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Resume

Formalet med projektet er at belyse hvilke risici, som omradet defineret ved oplandet til Gre-
naen er udsat for i fremtiden, hvor klimasendringerne forventes at resultere i hojere tempe-
ratur, mere nedbar om vinteren og mindre om sommeren samt hgjere vandstand i havet.
Oplandet til Grenden er karakteriseret ved, at den centrale del af omradet udgeres af en
tidligere fjord, Kolindsund, som nu er drasnet via et test netvaerk af drasnkanaler, som er for-
bundet til tre pumpestationer, der Igfter vandet op i hhv. Nord- og Syd-kanalen, som er etab-
leret i forbindelse med anleeg af det afdraenede Kolindsund. Ud over at Kolindsund er et
produktivt landbrugsomrade, udger lavningen samtidig et potentielt reservoir, hvor vand fra
oplandet i ekstreme situationer kan opmagasineres saledes at oversvgmmelser af landsbyer
(f.eks. Kolind) og sterre byer (Grena) undgas. Grena by og relativt store omrader opstrems
herfor og langs kysten er relativt lavtliggende, og er derfor ogsa truet af oversvgmmelser fra
havet. Havniveausendringer forventes derfor at @ge risikoen for oversvemmelser fra havet.
Til beskrivelse af klimaets pavirkning af vandkredslgbet i oplandet, er der er opbygget en
integreret hydrologisk model, som beskriver vandets vej, fra det falder som nedber i omra-
dets opland, til det havner i havet via Grenden. Undervejs beregnes grundvandsstanden
samtvandfgringen i vandlgbene. Ud over maengden af vand, s beskriver modellen beskriver
ogsa vandstanden i de vandlgb, kanaler og reservoirer, hvor der er risiko for, at der vil op-
treede oversvgmmelser. Dette kraever, at vandlgbenes tvaerprofil samt konstruktioner i vand-
lgbene (kanaler) er kendt og beskrevet af modellen. F.eks. vil broer typisk optreede som
flaskehalses med store vandstande til felge. Ofte finder man ogsa overlgb i og diger omkring
vandlabene, som det er vigtigt at beskrive, hvis lokaliteter med stor risiko for oversvemmelse
skal udpeges. Hvis vandstanden overstiger kronehgjden vil vandet stremme ud péa terraenet
omkring vandigbet. Denne udstremning inklusiv fordeling af vandet og vandstanden pa over-
fladen beskrives af modellen. Langs med havet er vandstanden givet ved de malinger, som
er indsamlet ved Grena Havn.

For at undersgge omradets klimasarbarhed er der dels anvendt resultater fra klimamodeller,
dels er der defineret et antal fremtidsscenarier, hvor omradets robusthed mod meget kraftige
hzendelser testes. Klimamodellerne leverer resultater for fremtidig nedber, temperatur og
fordampning pa daglig basis frem til ar 2100.

Overordnet viser resultaterne fra den hydrologiske model, at Grendens opland er truet af
klimasendringer, hhv. fra kraftig nedbgr i oplandet med mulighed for oversvemmelse fra
vandlgb, stormflod med oversvemmelse fra havet il falge og flash-floods forarsaget af eks-
trem-regn, hvilket primeert vil veere et problem for byerne. Modellens resultater viser, at buf-
ferkapaciteten i vandlebssystemet i oplandet er sa stor, at selv kraftige nedbarshasndelser
(op til 200 mm pr. dag er testet) ikke giver anledning til oversvgmmelse fra vandlebene.
Vandlgbsafstremningen er pavirket af mange faktorer (vandmastningen i oplandet nar ned-
bershaendelsen indtreeffer, nedbgrsintensitet og varighed, oppumpning af vand fra Kolind-
sund mm) og der vil derfor kunne optraede situationer, hvor der sker oversvgmmelse fra
vandlgb (Nord- og Sydkanal, Grena). Hvis mulighederne for at anvende Kolindsund (og/eller
Kragsg) til klimatilpasning udnyttes, kan oversvemmelsesrisikoen i oplandet imidlertid redu-
ceret markant og kan ved passende udformning af overlgb til Kolindsund reduceres til nul.
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Mht. oversvemmelsesrisikoen fra havet, kan den ved etablering af en sluse i nedstrgms ende
af Grenaen mod havet nedbringes signifikant. Slusen vil atheengig af dimensionering kunne
holde havvandet vaek fra Grena by selv ved hgje vandstande. Langs kysten ind mod Grena
er der behov for at etablere et dige, som kan forhindre havvandet i at oversvemme byen
(specielt havneomradet). Det méa desuden forventes at Grena by (og andre byer) vil vaere i
risiko for at blive ramt af ekstremnedbers- haendelser. Denne type oversvgmmelse er imid-
lertid ikke kvantificeret, da den opstillede model ikke er malrettet denne type opgave (proble-
mer med opl@sning).



1. Introduction

The purpose of the project is to set up models for the Grenaa catchment area in order to gain

an understanding of the water resources and related issues, including:

» To analyze all relevant water balance components in the catchment, both for present and
future climate

+  Todescribe the dynamics of the North and South Canal (Nordkanal and Sydkanal), which
is affected by inflow from the surrounding streams, pumping of drainage water from
Kolindsund and water level variations in the sea (Kattegat)

+ To describe the effect of various climate adaptation initiatives and their optimization, and
form the basis for various cost-benefit analyzes

« To describe the development of saline groundwater, as a result of lowering the ground-
water level from agricultural operations, as well as rising sea water levels.

The following chapters will describe which models are set up to investigate the hydrological
cycle in the Grenaa catchment, see Figure 1-1-1 for location.

Signatur

4 Stationer
—Kyst
—Vandleb
DModal-omréde
Wey

Terraen

B25.1-50
Wso.1-75

Figure 1-1: The Grenaa catchment and proposal for a model area.

Due to the complexity of the system, incl. drainage of a former fjord, increased rainfall and
associated climate adaptation, saltwater intrusion and potential flooding from streams, it is
necessary to set up several models, and these models will depend on each other's results.
Figure 1-2 shows an illustration of which models can be set up and how they depend on each
other.
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Integrated Hydrologi-
cal Model
(MIKE SHE)
Saltwater model River model
(SEAWAT) (MIKE HYDRO)

Figure 1-2 Structure and interaction between the hydrological models used in the project..

The integrated hydrological model, the saltwater model and the stream model are described
below. Both the saltwater model and the stream model depend on results from the integrated
hydrological model. It has been decided not to fully integrate the urban model with the other
models in this description. It is assumed that, in connection with the national groundwater
mapping, a 3D digital geological model has been set up, which provides a coherent descrip-
tion of the geological structures in the entire catchment area (Figure 1-1-1), which can be
imported into the MIKE SHE model. The model describes the most important hydrological
fluxes in the catchment. The project is organized such that each model is set up in a separate
work package: WP1 Hydrological model; WP2 Hydraulic model and WP3 Saltwater model.
It was decided to give low priority to the saltwater model and it was therefore not finished by
the end of the project. Hence, setup and results from the saltwater model is not described in
the present report. A note describing the model is expected later 2022, when the model is
running satisfactorily.

This report is the scientific deliverable on the Coast to Coast project. The report describes
the integrated hydrological model constructed during the period from January 2019 to May
2022. A note on the saltwater model will be produced after summer 2022 and the results on
saltwater intrusion will be handed over in the last part of 2022.

The purpose of the model is to develop a decision support tool that is able to provide answers
to complex questions such as the impact of climate change on the catchment of Grenaa.



2. Study area

The Grenaa catchment including Kolindsund is located on the eastern side of Jutland (Figure

1-1). The catchment is dominated by the drained area in the central part of

Djursland, referred

to as Kolindsund. Before 1900 the area was a fjord, but canals were constructed around the
fiord and water was pumped out at two pumping stations, Enslev and Fannerup (see Figure
2-1, green circles with a black dot). The bathymetry of the fjord is seen on Figure 2-1, where
the largest depths are found in the central area with elevations up to 4 meters below normal
sea level. Kolindsund and the surrounding catchment is primarily used for agriculture.

Kolindsund and the low-lying areas to the east (Grenaa city) and the west (the town of Kolind)
are at risk of climate change, primarily: river flooding (from streams and drainage canals),
coastal flooding (from the sea) and groundwater flooding. Cloud bursts are mainly a problem

in urban areas (flash floods in Grenaa city).

Dstorby

Legend
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—KYST
—Vandleb
DModel-area

Vandstand
<VALUE>

[ ]-2.004270e+037 - -5
Bso-4
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BW-io-
Pos-o
[Jo.1-1
Wi1-2
[J2.1-5

Figure 2-1Location and bathymetry of Kolindsund in the eastem side of Djursland.
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3. Methods

3.1 Model construction

The coupled groundwater (MIKE SHE) and surface water (MIKE HYDRO) model was based
on the publicly available DK-model, version 2018. This basic model was tailored to the study
area by selecting the sea as the Eastern boundary, no-flow conditions at the Northern and
Southern boundary and a fixed gradient at the Western boundary. A series of geological
layers not existing in the study area were removed from the model, while the chalk layer at
the bottom of the geological layers was divided into two separate units, a 20 meters thick
fractured chalk and a 30 meters thick chalk unit without fractures. The drainage network was
changed in the Kolindsund area to direct drainage water to the three pumping stations re-
moving water from Kolindsund.

The surface water model was extended with additional cross-sectional data for the major
streams and channels. The major bridges (wider than 2 meters) were also included in Ryom
stream, Nordkanal, Sydkanal and Grenaa channels. In the Kolindsund area the drainage
channel network was re-routed directing drainage water to three pumps removing water to
the surrounding Nordkanal and Sydkanal. The pumps were defined as fixed-rate pumps
which start and stop pumping water out of the drainage channels at specified water levels
(Table 3-1).

Table 3-1: Specifications of the fixed-rate pumps in the MIKE HYDRO surface model

Pump Discharge (m?/s) Start elevation (masl) Stop elevation (masl)
Enslev 2.4 -4.15 -4.45

Allelev 0.6 -4.8 -5.1
Fannerup 2 -4.6 -4.95

For all simulations results were extracted at six subsurface observation points and 5 surface

water observation points (Figure 3-1) to compare the effect of different events.
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Figure 3-1: The location of the streams, pumps in the surface water model and the groundwater and surface
waler observation points in the catchment.

3.2 Normal situation; presently, 2050, 2100

For present conditions, the model was run from 1 January 2010 until 31 May 2020 when
measured sea water level was available from Grenaa. This model included measured, daily
climate input data (temperature, precipitation and potential evapotranspiration) available
from the Danish Meteorclogical Institute (DMI). Median values of the model run from 2010 fo
May 2020 were used to assess everyday conditions under the present climate.

To simulate the most likely future conditions, projected daily climate data for 1971-2100 was
used in the model from a climate model (IPSL-IPSL-CM5A-MR-SMHI-RCA4) projecting in-
creasing precipitation, assuming the RCP 8.5 emission scenario with a gradual sea level
increase of 50 cm up to 2100. The measured, present daily sea water level time series were
repeated and gradually increased by 50 cm up to 2100 to create future sea water levels. The
median values of the model run for 2040-2059 and 2080-2099 were used to assess everyday
conditions in 2050 and 2100, respectively.

To assess everyday conditions both in the present and future, the models were run without
simulating flooding from the surface water channels.
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3.3 Extreme situation: high precipitation, sea level, groundwa-
ter table and their combinations

The effect of meteorological events in the present day and future was simulated using shorter
model periods with a model allowing for flooding from surface water channels. A list of sce-
narios is shown in Table 3-2. Scenarios representing storm surge were only run for a single,
present time period as the high sea level applied to the models was more influential than the
generally higher precipitation of the future climate. Precipitation scenarios however were also
run around 2050 and 2100 to also account for the rising water table in the catchment.

Table 3-2: Overview of scenarios with extreme precipitation, sea level or high groundwater table. Events 6
and 7 combined precipitation and high sea water level. Scenarios 3 were run from 1 September to 31 March
the following year

Scenario | Effect Present 2050 2100

1-2 High precipitation event with high 36 mm/d 148 mm/d | 194 mm/d
groundwater table

3 Smalll,. bl-.lt constant quantities of 5.7 il T — % minld
precipitation

4 Sea water level of 3m for 1 day X

5 Sea water level of 3 m for 5 days X

6 Small, but constant quantities of
precipitation and sea water level of X
3 m for 1 day

7 High precipitation event and sea 194 virn/d
water level of 3 m for 1 day

8 Low-grogndwater table and high 50 mm/d
precipitation event

3.4 Drought

The effect of drought was assessed by comparing the dry period of the summer of 2018 with
a dry period in the summer of 2058 and 2097 from a relatively dry future climate model
(ICHEC-EC-EARTH-KNMI-RACMO22E) assuming a gradual sea water level rise of 50 cm
up to 2100. The future model dates were selected by assessing the sum of annual precipita-
tion, the sum of summer precipitation and the number of days with precipitation.

3.5 Fortification along the sea

A 3Di model was used to simulate the effect of sea dikes on the flooding of Grenaa city from
surface waters and the sea in case of high sea water level events. The 3Di model corre-
sponded to scenario B4, maintaining 3 m high sea water level for 24 hours and only used
fortifications along the seashore, but no structures at the outlet of Grenaa or fortifications
along the stream.

The model used the surface water levels and discharge simulated by the coupled MIKE SHE-
MIKE HYDRO model (scenario B4) as an input and had the same stream setup as the MIKE

13



HYDRO model with the same cross-section data, bridge and pump description. The effect of
sea dikes was studied by comparing a model with and without sea dikes.

3.6 Technical solution: sluice and pump at the sea

The same 3Di model was also used to assess the effectiveness of a sluice and a sluice
coupled with a pump to prevent flooding from surface water in the city of Grenaa. This model
was first tested only using a sluice at the outlet of Grenaa and compared to a model where
both a sluice and sea dikes were used to prevent the flooding of the city.

The sluice was tested with closure at sea water elevations of 1 m and 1.5 m and by including
a pump upstream of the sluice with a capacity of 10 m¥/s with the aim to see if the closure at
the outlet of Grenaa will result in flooding in the catchment.

3.7 Nature based solution: reservoirs in the catchment

In these simulations the natural depressions of Kolindsund and Kragse are used for the stor-
age of excess surface water thereby reducing flooding from high sea levels and high rate
precipitation events.

As a simple solution, Kolindsund can be used as a reservoir in its present state. If no water
is pumped from the drainage channels to the surrounding Nordkanal and Sydkanal, stream
discharge through Grenaa city is reduced. The maximum capacity of the pumps is 5.2 m¥s,
thus the stream discharge reaching the city can be maximally reduced by this amount. This
simple solution was used when simulating a closed sluice gate at the outlet of Grenaa to
prevent the sea from flooding the city. In such a situation when the pumps are inactive, dis-
charge in the surrounding Nordkanal and Sydkanal is lower. This extra storage capacity in
the stream network can potentially reduce the increased water level on the catchment side
of the sluice when Grenaa stream cannot discharge to the sea.

Kolindsund was established as a lake by removing the pumping stations in the area and
connecting the outlet of Ryom stream to the drainage channel directly in the East and to
Nordkanal and Grenaa to the West. Streams presently running into Nordkanal and Sydkanal
were also directly led to the drainage channel. The outlet of Kolindsund lake was located at
the present pumping station, Enslev where water from the lake flows into a 4 km long section
of the present Nordkanal. The effect of having the lake as a buffer for flooding was explored
by running the model with precipitation events of various rates, the sea storm of December
2013 and scenarios B4 and B7.

Kolindsund as a lake can also serve as a buffer when a sluice is installed at the outlet of
Grenaa. This way the water arriving at the catchment side of the sluice can be stored in the
lake instead of the stream network thereby reducing stream water levels downstream of the
lake (Kolindsund).
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Using Kragsg as a reservoir was explored by including a sluice in the model at the outlet of
Grenaa. The sluice is closed when sea water levels reach 1 meter and is opened again once
the sea water level decreases below 1 meter. Closing the sluice prevents sea water entering
the city, while the accumulating surface water discharge increases water levels on the inner
side of the sluice which could potentially result in flooding. This water level increase was
reduced by using Kragse as a reservoir for excess surface water.

Both when using Kolindsund and Kragse as a reservoir, the natural depressions were not
empty before the flooding events, they were covered by surface water with a natural water
table.
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