) :‘L e .':-:1 o -, o ]
— o = ._':' -_\ .;_. T bk J s
e | o -
" Although there are problems Wlth ca:lou_latmg the hlghest peak the maximum value is not 3.
“rew 7L that wrong, since the water is "released” when the ‘wind. gpeeds decreases.

| p— '_,_ '}

5 Thls should be taken into consideration when 1nvest1gat1ng the scenarios. The accuracy
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he sluice hastwo functions. The first one of the slu1ce JS—the 111ty to close completely

fore@d@u 'ing a SFOFI: ion is to gnsure 1rgct:10n so \ // >\
‘i&s (mly fr ﬁhé‘North‘ g:gmtd%ﬁe Efo d. To QO thls meg e u

WO-S ruéftures i tﬁe motiel St~ struc ure is a Culvert w IC nes a ollow CI‘OSS

section, where the water flow direction can be assigned. The rest of the cross section

is-solid and not-allowing water to flow. The second structure is a gate, which makes it
possible to close the sluice for a period. The implementations of the two structures are not
changing the bathymetry, but assigned as a parameter for the cells in the cross section.

5.2.1 Culvert Setup

The sluice has a width of 15m and the culverts have a cross section area of 36m?.
The position of the bottom.of.the-culvert-is-set 6m belowzero. The Manning Number
describing the roughness through the culvert is set to 77m!/3 /s and the head loss factor
for each culvert is set to 0.3 at the inlet and 0.8 at the outlet. The culvert setup is ensuring
a one direction flow, so the water is only flowing into the Limfjord.

5.2.2 Gate Setup

The gate is implemented, since the culvert is unable to have both one direction flow and
no flow. The gate setup is carried out by first determining the position of the gate and
then creating-a time series, which regulates when the gate is opened and closed.
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Location of the Sluice

In this chapter it is be investigated whether the sluice should be located west or east of
Thyborgn. In order-to-determine~where the sluice-should be located, the two locations
are analysed regarding flooding at Thyborgn. The two locations are compared with a
reference scenario, where the current conditions are used.

The input data for the flood model is water levels and wind speed from the storm the 8"

of January 2005, where extreme water levels were measured at Thyborgn Harbour and
the rest of the Limfjord. Furthermore, the scenarios are analysed in respect to a future
scenario with extrapolated data for wind speed and water levels in 2100.

On basis-of the Danish Coastal Authority it is assumed that serious flooding will occur in
Thyborgn at water levels of 2.05m |Kystdirektoratet, 2010]. Tf the modelled water does
notrexceed the flooding criteria;flooding could still occur in some-extent.

6.1 Reference Scenario

The reference scenario is modelled with the.conditions as théywere in 2005. Furthermore,
thereferente scenario deseribes the conditions in 2100 due-teglobal warming. To simulate
this;-the water level and wind speedhas been-increased. The water level at the boundary
conditions is-increased’with O4m “and the wind-speed is increased with 5% |Nergaard
et al., 2012]. The results-from this scenario will then be compared'with the two-different
locations, and thereby illustrating the-éffects of the sluice-locations.

6:2 Sluice Located East of Thyborgn

The reasonfor Tocating the sluice.east of Thyborsn-is that it would still be possible to
use Thyborgn-Harbeur as an€mergency harbour: Hereby ships can seck shelter during
storms. The-location-ef the shuices illustratediin figure.6.1.

With the sluice implemented, the.erossssection area=where the water can-flow will be
smaller, than the original cross section of.the channel. The cross section of the sluice,
whete water can move, is determined by- the number of ‘culverts placed in the sluice. The
total-amount of culverts used in these scenarios is 168; which. corresponds to an effective

A alb or g sllzﬂjn area-of Gii& which is approximately 80% of the smallest cross section of
bléellgra r usmg this effective;cross section is that the sluice itself will
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f‘igure 6.1: The location of the sluice east of Thyb:dfdn‘ and the-.ameasure point” for water
levels,

A downside by implementing the sluice east of*Thyberpn is that-the city isnot protected
- agamst flooding. Therefore- it is mvestlgated whether |the water level will exceed the critrcal’
waterlevel at Thyborgn both for 2005 and the future scenamo | — -

6.3 Sluice Lc;}‘:'a'fed West, of Thyborgn

It is mvestlgated if Thybor(z)n can: be proteeted against ﬂoodmg_"fthe sluice is located west
of Thyborgn. In- ﬁgu‘re 6.2 the loc‘atlon of the sluice west of . Thybom,n is~illustrated. By
placing the sluice west oF Thybomn the’ harbour can Ao" Ionger functlon as an emergency'
harbour during storms. The shaice has the same eﬁeehve Cross” sectlon and. closing tune
as explained in section 6.2, and is also 1nvest1gated With-data from both 2005 and the

extrapolated storm for 2100.

Dué to the increased wind friction explained in section 5, the used flood model is very
w1nd dependent illustrated in figure 5.8 on page 29. Thisresult i in a high gradient on the

-~ Aa lb@ﬁg@ﬂtveqtsmylle¢wa?er levels.iui the harbotir ate 0o low.
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to be adjusted. This was done by moving the sluice and the measurement point for the
water leyel at Thyborgn further out of the chanr&e}f gure 6.2 a sketch is illustrating

Tthes fﬁd 1 ,7;B4t16l7i aﬁdﬁeﬂl al—,r;—ﬁ ‘ ‘ ‘:'/ ri\‘ ;\
/ L X |

181
@
Thyboron
Y Legend
® Measure point
Fictive sluice
— Sluice
0 1 2 —— Harbour area
I T 1Kilometers

‘Flgure 6:2: Sketch jof the 1ntended and deel location for the sluice and the measurlng

point.

6.4 “Results

The highest water-levels modelled in- hhe reference sdenarlo_ln 2005 and the extrapolated

oy | || S e

. iz i : | .
Thyborgzsn; Tyl Im]. ;

Water level, 2005-2.02

Water level, 2100 2.34

R e ey .'Floodlng griteria 2,05

e
b

“data are presented in table 6 s

i

A

‘ Table 61+ Water levels at Thybor(z)n with-the current condltlons in 2005 and in 2100 with

climate changes along w1th ﬂoodi‘ﬂg crlterla -

—_— i u
!

The reference scenario shows that with the current-conditions flooding will not occur

. . at Thyborgn since the highest modelled water level at Thyboren is below the flooding

- eriteria. This corresponds well with actual measured water-level at Thyborgn during the

Aalb or g) mwgtgj&vough the modeHed water level from 2005 (2.02m) are close to
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nothing is changed from the way it is today since it exceeds the ﬂoodlng criteria.

Slulce locatlon Thyborgzm
Water level, 2005

- East 2.96 |m]
- West -0.88 |m]
Water level, 2100

- East 3.35 |m]
- West -0.37 |m|
Flooding 2.05 |m]

Table 6.2: Water level at Thyborgn with the sluice located east and west of Thyboren,
both for the current conditions in 2005 and in 2100 with climate changes.

If the sluice is located east of Thyborgn, the water level at Thyborgn will exceed the
flooding criteria. This is the case both with the current conditions and in 2100. In 2005
the modelled water level is 0.91m above the criteria. If the sluice is located west of
Thyborgn, the city is protected against flooding for both the storm in 2005 and with the

extrapolated data for 2100.

6.4.1" Discussion/Conclusion

If Thybotrgn sheuld be pretected by the'sluice, the location needs to be west of Thyborgn.
If the sluice is located east. of Thyborgn additional storm surge protection should be
cohsjcfucted; but this would ensure Thyborgns.funetion as an emergéncy harbour. Whether
the value-of maiiitaining the emergency harbour is worth the additional cost of storm surge

“=protection is unknown. The primary -ain of the slitice is t0; protect against ﬂoodmg, and

therefore the western locatlon“ 18 Chosen ' r=—=
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Operation of the Sluice

,,::1

In this chapter it is analysed how the sluice should be operated to avoid flooding.—In
Chapter 6 the best location-for-the-sluice was determined to be West of Thyborgn, and
therefore this location is used in this analysis. The exact location of the sluice has a very
small influence on the water levels in the fjord, and therefore this investigation will also
be valid if it should be chosen to locate the sluice East of Thyborgn.

It is analysed how the closing of the sluice will affect the water levels in the fjord. By
closing the sluice before the storm strikes, the thought is that a build-up of water can
be avoided, resulting in lower water levels during the storm. To figure out when to close
the sluice different scenarios are made with different closing periods of the sluice. The
previously described reference scenario is used to compare with the results with the storm
in 2005 and the extrapolated scenario-for 2100 for the entire fjord.

To analyse the ‘cbnsequences_régarding élosing time.of-the sluice, the highest' modelled
water level is presented for (Logstor, Skive-and Nissum) during the storm, the 8%-6f—.
January. The location"of the three different measurements points are presented in figure

T AR
|
& N
' —= 1 t
: Tl OL«ags;trzir
i
-
r
O N
. Skive
Nissum -
=
Legend =
- Y o Measurement stations
A A = for water level
] o 0 5 10 20
= Kilometers The Limfjord

Flgure 7.1: Location of the measurement stations for which the water levels are compared.
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where flooding occur for the different areas are determined. These levels are determined

ria for areas around the

l}l g_IC

Water level

Logstor
Skive
Nissum

1.90 m
1.90 m
1.90 m

Table 7-1:—Water levels where flooding will occur at the different measurement stations.

|[Kystdirektoratet, 2010]

The locations investigated are the ones listed in the table. The choice of these locations

are chosen because the model is calibrated for Lggstor and Skive, and because it is desired

to describe the flooding in the western part of the fjord, since the eastern part was not

affected during the storm, illustrated in figure 2.3 on page 11.

7.1 Operation Analysis

In this section, it is analysed how the water levels are related to when the sluice is closed

before the storm peaks.

The first investigated scenario is with the sluice opened during

the storms;-and thereby only limiting‘the flow into the fjord because of the smaller effective

cress sectidn. In therestzofithelscenarios the sluice’is closed from 1 and up to 7 days before

the storm-peaks;-and-kept closed until one day, after-the storm has peaked. This interval

is-chosen, becauise the dafa tised isfrom the 15 of January and the'storm is the 8%

7.2 ; Results

In this section the.results forthe scenarios are ‘pfesented.

Theé water levels modelled in thé réference scenario are listed in table 7.2.

Measurement  Water level, Waterlevel,” Flooding
station 2005 [m] 2100 [m] criteria [m]
. Legstor A 2:50 - 1.90
“Skiveh 172 247 1.90
Nisstmas =1:86 1=90

2.31

Table 7.2: Water level at the measurement stations ”With‘uth‘e current conditions in 2005

and the extrapolated data for-2100 with_climate changes along with flooding criterias 1

Thesmodelled water level in Lggster for the reference scenario shows that serious flooding

Aalb§£§ JIHIVErsis

5 -wherg the modelled water level (2.05m) is above the
was also thecase during: the storm in 2005, where the
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h the extrapolated data for 2100, ﬂoodlng w1ll occur in all the measurement statlons.

The modelled water levels are 0.27-0.60m above the flooding criteria, which implies serious
flooding.

In figure 7.2, 7.3 and 7.4 the modelled water levels for the measurement stations with

different closing days of the sluice in 2005 and extrapolated data for 2100 are compared
with the flooding criteria.

Lagstar

—— Modelled 2005
—— Modelled 2100
- - - Reference 2005
Reference 2100
— Flooding Criteria

Water Level [m]

1 = . . . T

- 0 1 2 3 4" B=ugl 6 i’
Closing Days Before Storm

Flgure 7.9 Modelled water levels at L¢gst¢r in 2005 and- 2100:data for dlﬁerent closing
days and .the flooding criteria.
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Figure 7.3: Modelled water levels at Skive in 2005 and 2100 data for different closing days,
and the flooding criteria.

Nissum
2.5 .

—— Modelled 2005
—— Modelled 2100
- - - Reference 2005

2
Reference 2100
—— Flooding Criteria
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Figyre 7.4: Modelléa"ﬁétbelj levels at Nissum in 2005 and 2100-data for different closing
daiyé', afid the flooding criteria: % .

r
.

The results shows, that by 1mplement1ng a slulce at Thy'bor@n thie water level could be.

lowered. Since the sliice-has a Sm.aller €LosS sectlon a-rea . thar the channel; the amQ.unt
of water flowing into the fjord is decreaséd. Figire 78 5id=7.4 illustrates that only by
-1mplement1ng the sluice and not close it, the flooding might he prevented in Skive and

i a

— lesum for‘the conditions in in 2005.

In ﬁgure 5[31‘5 can-be seen that'the sluice hasto:be closed two days before thestorm, to
Aal IHM&]ISHEMM aongltlons ~in2005.- With extrapolated-data for 2100
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7.2.1 Discussion/Conclusion

The extent of flooding is very dependent on the build-up in the fjord before the storm.
The storm in 2005 had a long period with wind from the west, which resulted in high
water levels in the fjord. With this westerly wind, the sluice’s potential for preventing
flooding is good, since it can limit or prevent the water build-up in the fjord before the
storm. If the wind direction before the storm was from the east, the effect of closing the
sluice before the storm might increase the potential of flooding. The wind direction before
a-storm should therefore be taken into account before closing the sluice.

The results from the different closing periods showed significant effect on the water levels
in the fjord. These results are without taking the missing water level heights from the
calibration into account. Furthermore, the extent of flooding is also unknown for the rest
of the Limfjord, but since the calibration is only based on Skive and Logstgr, the precision
of the model in the rest of the fjord is unknown. A validation of the model is needed
to make a full investigation of flooding in the Limfjord and the effect of implementing a
sluice. Furthermore, the effect of waves is not included, which would result in wash up
and potential lead to flooding in some areas. The results used from the model are still
considered valid: for-investigating the effect of the:sluice. -
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III Water Quality

As described in the problem statement, the Limfjord is affected by large nutrient
loads from catchment areas, which are discharged to the fjord. In this part,
the effect, on nitrogen concentrations in the fjord, by implementing a sluice is
analysed. To carry out this analysis, first a box model is created, describing
the nitrogen cycle and transport of the Limfjord. The model is used to analyse
different scenarios in respect to the sluice and other possible solutions to the
water quality After the analysis in-the box.model, a more comprehensive model

“is-carried out descrlblng all the flow and transport parameters. In thissmodel the
effect-of the sluice-is 1nvest1gated in pespect to yearly nitrogen discharge from the
Limfjord-and the yearly-mean concentration in the fjord.

Aalborg Umversuy

School of Engmeermg anq} Science
May 31. 2013

Group A213



e e




0\

) (// & LJ lﬁ 7 7@\ l ll //\j // \ () ﬁ F
/‘/‘ \\i ( E;\J 5 lﬂ \\\ — ‘\\E/;\j | €
lﬁ \\/T\/”\ / //\lf S )
ﬂ Y- [// ‘\‘\// ‘/ Eﬁ hf jA

nmne
Box Model

\\\//

In the Limfjord there are problems with both flooding and the water quality as stated
earlier. In this section.a-medelis-made, with the-purpose of study the problems with the
water quality. The water quality is connected with the amount of nitrogen accumulated;
a box model is made in order to calculate its concentration.

The aim of the model is to make quick calculations of the concentrations of nitrogen over
several years. With the model, it is possible to change different conditions concerning
nitrogen loads and flows, and then model the effect these changes might have on the
concentrations.

The model consists of two parts. The first part concerns the water flows in the fjord, and
the second part models the nitrogen processes.and the transport of the nitrogen.
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Flgure 8.1: "Areas of the boxes used in the-box model-and the measurement-stations from
e Wthh datavis used. T e ‘ : -

=Lt ] : . ‘
The boxes have been divided according to the"geography. Boxes 1 and 2 are broad afeas,
- while"Box 3 is' a narrow chaunel. Boxes 4, 5 and 6-are smaller and represent the inner
‘ partof the fjord. A reasen folr using this division is that there.are:6nly six stations with
- -, meas’urements of the salinitys W‘h.lCh are used for cqlﬂ?ﬁtlon, ﬁltuated in the differént boxes =
illustrated in figure 8.1. .

E L i
{ = B i S A g

l ]
The volume ‘of the dtfferent boxes is determmed as the mean depth times the surface area.
The, surface areas-are determined in ArcMap from polygons and the mean depths from

scatter pmntsvm Mike Zero [Ben’czen 2013] The, m‘ean depth; sur Su'['face area and Volume of
each box afe hstse”‘d,mln table 8.1.
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Table 8:1:The mean depth, surface area and volume of the boxes used in the box model.

The determined total surface area is 1,526 km? and the total volume is 7.63 - 10° m?

The model is made with time steps of one hour. This means that all processes and flows
are calculated.as.a-mean-over-one hour. This can-be done since the aim of the model is
to model the changes over long time periods.

8.2 Flow Model

The first part of the model is the flow model. The flow in the Limfjord is controlled by
several elements, where the ones of biggest importance is the wind, tide and the discharges
from rivers. The principle of the box model regarding the flows is illustrated in figure 8.2.

Qs Qs
| | . |

= 1 ‘

Qak =

Figlire 8.2; Prificiple of the box motakregarding-the flows: The.’q’s’ (green) are éxchange

EJ (o) ) ZL mﬂn //\ . //\\ ~
| H — /’} -
~ / \\* J “ ‘J Mean \\\Surfaceﬂafea ﬂ e\Pm = “\9\

473 2.81-10°

6.01 3.03 109
< TFE } (€ 2]15 E ‘1$0 lﬁﬂ;w@ 0 /Q\
= 9& u Llﬁ — 9.1 =

1.24 -108

6 3.80 94 3.56 -108

flows, Q7 (bIUej are fresh waber flows.into the system, and the ﬂows Q (red)-are determmed

flows as a result of. w1nd and fresh swater dlscharge

Figure 8.2 illustrates all tﬁé‘ fresh water ﬂ(“_)ws nte the-m'odél; the net flows contj:rlo_llled by
the wind and the exchange flows, titainly ¢ontrolled by the.tide.

* . The flow from the tides is assumed to be-a flow of the safie size in both directions between

t.wo adjacent boxes; depending if the tide is hlgh or low.“Fhe éffect of the exchange flows
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ime series are available for the entire year of 2005 [Bentzen 2013] The discharge from
the streams 1TEded to their respectlve box for each tl
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equation.

s =V~Cqi7A

Q23 Water flow at Aggersund [m3]
w Projected wind speed [m/s]
Cuwind | Wind factor =1
A Area of cross section between Box 2 and 3 [m?]

The reason why this equation can be used is because the wind factor is a constant, as well
as the cross section area is assumed to be constant. Therefore the flow is only linearly
depending on the wind. This is further described in Appendix A.1.

The cross section area at Aggersund between Box 2 and 3 is the smallest in the model.
Since this is the smallest cross section in the fjord, it limits how much water that can pass
through the fjord. The small area at Aggersund is illustrated in figure 8.3. The projected
wind speed is the measured wind speed projected to an angle of 65°, illustrated on figure
8.3.

N

A
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The wind data used in this equation is a mean of the wind in Thyboren and in Hals and
is further described in Appendix A.1. To get the correct projected wind speed, the angle
is subtracted 180", because the wind direction @ is given as where the wind comes from,
but in the-model it is used as in which direction it is blowing to.

The wind data of 2005 is projected to give the resulting wind speed in the angle of 65
direction for every hour.

The wind factor is an empirical value determined to get the correct flow through the cross
section at Aggersund. It describes the size of a flow for a given wind speed.

The mean flow at Aggersund (Q23) is in the calibrated Mike 21 model determined as
377m3 /s for 2005. The mean flow in the box model has to be the same, so the water
in the fjord remains constant. The wind speed in the projected direction (Wiean) is
determined as a mean of 2.43m/s over the year. By isolating the Cy;,q in equation 8.1,
the-wind factoris‘determined from these mean-values, as:

‘ QQB mean e
o T e e 8.1
it “ o 1 e ( ) ‘
- = " Q23,mean | Mean water flow Aggersund ‘ [m3]
Witing. Mean-of projected-wind speeds ” = ‘ [m/d]
Oy Wind factor ' il 11 | e [ B ek |
A Area of cross section between Box 2 and 3 - [m?]

From this, Cind is determlned to 0.116.

Wlth all the_known inflowssfronm the streams_and the flow between Box 2 and 3, the rest
of the ﬂows from the other boxes hverdetermmined in respect to mass balance.

8.2.1 Calibratioir

To make the model capab_lle" to-calcilate the correct ‘C(‘)n‘ceﬂtrations of soluble I‘riat‘ters in
the boxes, the exchange flow between-the boxes are determined. The exchange flows are
due to the tide, among others. The tide willnot resuliin a net flow.through the fjord,
* however it will result in flow exchange between the-boxes with the same size in both
dlrectlons This exchange flow results in exchange of other compounds, including salinity

‘ Aa]bor gdunlfmefpmteyn the different boxts.
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through the year of 2005 in all of the boxes are available, they are used to calibrate the
.|The salinities are avallable for every h own through the water

value of 22PSU, while the salinity in the North Sea (Sy) varies between 32 and 34PSU

described by the following function:

ety — 33+ sin (éég(t = 131)) (8.2)

. ‘ Day of the year [—]

Phe function is based on salinity measurements in the North Sea at measurement stations,
50-100km south of Thyborgn from the years of 1987-1991 |Ringkjobing Amtskommune,
1992, page 11]. From these measurements the salinity is assumed lowest in the spring and
highest in the late summer. This also fits with the salinity measurements in Box 1, see
figure 8.4, which are mainly influenced by the salinity in the North Sea.

The exchange flows between the boxes are calibrated until the model calculates the
measured salinities with sufficient accuracy in all the boxes over the year. The result
of the calibration can be seen in figure 8.4.

Salinity in Box*1{PSU] Salinity:in Box 2 [PSU]
35 = ; b = =30 ~ ~ ~
# ¥ X T £ :
30K Sk * % e 1 28
‘ 26
Jan - Apr ~Jul ;- Oct 1 oAl a Apr Jul Oct=
= “.Salinity-in Box 3 [PSU] - Sallnlty in Box 4 [PSU]
30 — , ; = 530
20 A gl 4d
10 — ‘ 20 ‘ ‘ ‘
Jan_ Apr Juk» Oct Jan Apr Jul Oct
- Sallnlty in Box 5 [PSU] ‘ : Salinity.in Box 6 [PSU]
30 ot 1 st e ~
Fr one * %ok
Z5W% - R N
20 2= (ol Dl ~ o
Jan Apr Jul™ OCt T e '-_--Jan - _Aﬁf =5 Jul OCted w -

= =Figure 8.4: Result of calibration for the six b();ces, where thegreen dots represent measured
S'alinities and the blue lines are the modelled salinities.
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1sZed in table’s. ?

Exchange flows [m?3/s]
an1 700
q12 300
q23 700
43K 250
a2 500
g4 150
o4 130

Table 8.2: The calibrated exchange flows between the boxes.

The variation between the exchange flows listed in table 8.2 are large. The largest exchange
flows occur at the main fjord, Box 1-3, where the tide influence is highest. The smallest
exchange flows are ¢s4 and ggs4, where the water level is less affected by the tide.

The exchange flows influence the flux of compounds, and therefore it is important that it
is able to calculate the correct salinity values;-so it can be used to calculate the correct
exchange of other compounds.

In géneral-the modelsis assumed to calciilate the salinities with sufficient accuracys-and.
thereby it-ean be used,to calculate exchange of other compounds-as-well.

8.3 “Nitrogen Model

- The nitrogen modetis-nade to calculate different aspects of the nitrogen cycle and combine
" this model with the flow model to-get-the exehange of nitrogen between, the hoxes.: By:
calculating the concentration of nitrogen i the different parts-of the fjord, it is possibic!
to get anidea of the water quality and whether different lscenarios might have an-effect
-~ on the water quality.

The! nitfogen load-to the Limfjord; is in the fnodel assume‘d only to originate from three
differént_sotirces, the ‘atmosphere, the streams and the two oceans.  The uptake from
the atmosphere is-th,800. tonmesyper year and the animal dlscharge from_Streains. was"
approximately 14,500=tonnes im 2005 [lefJordsamterne 2006]. The load from._the two
oceans depends on the flowsfrom the-oceans to-the -Limfjord. o

In the box model the nitrogen cyclelli's described; by calculating the nitrogen in three
i different stages,-listed:

‘Aalborg Unlversuy

School of Engineering and Science
May 31..2013

Group A213



B \
L)
V.

i Sl

\ \///\\ JLr\\ //\ lﬂll/(\j //\\ -
= ,
® & \N\ C entra?tmjl @ﬁ@ ic nitro@eum Wat& qub/a \Lﬁm\g}lﬁ |

~
g\
-

LC

C’ 1~ | Concentration of inorganic nitrogen in water phase [mg/l]
c umulated nltrogen at the bottom //\ [mg/l] / \
hr e sta e{are\ m‘this‘ 0 gldé?)é dn| the ﬁr(bcesses 1ust };edj Hr g r L
; < AN
/ —Cn DENIT
- — - \ iiiiiiiiiiiiiiiii —_— — . — =
PROD
— < >
Con Cin
= > -«
DEDW
A
SED DEDB
4
Mg

Figure 8.5: Principle of the nutrient model, where DEDW is the degradation of dead algae
in water phase; DEDB is the degradation of dead organic matter in bottom sediment;
DENIT is the denitrification in bottom sediment; SED is the sedimentation, and PROD
is the production of algae. The arrows illustrate the result of the processes.

The processes; of the nitrogen cycle*depend ; on several factors. In-this. model they
aré described by a temperature dependent firsts order rate- Furthermore, the-primary
production- is-described as-a-Monod equation dimrted by the concentration -of inorganic
nitrogen. The used equations for the different processes are listed below.

TR = e(T - A T

2 i e
. . “DEDB= Mg KDEDBh ATl 7| | | L i
DEDW — - Ca - Kppow - ol 2. TR e
. DENIT = ¥3 A T e{f-20)
b ) A 1 X
PROD CA‘ KPROD 9pROD (o e
K order rate for proce:“ss' at 2000 1=, i '[h‘l]
© Temperature censtant for Process = 5 iy [=] .
Kx | Half saturation consfant.of. mtrogerr gr0wth_ S [g/m?] ': _. =
4 T Temperature o o= [°C

-'The temperature is described by a sinus curve, with a-mean of'9°C, which varies between
1°Cland 17°C'. Tt is made by fitting it to measured data from measurément station Lggstor
Broad, seﬁgure 81, Both.the measured data and the ¢urve can be-found inappendix
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and inorganic nitrogen in the water phase between the dlfferent boxes is calculated. The

transport of nltrogen is modelled by the ﬂows de);e}rml n section 8.2.1. The flows are
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Tée sources of nitrogen to the Limfjord are in this model described by a discharge from

at eéych i

streams,-uptake from the atmosphere and contribution from the oceans. The atmospheric
contribution of nitrogen is distributed according to the surface area of each box. As
described the annual addition of nitrogen to the fjord from the streams is approximately
14,500 tonnes|Limfjordsamterne, 2006]. This is distributed equally over all the discharge
of water to the fjord, which results in a concentration of 5.62mg/!.

Since the purpose of the model is to investigate whether different scenarios with the sluice
will have a positive or negative effect-on-the nitrogen level over several years, the yearly
variation of concentrations is neglected.

The inflow from the North Sea and Kattegat results in a flux of nitrogen into the fjord.
The total concentration of nitrogen in the North Sea is determined from measurement
station North Sea 1023. In this station there has been made measurements in six different
depths, 25 times in the period between 1998 and 2006. The measurements comes in the
unit gmol/l, but since the model calculates in mg/l the concentrations are recalculated
to this unit, by multiplying with the molecular weight of nitrogen. From all the-measured
data the mean of total nitrogen is determined to 0.27mg/l. For the Kattegat boundary,
measurement station Kattegat 4410.-is used. Tn this station measurement has been made
i two depths, 178 times in the-period-of 1999 t0:2006. From these-measurements the
mean-concentration-of nitrogen is determined to 0.24r1¢g/l. This results in-an-addition of
nitirogen o the Limfjord depending on the flows in and out -of the-fjord.

This is"implemented in the model by providing the-inflows from the North Sea with
constaiit concentrations of inorganic-nitrogen at Cra =:0:22mg/l and a‘concentration
of organic nitrogen at Coy = 0.05mg/l--In Kattegat the applied concentrations are
Crn= 0:19mg/l and-Con = 0.05mg/l. Theseratios are-by far most: inorganic nitrogen,

‘and will especially in-the sumiter-not be Gowredt] Singe the:processes -in the :sumunier are-
fast, the nitrogen will quickly be “used by. the algae and become*organié¢ in the model, '

The same-assumption is made for the streams were all thelnitrogen is 'assumed inorganic.

Therefore this effpris assumed to be small.

AlFthe put paranieters used in.fhe nutrient model are listed in table 8.3.
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Table 8.3: Input parameters for the nitrogen model.

8.3.1 Calibration

The box model covers areas of the Limfjord with very different characteristics, and
therefore the processes-vary-for-the-different areas of-the fjord. Because of this, the
nitrogen model is split up in two parts for the calibration. The first part contains box 1-4,
and the other part contains box 5-6 which is an area with frequent oxygen depletion.

To calibrate Box 1-4, measurements of nitrogen in measurement station Lggstgr Broad
are used. The measurement station is located in the area of box 2 and therefore the model
is calibrated to make this box fit with the measured data. Box 5 and 6 are calibrated with
data from measurement station Lovns Broad, which is located in the area of box 6. The
location of the measurement stations can be seen in figure 8.1. The available data from
the measurement stations is in the following forms:

o Nitrite-nitrate-N_|pmol /1]
¢ Ammonia-+ammonium-N"[umol /|

o Nitrogen; total |unzol /i

]

Where the, inorganic-nitrogen is determinmed as.

“InorganieN = (Nitrite,+ nitrate —N) -5 (Ammonia + ammionium — N)
The organic nitrogen is determined as. ‘
L Organic N = (Nitrogen, total) — (Inorganic N)

B

The concent.ratlons are then recalculated to mg / [ which is the unit used in-the model.

The measured data u'Sed. for the calibration is only for the water phase sinde it ‘Has not

been possible to get any data*for"nitrogen in the- Sedlmeﬂt Therefore the model 1s i

until it reaches a steady state where no-further .accumulatlon on the bottom takes place

“Based on the results of the model illustrated in ﬁgure 8.6 it is assumed to be after 10
—years.
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Figure 8.6: Accumulation.of nitregenin the bottom sediment over a period of 10 years.

Figure 8.6 shows that the accumulation decreases with time and is close to steady state
after 10 years. Therefore the model is run for 10 years every time something is changed
in the model.

The result of the calibration regarding organic and inorganic nitrogen in box 2 and 6 can
be seen in figure 8.7 and 8.8.

Organic Nitrogeniin BOX2

o FoIRM Sy
i (0] oo
T 1

o
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]
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% Figure 8.7: Result of cahbratlon where the blue Tine is the calculated data when model
riay = has reached equilibrium for Box 2, the dots.are the measured data in station Legster
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Figure 8.8: Result of calibration, where the blue line is the calculated data when model

has reached equilibrium for Box 6, the dots are the measured data in station Lovns Broad.

The calibration for both box 2 and 6 shows a good coherency between the calculated data

and.-the measured data.-The concentrations of both the organic and inorganic nitrogen

have the ‘correct magnitude.

Although *the yéarly variation: does not fit that accurately

with the measured data, where the- model calculate a large algae bloom in the spring.

This“can be Becausé the growth in the spring in practlce is limited by low-concentrations

of. phosphorus which-are not-included in the model. But-since it is the wash-out effect of

mtrOgen over longer perlods the-errors over the year are-without importance.

1 i —

£ Parameter - -~ Box 114 | = “Box 5-6
Kern (A=Y 1R T (o

Osrp==— [ 1.05 1.07

n Kpgpw - =$h ] 7.0- 1058 .0 - 1088
OpEDur Y e Fl == P ekl

NKphips [y o, e TR O Ep 5 =S

Oprpdit [ el B s P T

T e U i Y, V2w (L e O e TR L

OpENIT B T 1.07

Kprop [h=1] s N T g 0.8

3o L=t O©prRrOD [-] i 2 T - 132
S e [mg/1] 0.4 —i]

w84 Values for c*ahbrated param‘otorS for the dlfferent boxes.
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the life time of the algae.
The sedimentation parameters (Kggp and Tsgp) for box 1-4 result in a rate of 0.17d~*

Lj
S
[ ¢ ¢ |

in summer(17°C) and 0.09d! in winter (1°C). The degradation parameters in the water
phase (Kpppw and Tprppw) result in a degradation rate in the water phase of 0.12 in
summer and 0.02 in winter. The sum of these results in a mean time for the nitrogen of
3.4 days as organic in the water phase for box 1 to 4. In winter the period for nitrogen
as organic in water phase is 8.8 days. This longer time is due to the slower rate for all
processes at lower temperatures.

For box 5 and 6 the period for nitrogen as organic in water phase is 2.1 days during
summer.

The degradation parameters (Kpgpp and Tpgpp) on the bottom describe the
biodegradation, mineralisation, and release of inorganic nitrogen to the water phase from
the bottom. For Box 1-4 the parameters result in a release of inorganic nitrogen of 7
times the entire accumulated amount on the bottom every year. This is possible since
the nitrogen only is in the water phase a few days during summer, after then it sediments
down to-the bottom again. From the bottom it can be released again, and used several
times a year.

For Box 5 .and'6 the'nitrogen is.used around'3 times a year. This does not mean:that-there
is less nittogen released from the hottom; just™a fower rate.of the accumulated ‘nitrogen.

The denitrification (Kppnrr and Tprpnyrr) taking place omthe bottom is much like the
degradation that releases nitrogen to'the water phase:-But instead of releaseto the water
phase, some of the mineralised nitrogen in-the sediment is denitrified under anaerobic
conditions-and reléased-to the air. For Box 1 to 4 approximately 25%: of the -accumulated
nitrogen is denitrified every year!! For-Box!ianid 6|the parameters result in'a demitrification
of‘around 33% of the accumulated nitrogen in’the sediment.

The last process-used in the model is the primary produetion described by Kprop, TrProD
and the half saturation constant K. As all the other processes this is described with a 15
order rate’and-aitemperature constant. Buf the primary=produetion is also very depending
on thetight;since it needs this'to make photosynthesis. There are no parameters describing
exactly this im-the*model. Thisfdees not mean that the:light,is-not taken-into-aceount.
The light is almost follewing the temperatifre-it-fis: just offset-a little-and.peaking earlier
in the year. So by making thé*primary: preduction-mere tetnperature dependent’the light
is taken into account. Thisresults in'atemperature constant of 1.27-for both Box 1-4 and
Box 5-6. Meaning that the primary productionis 48 times faster-with.an increase of 16°C
which i1s the amplitude of the temperature in the model.. The primary production rate in
the swnmer; only faking the temperature into account, is 84~ ! for Box 1-4 and 9d~! for

Aalbor goxﬂnlmeﬁsmtywe also™Very limited by nutrients the actual maximum growth
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the same year (2005). Box 1-4 are vahdated from measurement station Rlsgaarde Broad,

which are situated in Box 4, while Box 5-6 are validated from measurement station Skive
Fjord located in Box 5. The result of the validation can be seen in figure 8.9 for Box 1-4
and in figure 8.10 for Box 5-6.
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Rigure 8.9: Result of validation, where-the blue line is the calculated datawhen model has
reached equlhbrlum for Box 4, and the dots are the medsured._data_in station Rlsgaarde
Broad.
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Figure 8.10: Result of validation, where the blue line is the calculated data when model
has reached equilibrium for Box 5, and the dots are the measured data in station Skive
Fjord.

The results illustrated in figure 8.9 and 8.10 show some coherency between the modelled
and measured concentrations for other boxes. The modelled concentration in Box 5 is
‘higher than the measured, but‘the errors are in a size where the model is assumed capable
of calculating for the other bOXéb as well. To'make a certain validation ahother year should

be used. Since a total data set has not been-available for another year, this has not beenr—..

p0551b1e to do.
8.4, Scenarios

. In this section different scenarios Are ﬁrésen.tcd. arlld anzﬂyséd, in-respect- to nitrogen
2 ‘concentrations in the fj“orﬁ'. Beside from*the e'stétblishment of the shaice, two scenarios are—
iﬁi}estiga‘ced, Scenario 2 and Scenario 3. Scenarios2 concerns a reduction of the discha',rge.
concentration: from the streams. Scenario 3 analysés the effects of closing the-channel
1,‘ 'p_e_rmanently. i

To do this ﬁr.qt‘ a referénice scenarionyith tHe Grrrent cond-i-t—i.e.h's is analysed. After'this, the
differeit scenamos are analysed and compared with-the reference scenario. The scenarios
are set up w1th +hé*same CODdlthHS as descrlbed m sectlon 3. 3;runlessielse mentloned in

b

the scenario descriptiom= T e e
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the supﬁ)rt parameter of 4099 / l for eelgrass growth described in Section ST

8.4.1 Scenario 0

Scenario 0 is made with the current conditions in the Limfjord. This scenario is used as
a reference scenario, to compare the effect of the other scenarios.

The flows used in this model are the ones described in chapter 8, which gives mean net
flow of 377m3 /s over the year. In this scenario the net wash out to the seas is modelled
to approximately 10,000 tonnes of nitrogen-per-year. This then is the amount of nitrogen
removed from the fjord by flows. Since the addition from the atmosphere and discharge
is 16,300 tonnes a year, there also has to be removed this amount because the model is
in steady state and no further accumulation takes place. This means that the last 6,300
tonnes is removed by denitrification.

Box1 Box2 Box3 Box4 Box5 Box 6
Scenario 0 [ug/l] 345 432 457 490 613 548

Table 8.5: Summer mean concentration of total nitrogen in the different boxes for Scenario
0.

From the, results, listediin-table 8.5 1t can-be.seen;:that Box 1 is the only one, which full
fills the demand at 409pg/l.-while'the rest. of the summer mean concentrations are.too
high,

8.4.2 .+Seenario 1

Scenario 1 implies-the construction of-a_sluice=in Thyborgn. Channel:— The sluice is
impléemented so water canronly pass throughrit-and into the fjord=—From the flow: analysis
in Appéndix B it is chosenito ‘make’a sluice-withy an| effective ross séction area 25% of
the original cross section area. From ‘the flow: model itiis determinedthat.it. is possible
to increase the net flow in the cross section at Aggersund from 377m?/s to 613m?/s with
thig stuice. This is implémented in the model by adding the extra flow which is 236m3 /s
to all thesnet flows Qais Q12; Qazzand Q. By implementing this sluice the water is not
able to run out of the flord at Thyboron“amd=therefore-thé éxchange flow (gn1) is seb to
0m>/s: A result-of the sluice is that,the-difference in waterleyel from tide-in the-fjord will
be smaller, which- alsé-tesults- in- smalléfsexchange flowsfin the rest of the model: Sincé
the size of the exchange flows ate_unknown, thesyatues deferminedrin 8.2.1 are still used:

With these input parameters, the discharge-of nitrogen to Kattegat is modelled to 9,700
tonnes per year. This is slightly less than without:.the sluice; which means that less
nitrogen is washed out from the fjord to the oceans and soan accumulation will occur in
the fjord.
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From the.summer mean concentrations listed in table 8.6 it can be seen that concentrations
in all the boxes are higher than for Scenario 0 listed in table 8.5. This is due to the smaller
discharge of nitrogen to the seas.

8.4.3— Seenario 2

According to the basis analysis described in section 3.1, the annual discharge of nitrogen
should be 9,520 tonnes to achieve 'good status’. The effect of this reduction is analysed, by
decreasing.the-concentration-used in the reference-seenario. To get this amount discharged
the concentration from the streams is changed to 3.69mg/l instead of the 5.62mg/l used
in the reference scenario. The results of the decreased discharge are listed in table 8.7.

Box1 Box2 Box3 Box4 Box5 Box6
Scenario 0 [ug/!] 345 432 457 490 613 548
Scenario 2 [ug/l] 299 338 357 370 451 416
Scenario 2 with sluice [ug/l] 330 355 373 382 457 420

Table 8.7:-Summer mean concentration of total nitrogen in the different boxes for Scenario
2:

Fhe sunrmer mean concentrations-are-the:.result after 10 years of 'simulation, thereby
ensuring that no further-accumulation on the bottom will take place in the model.-With
the reduction in the streams, the support parameter (409pg/1) for-eelgrass-is-reached for
Box 174, both with and without the sluice implemented. The two last boxes do not achieve

_thie support. parameter, and additional fir¢asures should be conducted if a=good status’
shouldibe reached in these areas.

'8:474 Scenario 3. ‘ |

As previously described, the possibility of totally closing the channel has been debated; in
order to avoidflooding. In scenario 3, the consequence of this-is investigated.-Fo do this,
the flow and exchange flow from the North Sea to Box 1 are removed, thereby making
the!Limfjord an-estuary, The exchange flows:for the test of the fjord are preserved, since
exchange bétween the boxes will still occur, due to-the tide in-Kattegat and the Wind. The
flow is only coﬁ‘qrolled by thefdischarges from the.streams; which result in ‘a flow towards
Kattegat. ‘ |

The discharge from  the Limfjerd- will. be-insignificant;-since most , of the fow . is
removed. Therefore the summer mean-concentration is determined. The summer mean
concentrations, listed in table 8.8, shows, that:the sipport parametér for eelgrass is
exceeded in every box.
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The summer -mean concentrations obtained by closing the channel will increase the

ﬁE\

problems in the Limfjord and the growth potential for eelgrass would decrease.

8.4.5Diseussion/Conclusion

The results presented for the scenarios with the sluice show that the water quality of the
Limfjord is decreasing, which is the general case for all the scenarios. The water quality
though, would further decrease if the channel is closed completely as it is in Scenario 3.
So_if the. channel.should-be-¢closed; anet flow through-the channel should be preserved,
which could be done with a sluice.

If the discharge of nitrogen is reduced, as described in the basis analysis, to an annual
discharge of 9,520 tonnes nitrogen, the potential for eelgrass growth would increase.
Whether the reduction is enough to fulfil the eelgrass criteria is unknown.

The box model calibration fits well with the measured data; therefore it is assumed, that
it gives a good estimate of the transport processes and the water quality in the Limfjord.

The box*model consists of only six boxes, which in principle means-that if a substance
is-added _to the boundary-condition in-Thyborgn, it can be. abserved within 4 days in
all boxes! Therefore;ia case study is'made to investigate how long time it-takes; before
changes: are fully developed in the model. In this—case study, the initial salinity in-all
boxes, and at-the boundarycondition in Kattegat is-set-to 0 PSU."Fhe-salinity—at the
boundary condition in the North Sea is set to 10PSU, in order to observe the stabilisation
of the Systeﬁl. The. result of this is illustrated-in figure 8711.
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Jan Apr Jul Oct Jan  Apr Jul Oct
Salinity in Box 3 [PSU] Salinity in Box 4 [PSU]
10 ~ ~ ~ 10 ~ ~ ~
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Salinity in Box 5 [PSU] Salinity in Box 6 [PSU]
10 ~ : : 10 : ~ ~
5 5
0 0
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Figure 8.11: Modelled salinities in the box model, with a boundary condition of 10PSU in
the North Sea and 0PSU in Kattegat and an initial salinity of 0PSU in the entire model.

As illustrated in figure 8.11, it takes approximately one year for the model to stabilise.
This ¢orresponds well with information .obtained from [Larsen, 2013al,  This indicates

SN A SN AN o3y E o\
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that ail though the substances can be tracked in all boxes after four time steps; the ‘overall

transport=is slower:™

The Bp'x model consists only of six boxes to describe the entire Limfjord, as previously -

' described,~which will lead to errors: - “Furthermore, the flow direction governed by the
wind is either from east to west or_in opposite direction, which means that water flow
“due to wind from the sputh or_north'is not 1n5111ded Thereby, flows into the fjords in

Box 4 to 6 are only desczl_be(_j as'a mean'exchqr_lge, and ot dué the wind direction’. The—

¢ohsequences of these simplifications are further analysed in the following' chapter, Where

a three dimensional model with a finer grid is-made in Mike3 FM, including mere flow
" “and flux param'e‘t_'é'fs. ‘
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In this chapter the nitrogen concentration in the Limfjord is analysed. This is done with a
three dimensional.medel-setup-in-Mike 3 FM. The-model is used to investigate the effect
of the sluice on the wash out of nitrogen, by controlling the water flow and ensuring a one
direction flow. In this model it is possible to add an ecological module (ECO Lab) which
includes the interaction between nitrogen and phosphorus, and the dissolved oxygen. In
this model, as well as in the box model, the nitrogen level will be investigated. The reason
to analyse the nitrogen in this model is to see how the implementation of the sluice affects
its concentration, when the net flow is increased. Different scenarios are investigated in
respect to the wash out effect.

This program is similar to Mike 21 except that it is three dimensional. Therefore, most
of the setup is the same as in the flood model, described in chapter 5. However, due to
thecomputational tinie of the flood:model; asimpler bathymetry is-created, illustrated in
figure 9.1,-in order forediice the modelling ‘fime, since in principle the model ‘was' iun-for
twenty years. ‘Furthermore, the water column is divided into two layers with the purpose "
of describirg-the-stratification in the Limfjord. The upper layer is thinner, representing.
30% of the water. The second layer; the-one in the bottom, contains 70%-of the water.
Thereby reducing: the mixing, .due to wind between the two layers, so the bottom layer
had bigger salinity. | Bl T

"The fresh water dischaiges from thesivers ard attached tc the upper layer! The la,yers are:
ﬂex1ble so they are able to adjust to-the Varlatlon of depths of the bottomn.
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model. In this hydrodynamic model, the water levels and salinities are calibrated. The

salinity Ss| an 1mportant parameter, since the dis ersj of nutrients is smular to the
salmlﬁ i pe}suin He Eﬂe{ ﬂ?e \L b mpdule is sefup |andncalibrs e(c/ ta
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seilmentatlon in the fjord.

9.1 Hydrodynamic Model Setup

InthisTmodel, the same wind setup, fresh water discharges and time step interval as the
Mike 21 model explained in chapter 5 is used. In the model, the density is set only
as a function of salinity, although in reality water density depends on temperature and
salinity. Eddy viscosity describes the turbulence in a flow. It is added in the model, both
in horizontal and vertical directions.—The-horizontal eddy viscosity follows a Smagorinsky
formulation type, with a constant value of 0.4. The vertical one includes a log law
formulation and furthermore, damping is included, in order to lower the mixing of the
two layers and get stratification in the water.

Regarding salinity, the initial condition is set to 29PSU in the fjord, and at Thyborgn
and Hals to respectively 33PSU and 20PSU. The fresh water sources is set to 0PSU.

9.1.1 Water Level Calibration

The water level calibration in this model is done the same way as in section 3.1. The
results of the water-level"are calibrated with the water-level measurements in Skive and
Logstor. Since the roughuess is the input to the program, it is calculatéd from the Manning
number obtained frot ‘Mike 21 (see equation-9.1), and added to Mike 3. To make-{he—
water levelfit with theemeasurements, the Limfjord s divided in“two-parts;—each of them

s with a different roué’hness, which can be seen in figure-9.3.

25.4 e 2
M | Manning number e : w[ml/3/5] ‘
k| Roughness [

" Phe roughness used in the model can be seen in the following figure.
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Figure 9.3: Roughness in the Limfjord used for the water level calibration

The result from the water level calibration can be seen in the histogram in figure 9.4,
which illustrates how often the modelled values are either below or above the measured
values from Skive.
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Salinity- is-calibrated with the data of six measurement stations shown in figure 9.5.
Aalb{mr_rﬁﬁieaﬁf ﬁﬁeﬁﬁt }(lifpv;ztse:l% ;tllllf; ;ﬂeasurement stations, where they
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Figure 9.5: Measurement stations used to calibrate the salinity.

Calibration is done through dispersion. The dispersive transport is modelled in a
horizontal and vertical dispersion. The horizontal dispersion is chosen as a scaled eddy
viseosity formulation, and a variation in domain format. This is chosen because the salinity
was not moving into Risgaarde, Skive and Lovns, since the main water flow in the Limfjord
is going from west o ‘east. The water flow, mto' Risgaarde, Lovns~and Skive is very low,
meaﬁing that ‘the modelled salinity it that part of the fjord is too low compared to-the
measured-values. Therefore;-a constant horizontAl value of-15 is included in this part of ~
the fjord in'order-to-get higher salinity values (see figure 9.6). In the rest of the Limfjord,

the cdnstant is set to 1. Vertical dispersion is not included in thé model; bécause the
numerical dlspersmn in the model assumed to be correct enough according to the salinity
calibration, so it s no necessary to i_ilcluclle‘ TNOTE e =

‘s i il -l‘ i w
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result is acceptable for Risgaarde Broad and Nibe Broad because the difference between

the modelled and measured Values is con51dered /to be small. However, the sahmty does
Bgs| eral, the modehted sahgl st hi gl(/ 2\
uThe reason Df th\ese/ bl Sallil yal Eght be\becau t lsja ]E org\

tkﬁ North Sea in the model S0, in the measurement station located in the main ﬂow (from

Thyboren to Hals), there is a big amount of salt coming through. This is related to the
larger mesh, which gives a large flow. Furthermore, since the depth is changed in the
fjord, the_depth in Thyborgn Channel is bigger, which allows more water to come in.

9.2 ECO Lab

ECO Lab is a module in Mike Zero used to study the water quality. The ECO Lab
model chosen for this report is.the-Water Quality Simple with nutrients. This model
includes nitrogen and phosphorus, biological oxygen demand (BOD), and dissolved oxygen
(DO) as variables. This model is chosen because the purpose of the report is to analyse
whether implementing and operating a sluice at Thyborgn can reduce the concentration
of nutrients.

The nutrient input data for the model is obtained from the total discharge to the Limfjord
according to [Limfjordsamterne, 2006] in 2005. Nitrogen input is set as 16,300 tonnes
per year, 14,500 tonnes corresponding to the land discharge, and 1.800 tonnes-from-the
atmosphere. In the model, the atmosphere data is added to the Limfjord via the fresh
water discharge. The total input of-phosphorus is set as 375 tonnes, which is also added
0. the fresh water discharge. Fhe nutrients are added by the assumption that all the fresh
waterssources havée the same edncentration:

The model” tequires differing’ between nitrate- and- ammonium,*as—weH=as—phosphate.
From. the-measurements obtained from [Bentzen et aly 2002]|, .the ratios of the different
compounds-are calculated. The total-nitrogen contains 89.4% of nitrate and nitrite, 3.5%
of ammonium and ammonia and 7.1% is organic.-The same procedure is done with the
phosphorus, assurmng-that 43.7% of:the fotal phosphorus corresponds to phosphate. This
phosphate is the ratio of thestotal phosphorusiin water whichiis available toreact;-Niftrient
data used for the ECO Lab is shewn in-table 9:1:

Nutrient Concentration [mg/l] = Ratio [%]
Nitrate-and nitrite 5.648 89.4
Ammonium and amihenia, (.221 3.5
Phosphate 0.145 43.7

Table 9. 1T*Nutrient data wsed for-all-the:frésh water sources in ECO Lab

The model requires BOD sediment as an input.. But this data was not-available. Therefore,
the initial idea was to run the model for twenty yéars.in order to get the sedimentation
andsaccumulation of BOD with time and have a BOD sediment value_close to the real
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imput value for the next two years. This was done several times until reaching twenty

case the computational

sfo&ctja

on of running it for a two year perlod 340

,Et ‘m()del tﬂiwe t e?oiiut ow aﬂ;er two

\ (.

bgrém\dicf il lo@vte fet seéhmen% \tp’d‘b
possible to include the BOD sediment obtained after two years as an input for the next

period.-Therefore, the accumulation after twenty years was the same as after two years,
and consequently the model was run only for two years.

In orderto solve this problem, an initial concentration of 5.5g/m? of BOD sediment is
assumed, and is added to all the fresh water sources. The influence of this value on the
nitrate was very small compared to the results without any initial BOD in the sediments,

and therefore this value was not further investigated.

The-dataof the DO input is obtained for the different fresh water sources from the database
of DMU - Danmarks Miljoundersggelser. Total BOD for the fresh water sources is obtained
from the same database as the DO, and it is considered that 70% of it is suspended, and
30% is dissolved. [DMU, 2012] This ratio is chosen because the model requires both BOD
suspended and dissolved as an input. However, this ratio is unimportant because the

oxygen will be used very quickly after being discharged to the fjord.

Since data is available only for six streams, they are geographically associated, and the
data is set as the same for all the rivers in the same area. The dissolved BOD, BOD
suspended and DO input concentration can be seen in appendix E.

The bpundaries are locatéd in the west 6f Thyborgn and in' Kattegat. Datazis determined
from the database from DMU_ - Danmarks.-Miljoundersogelser and is listed in ‘table 9.2
[DMU, 2012]-Since both-the dissolved and suspended BOD for.the boundaries hag not
been-available, values from-the stream Hesteskoen were used. The values can be seen in
appendix E:

Model inputs ~ West of Thyborgn [mg/l] Kattegat [mg/!]

1iiile

BOD dissolved 0246 0.446
BOD suspended 1.041 1:041
Dissolved oxygen 9.553 12-998
Ammonia 0.003* 0.052*
Nitrate 0.002* 0.233*
Phasphate 0100015* 0.00043*

Table 9:2: Input-patdmeters for thédCO Lab module at the boundaries. *These values are
too low. The real values-in the west of Thyboron are 0.051mg/l for ammonia, 0.119mg/I
for nitrate, and 0.0146mg/l for phosphate. In Kattégat- the real values are 0.052mg/T for

ammonia; 0.233mg/l for nitrate, and 0:0418m g/l for phosphate.
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from fresh water sources and atmosphere. However, pomt sources in the Limfjord, such
as wast ater treatment plants WWTP are not, /c011§1 ed in this model. The reason
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9.2.1 ECO Lab Calibration
The ECO Lab is calibrated in order to determine the nitrate concentration in the fjord.

The reason why nitrogen, in the form of nitrate, is chosen as the calibration parameter in
ECO Lab is because, as mentioned in chapter 3.3, it represents the main problem in the
Limfjord.

Calibration of ECO Lab is done through dispersion and the constants that take part on
all the processes regarding the nutrient-cycle. Dispersion is set up as 6 times the eddy
viscosity for all the parameters (Nitrate, ammonia, phosphate, DO and BOD), both on
the vertical and the horizontal direction.

There are 38 constants to calibrate the model that describe the processes related to
nutrients, oxygen and sediments. The calibration constants are listed in table E.2
in appendix E. The big amount of parameters used to calibrate the model makes it
difficult to get an accurate approximation between the modelled and the measured values.
Furthermore, the processes are related to each other, but since there was no-accessible
literature to know the ratios defining their relation, some of the numbers are chosen
aleatory. The model was first run.with the-standard values in the ECO Lab module.
This resulted in too1ow concentrations of nitrate compared to the-measurements, and too
hlgh coticentratiof for-atnmonia. Although: ammonia is not calibrated, it is-considered
important-that its-econcentration’is realistic.: “Therefore; the constants for the processés
that affects its concentration are modified: The standard values are split into different
processes consisting of the following:

e BOD processes

e Resuspension pracesses
e Sedimentation processes
e Nitrification processes

¢ -Oxygen pregesses

e Ammonia processes
“e_Nitrate processes

e Phosphorous processes
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are no changes for BOD processes and phosphorus processes

uspension Processe
A\ /’ I
@er \to/ge tgaly rssuspféczgrn szltEMw velocity 18 Jeﬁ{o&d 1

resuspexélon rate of BOD is 1ncreased to 0.5d~!. The reason for this is that, 1f the actual
flow velocity is higher than critical flow velocity, resuspension takes place. This is desired

7a)

because before the calibration, the nitrate was too low, so if more BOD is suspended,
there-is-more-nitrogen available to be transformed into nitrate and fit the measurements.

Sedimentation Processes

Sedimentation rate for BOD is increased to 2d—! because the modelled nitrate values are
too high compared to the measured ones.

Nitrification Processes

Nitrification first order decay at 20°C is set as 3d~', to get more nitrate and reduce
the ammonia concentration. Temperature dependence is modified in order to get more
differences between the rates in summer and winter. The equation describing the
temperature dependence is equation 9.2, where ® is the temperature coeflicient that
is changed to calibrate, and T is the temperature. For the nitrification processes, the
temperature coeflicient is increased to 1.2.

Ao e ‘ (9.2)

Oxygen demand by nitrification is-lowered to 49 0y/g N Hy— N to-make itseasier to nitrify
and get a higher valuesof nitrate.

Nitrification half saturation constant is defined as the oxygen ecencentration needed to
reach half of its maximum value. By lowering it, more nitrification and therefore, nitrate,
is obtained. Therefore, it is st as 0.5mg /1. :

Oxygen Processes

In order to get the'light deeper in the water column, Seechi depth is established as an
average of 4in,-a-value obtamed by the literature [DMU, 2008].

Respirat“io‘n of plantsis set as 4d 1. Thébalf-saturation Concenttation for oxygen is set
as 0:5. ‘ \

Ammonia Processes Siiice in principle amitonia is toq high, the ratio of ammonium
released by BOD decay is reduced to-0:01¢"N.Hi— N-/gBOD—Latér on, the concentiafion
of nitrate was too high, so the amount of-amnionia taken up by bacteria and plants
is_lowered to 0.029 N/g DO and 0.03g N/g DO, -zespectively. The half. saturation

" concentration for N uptake determines the nitrégen concentration where the ammonium
is half of its maximum value. It is set as 0.3mg/l.
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Figure 9:8: Modelled and measured nitrate data in Risgaarde: in-4.5m.

In figure 9.8; 1t canbe seen that the nitrate concentration is higher than the measured
values in_summer and lower than the measured values in, winter. The cahbratlon results
“for.the other measurement “stations are showq n appendlx E-In general the modelled, -

“yalues do not fit with the measarcments; = - “ [ g

As stated before, calibrating the ECO Lab is a“complex task due to the big-amount of
_palametels to calibrate. The lack of data and the unawareness of all the interactions
betweem the- “processes. when' cahbratlng, as well as the standard values for the processes

in for an es*tualfy7 have been a big barrier for the cahbratlon 2

Having a rough -mesh has shortened the compu_tat:lonal tlme for 'calibrating, but-it has
resulted in a . very blg 6w In the lefJord whlch daes not correspond to. the real one:
; This might have influenced the nutrlent movement < concentratlon espec1ally in'Liovns —
e and Risgaarde.

- Despite all of uncertainties, since the purpose of the ECO Lab is to analyse the effect that
" a bigger flow has after implementing a sluice in the Limfjord, the model is used to study
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First, a reference scenario is made with the current conditions in order to investigate the
effects-of implementing a sluice. The sluice is located at west of Thyborgn, with the setup
decribed in chapter 6 where the water only flows from west to east.

The- different-scenarios investigated are listed in table 9.3.

Scenario ‘ Cross section [m?]

Reference =
A 6000

Table 9.3: The different scenarios in the analysis of the influence of the sluice on nitrogen
content in the fjord.

9.4 Results

The yearly average of the total inorganic nitrogen discharge is calculated and compared
in ThyborA n and Kattegat before and after implementing a sluice with a cross section
area-of 6000m?. The result-is shown:in table 9.4.

Inorganlc N: discharge te Kattegat [tonnes /year]
No sluiee 3 2,485
With-Shaice 3,674

]

Table 9:4: “Variation of the inorganic nifregen discharge-from the Limfjord swith the
. __ implemeéntation of the Shuice.

In table‘9.4, it can be seen that the yearly discharge of mitrogen is increased with a.sluice.
The increase in discharge is 1,190 tonnes, which corresponds to 47.9% more discharged
inexganic nitrogen from the. Limfjord. This means that there is more inorganic nitrogen
moved fém the Limfjord,to-Kattegat, so the inorganic nitrogen-content in the Limfjord
will be smaller, and the water;quality might impiove. —Exche

For a further analysis-the"annual mealyeoncentration ofanorganic nitrogen is caleulated:-
This is done in the three r'néa,su.r_ement‘ stations, wh'erge_ the~coticentiations in the model
is closest to measured concentrations:“The tota‘l“‘i‘n(‘)‘rganic‘ niﬁrogén is obtained by tak-ing
the sum of the mean yearly concentration of MH, and - NOs-at 1.5m and 4.5m depth. The
‘m‘eap concentration from the two depths is listed in"table 9.57
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T%le 9.5: The table shows the variation of the total inorganic nitrogen concentration

before and after implementing the sluice.

In table 9.5,.it is seen that the implementation of the sluice reduces the inorganic nitrogen
concentration in the three locations.

9.4.1 Discussion/Conclusion

The results show that the increased flow caused by the implementation of the sluice has
increased the removal of inorganic nitrogen in the Limfjord. After two years modelling with
the sluice, the accumulated inorganic nitrogen discharge from the Limfjord is increased
by 1,190 tonnes in the last year. The concentration analysis also reflects a reduction of
inorganic nitrogen in the fjord.

As it is mentioned before in the subsection 9.2.1, the model setup, with a rough mesh
has caused some problems and the model is not realistic. The changed bathymetry has
influenced the flow, which results to be 930m3 /s, although in reality is 377m3 /s, according
to the flood model. .This made the further calibrations used for the nutrients not so
precise. Furtherrmhore, the lack‘of input-datarand the unavailabilityof:the ratios between
the processes concerning.the ECO Tiab made it difficult to create a very realistic iiiodel.

Besides, the real nutriént added as an input to the boundaries is too low compared to the
real values;as'it is shown in table 9.2.|Consequently, theresults obtained with the model
do-not correspond to the real nitrate doncentrations, and the model cannot be used to
simulate a possible real improvement of water quality in the Limfjord.

+Hewever, it would- be-necessary to run.a model 'with the eorrect -values for-ammonia;_
nitrate and phosphate, and get<a. more dccurate -calibration, in order to confirm-that the+
sluice has a positive effect on the water quality on the Limfjord.
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Discussion

In this report it is studied if it is possible to avoid flooding by implementing a sluice in
Thyborgn, and. heow-thissweuld-affect—the concentration on nitrogen in the fjord. The
models in the report are based on data from the storm that occured the 8"

2009.

of January of

Flooding

In Part II of the report it is investigated whether it is possible to prevent flooding in
the inner part of the Limfjord by placing a sluice, capable of closing totally, in Thyborgn
Channel. The purpose of the sluice is to prevent the build-up of water in the Limfjord
before a storm, so the water build-up is decreased.

In the article "Storm-Surge: Protection can Improve Water Quality in the Limfjord”, similar
investigations - were:made. In.the ‘article,"aniong others, the water level'was investigated
when the shiice was closed the 2" of J aﬁuary, which almost correspond with the.closing
period ot six days 1 this report.” In the article it. was possible tosreduce_the-water level
with 48.1. % -and 55 %-at Lggster and Skive respectively. As a comparison, the results

__obtained in this report, showed a waterlevel lowered with 31.7 % and 53.5-% at Liggstor
and: Skive respectively. [Norgaard et al., Not published|

. The less reduction in“water levels ‘may “be due-to: modified -tides in the article. The
maximum daily tide coineides witlithe Magidium | storth surge peakis This tesiilts=n higher
water level and thereby a greater reduetion:is possible. The different water level reduction
might also besdue to the bathymetry used in the flood-model. In this report the bathymetry
only consists of 2,600:elements and one layer, compared to 6,000 elements and three layers
forfthe one used in the-otheér report. [N@rgaard et als, Not ‘published]

Thé results from 2005 showed that by closing the sluice2 days before the-storm flooding
is prevented. While' other storm- éyents will have different’ build-up periods; it is not'given
that flooding is prevéritedgby closing the sluice=2 days before the peak of thestorm. A
possible solution to this could be.te ¢onibine a=weathes forecast with a flood model to
assess possible risks of flooding. A prificiple of this is-illustrated in figure 10.1
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Figure 10.1: Illustration of risk assessing water level forecast based on weather forecasts.

The risk assessment model in regard to flooding could then model the effect of closing the
sluice and at what time it should be done in a worst case scenario. With this, the sluice
and this risk assessment setup future storm surges could be prevented.

If the weather forecast later shows that the storm will not be a reality, the sluice could be
opened again.

Water Quality

Inthe water quality analysis two models are created to.investigate the effect that a sluice
would have onithe water quality. The two models are calibrated for salinity in-the f]ord
before calibrating the nitrogen: concentrations. -

The box model showed that by implementing a sluice there was not an improvement of
the water quality.

_ The_calibration of the model showed a-high coherency with the measured data, which
indicates that'the model.should be reliable.~At the same time,.it_is'& simple model where
several-parameters and processes.regarding bothfloy and nitrogen have been'simplified.»

The thedel has also not been x'llalidated, which means that it cannot be stated that the

model calculating correctly. The validation could have been-deme if dafa from another

year-was available:

Other Ways ofsoperating. the. shuice could also be investigated, Forinstance, if a long term
weather forecastipredicts net wind from east, then the sluice should allow a west going
flow. “This-might inctease the dischiarge from the Limdfjord in"sonie periods. du¥ing the
year. — : 2y

The Mike 3 FM model showed that_+the diéchafgé of mutrient was increaseds by
. _implementing the sluice. The calibration of“the model showed a poor coherency with
the measured data, which indicates that the model 15 not.reliable. At the samie time, the
results. correlate in some extent with the results obtained from-the article "Storm Surge
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Conclusion

In the first part of this report it is stated that the Limfjord has problems concerning both
flooding and water. quality..Therefore-it-is chosen-te-analyse if a implementation of a
sluice can avoid flooding and improve water quality.

Flooding

The best location of the sluice is concluded, based on the results, to be the west of
Thyborgn. The eastern location resulted in much higher water level in Thyborgn than
with no sluice implemented.

From the operation of the sluice analysis, it cannot be concluded when to close the sluice
in order to prevent flooding when a storm is forecasted. To control the sluice, a model
simulating flooding for predicted data should be made and validated from other storms.

Based on' the .fldoding results; it-canmot. .be "stated -that flooding ican- be avoided by
implémenting ‘a sluice; although the sluice lowered the water level in the Limfjoxd.

Nitrogen Removal

~From the Water Frame Directive a reduction of 4,980 tonnesiof nitrogen-discharged to the |
Limfjord-has been established as a goal. From the Box Model, the results show that there
are 300 tonnes of nitrogen less without the shiice than with the sluice. On the background

. of this insignificant Change it cannot be determined whether as Sluice will "have an effect

on the water quality. =~ [ L
!

The Mike 3 model shows that the sluice diséh‘drges 1,190 toniies of ifiorganic nitrogen meore
sthan without the=gluice. The results show that the sluice-might-increase the discharge of

imorganic nitrogen from-the, Limfjord. However, it cannot be concluded that the water
quality of the=Eimfjord will be iftfptoved With.the sluicerbecatise the results of the model
are unteliable. «

As a resume, it canbe ,conclpded fhiat a shuice can ”rr‘l‘inimize flooding during storm éurges.
For the water quality analysis.furthes inves‘tfigatidns‘éhou‘ld‘be carried out, in ender to get
reliable results. . : ‘
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Measured Data

A.1 Wind Data

The wind data is measured in two stations, one placed in Thyborgn and one placed in Hals.
The data is measured continuously, whereafter the wind is meaned for 10 minutes. This
means that eventhough the data is for short time periods it is without wind gusts. The
data used for the models is a mean of the wind speed and direction in the two measurement
stations in the given time step.

A.2 ‘Water Levels

The water levels is measured different places in the fjord, which is used as boundary and
for -calibration of :the model. *The measurement stations is located in Thyborgn, Hals,
Skive and Logster,  The meas_ufed data is available for every 10 minutes, and-is corrected
so it,is without waves. : t

A3 i Water Data

" - The water (Bt used-insthis report-is. from {DMU;-2005]. - The measured data is taken in
_different stations around the Limfjord, where the locatlon' of the measurement stations

an be seen on figures ALl 5L | = i —
!
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Risgaarde Bredning 3726-1
[ J

Lovns Bredning 3728-1
Nissum Bredning 3702-1 [ J

[ [
Skive Fjord 3727-1

Figure A.1: Location of measurement stations i the Limfjorden.

A.4 Salinty

The salinity used in the project is from the measurement stations located in the fjord.

A.5‘ Temperature

The water temperature used in the box modelis front measurement station 3708-1; see
figure A.2. At this station the temperature is measured in 14 depths at 35 different days
covering the hole year of 2005. In this projeet-there is'taken a mean of these 14 values.
Because the temperature 18 only, measured 35 times a year there-ig fitted a sinus curve to

“the ternperature used for describing the reqt of the days. The measured data is shown in
ﬁgure A.2 together with the ﬂtted temperature curvé‘ 4
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Cross Section Analysis

/

\\

’/

There are two reasons for analysing the relation between the cross section in the sluice
and the net flow over.a.year.—Fhe-first-reason is that-the wash out effect of nutrients is
depending on the net flow, because a higher net flow can wash out more nutrients. The
other reason for investigating it, is because the bigger a sluice, the more expensive it is.
Therefore it is desirable to have almost the maximum net flow, but avoid making a bigger
sluice, if it does not increase the flow. The smallest cross section of Thyborgn Channel
is around 7600m? [Kystdirektoratet, 2009]. The weather data used is from 2005, which
includes the storm in January, but to make this more like an average year, the sluice is
closed six days before the storm and one day afterwords.

The-net flow is investigated without a sluice and then with sluices having an effective
cross section of 80, 50, 25, 20, 15, 10-and 5% of the original cross section. The results are
illustrated in figur B.1. :

700 ‘ . ‘
—— With Sluice
—— Without Sluice||

s 2k ] 650

100 = =80 ‘ 60 Q ; :
. Percentage’ of’ Cros’s—SectJQ.n [%1 T

Figure B.1: This figure shows the rélation Between thecross section-of the sluice and the
fr=w’ 7 average net flow in m3/s over a year. ol
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Box Model

C.1 Flow Model

The formula used to describe the wind driven flow is

Qa3 =W - Cying- A (C.1)

This equation originates from the Manning equation which is,

Q=AM -R¥3 42 (C.2)

In this eciuation'the energy line ./ is unknowii, but is only-depending on the wind, since the
gradient on'the bettom is assumed zero. This-dependence is described in. the followitigs—

N rh el Rl = (C.3)

- From these shear stresses the chan’g‘é'éf water Jevel can be-described as,

e T (C.4)

Tw

Ah ==
£~ vk s
Thig .eqﬁati‘o'n.“can by devided WlthA:z: onboth sides b‘e‘-pé\%i_ri.tt.en to,

L e e i e SR e
= QS e (C.5)

e i

From this the total equation will be

(C.6)
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Thyvboron Chan

Mike Zero

,,::1

In this chapter the theory behind the Mike Zero models is described.

Mike Zero, which is the overall name for Mike 21 and Mike 3, uses Reynolds Average
Navier Stokes equation to calculate the fluid motion. Navier-Stokes equation comes from
Newtons second law and the momentum equation, which together result in equation D.1.

dv; 8P 0 Ve - OV;
= D.1
TS dt e 8 830] ('u <a$3 - 8% ( )
By time averaging Navier-Stokes equation, it can describe turbulent flows. The time

averaged Navier-Stokes equation, also called the Reynolds Average Navier Stokes-equation;
is illustrated in equation D.2

ST e Ol ST : (D.2)
pdi —/77‘91 (9.1‘L 8.1‘] Maxj nng = -

In the time-average Nayier=Stokes equatlon the left_-hand side p dt’ expresses-the change of
.. -gnomentum-over time; while (p- g; — §7 ) defines the. pressure on the body. The first part=—
L 18"the grav1ty forces and the Second pa‘rt is'the change in force over distance=—The viscous

shear stress 15 denoted by (-2 o — =t Ui ) ‘and_they- are mainly taking out energy from the

current close to the walls and bottom The turbulence which-is the change of momentum
“due to fluctuation, is descr,lbed by (puqu arrd 13 thq strongest where the Ve10(31ty 13 the —
“largest. ‘ g _ | '
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//\\ N/ @ = T T — d
(| [gﬂgg W /e \\ ﬂmﬂ/w g/;ﬁ
\\ // e Nt ‘\f]\j Dlsso]lved = ded ssolved \} — ‘\fl\ v\
Sources BOD [mg/I] | BOD [mg/l] | Oxygen [mg/I|
kive 0.322 — @ 9.852
\\// @m /(\\ ‘ /Z 306 ;" 0.7154 | L] ) | ‘/Q
ir) suQcL ) ) / 0542 \ \ 12 h((;\ l u N
Rlsgaarde 0.306 LS 9.852
Mou 0.446 1.041 9.737
Gaser 0.446 1.041 9.737
Vester Hassing 0.446 1.041 9.737
Hesteskoen 0.446 1.041 9.737
Ngrre Uttrup 0.446 1.041 9.737
Aalborg Harbour 0.446 1.041 9.737
Egholm 0.540 1.260 9.737
Nibe Broad 0.540 1.260 9.737
Halkaer Broad 0.540 1.260 9.737
Nibe Broad W. 0.540 1.260 9.737
Attrup 0.540 1.260 9.737
Aggersund 0.360 0.840 9.949
Logstgr Broad 0.360 0.840 9.949
Logster Live Broad 0.360 0.840 9.949
Vodstrup-Libg Broad 0.360 0.840 9.949
Bjornholm Bugt 0.360 0.840 9.949
Salling Sund 0.542 1.265 9.522
Kas Broad 0.542 1.265 9.522
Lavbjerg Broad : 9.542 1.265 9.522
Veng-Struer-Broad- - 0:542° 1.265 9.522
Feggesund 0:360 0:840 9.949
- - Thisted-Broad 0.360 0.840 9.949
~.., Visby Broad =052 1.265 9.522-
x Agerg Broad Néas Sund 0.542 1.265 9.522
Nissum ‘Broad East 0,542 11265 9.522
Nisstum Broad Midt . P T T 26 9.522
Nissum Broad West- {0 542 L] 1.265 §9.5%2

Table E 1 Input data
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the calibration constants before and afterirhf

lﬂnﬂfﬂ~\ﬂ»ﬁf
= CA

del has been calibrated.

/ - \\
\\vJ

ﬂ F —F
? B \h{\ /L/—F‘ ‘\\\ \/\/ \\ /\ \ ] ELJ:J
JOL Para aeters \ /) / E \]%e Eej L&ﬂ;} LEJJ
- BOD Processes
£ st order decay rate at 20°C' (dissolved) 0.5 0.5 | [d7Y
2 1st order decay rate at 20°C' (suspended) 0.05 0.05 | [d7 Y
3 lst-order decay rate at 20°C' (sediment) 0.05 0.05 | [}
4 Temperature coefficient for decay rate (dis- 1.07 1.07 | ]
sotved)
5 Temperature coefficient for decay rate (sus- 1.07 1.07 | |+]
pended)
6 Temperature coefficient for decay.-rate (sedi- 1.07 1.07 | [+]
ment)
e Half-saturation oxygen concentration 2 2 | [mg/l]
Resuspension Processes
8 Critical flow velocity 0.3 0.1 | [m/s]
9 Resuspension rate for BOD (sediment) 0 e [ ]
Sedimentation Processes
10 Critical flow velocity 0.1 0.1 | [m/s]
11 Sedimentation rate for BOD (sediment) 0.2 |[d=
Nitrification Processes
12 1st order decay rate at 20°C 0.05 3| [d7Y]
113 Temperature coefficient for decay ra:t‘é. : 1.088 .27 | |
14 Oxygen demand by nitrification 4.57 4 | [g02/g NH;N]
15 Half-saturation oxygen concentration 2 0:5 - [mg/i|
: g Oxygen Processes
16~ Masdmum oxygen production atmoon, m?2 2 2 | [t/4]
: 17+ | Secchi disk depths 0.4 4 | [m]
18 = | Time-correction for. at noon i -0 0 | [hr)-
19 " “1"Respiration rate of plants, m2_ . ‘ i 0 4 [dil]ﬁ_ -
20 " Temperature coefficient, respiration St . | 1.08 170844 [-]
2ok Half-saturation conc. for respiration s 2 0.5'| [mg/l]
22 = | Sediment Ox¥gen. Demand per m? 0.5 0.5 | [dY
23" Temperature coefficient.for SOD 107, 1.07 | [
24 Half-saturation conc. for SOD i N e v g /1]
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rrative Slnice a
No. rdnil;tersx b N . ier) | Units L
Ammonia Processes
atio of ammonium released by BO]}}@@@ 0.01 | [ NHy N/gB
Is&})lv/ed)\ N 7 /\\
tatio o am"Emfg E& BOD decay £ ﬂﬂ(@ ﬁﬂﬂ
(suspended)
Ratio of ammonium released by BOD decay 0.3 0.01 | [gNH, N/g BOD|
(sediment)
28 Amount of NH3-N taken up by plants 0.066 0.02 | |[gN/g DO
29 Amount of NH3-N taken up by bacteria 0.109 0.03 | [gN/g DO
30 Halfsaturation conc. for N-uptake 0.05 0.3 | [mg/l]
Nitrate Processes
31 1st order denitrification rate at 20°C 0.1 0.1 | [¢7Y
32 Temperature coefficient for denitrification rate 1.16 1.3 [ []
Phosphorus Processes
33 Phosphorus content in dissolved BOD 0.06 0.06 | [¢ P/g BOD]|
34 Phosphorus content in suspended BOD 0.06 0.06 | |g P/g BOD]
35 Phosphorus content in sediment BOD 0.06 0.06 | [¢g P/g BOD|
36 Amount of POy — P taken up by plants 0.0091 | 0.0091 | [¢g P/g DO
37 Amount of POy — P taken up by bacteria 0.015 | 0.015 | [¢ P/g DO
38 Halfsaturation conc. for P-uptake 0.005 | 0.005 | [mg/l]
Table E.2: Input data
- i Measured and Modeled Nitrate— Lagster [mg/l] x Measured and Modeled Nitrate - Lovns [mg/[]

9.6

06k o
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Fo3kay
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Flgure B.4: Gahbratlon of nltrate for Legswr
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Figure E.5: Callbratlon of mtrate for Lovns
Broad -
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‘ Results of the 4000m2 cross section sluice effect on nitrate-concentration are shown in the
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Figure E.6: _Calibration of nitrate for Nibe
Broad
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Figure E.7: Calibration of nitrate for Nissum
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Figure.E.9: Calibration of nitrate for Skive
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Figure E:12: Nitrate modelled values and
nitrate values with the sluice of a cross
section of 4000m? in Nissum Broad
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Figure E.13: Nitrate modelled values and
nitrate values with the sluice of a cross
section of 4000m? in Skive

Results of the 6000m?2 cross section sluice effect on nitrate concentration are shown in the

following pictures.

Modelled Nitrate with sluice 6000 — Lagstar [mg/l]
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Figure‘E_J.15: Nitrate modelled values and
nitrate values with the sluice of a cross

_section olf. QOOOm2 in Lovns Broad
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Figure E.16:— Nitrate modelled values and
nitrate values with the sluice of a cross
section of 6000m? in Nissum Broad
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Figure E.17: Nitrate modelled values and

nitrate values with the sluice of a cross
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