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Sammanfattning	

På	grund	av	nederbördsfattiga	vintrar	och	ett	överuttag	från	grundvattenreservoarerna	under	turistsäsongen	

på	somrarna,	har	Gotland	erfarit	vattenbrist	under	senare	år	vilket	lett	till	hårda	bevattningsförbud	för	såväl	

kommunalt	och	enskilt	vatten.	För	att	hitta	en	lösning	på	denna	vattenbrist	har	Region	Gotland	och	Svenska	

Miljöinstitutet	(IVL)	initierat	ett	projekt	på	den	södra	delen	av	Gotland,	Storsudret,	som	kommer	att	användas	

som	en	testplats	för	nya	lösningar	inom	lagring	och	uttag	av	färskvatten.		

En,	för	Sverige,	ny	metod	som	för	nuvarande	undersöks	är	användandet	av	grundvattendammar	som	ett	sätt	

att	öka	lagringskapaciteten	i	marken	och	på	så	sätt	kunna	öka	uttagen	av	grundvatten.	Metoder	för	att	finna	

lämpliga	platser	för	grundvattendammar	har	undersökts	av	Imran	Jamali,	2016,	och	Ludvig	Almqvist,	2017.	

Därtill	finns	ett	behov	av	att	vidare	undersöka	och	utveckla	metoder	för	lokalisering	av	grundvattendammar.	

Denna	 masteruppsats	 har	 fokuserat	 på	 att	 utföra	 data-inhämtning	 i	 fält	 och	 bygga	 upp	 en	

grundvattenflödesmodell	för	att	utvärdera	möjligheten	att	placera	en	grundvattendam	på	Storsudret,	som	ett	

vidare	steg	i	att	utveckla	en	metod	för	att	finna	lämpliga	platser	för	grundvattendammar.	

Data	från	fältundersökningar	hämtades	genom	resistivitetsmätningar	och	vattenståndsmätningar.	Dessa	data	

användes	som	inmatning	 i	grundvattenflödesmodellen,	MIKE	SHE,	tillsammans	med	mer	generell	GIS-data.	

Flödesmodellering	utfördes	under	perioden	2015-2018,	vilket	inkluderade	torrår	under	perioden	2015-2016	

och	 slutet	 av	 sommaren	 2017	 och	 mer	 nederbördsrik	 period	 under	 hösten	 2017	 och	 våren	 2018.	

Grundvattendammar	modellerades	för	att	undersöka	områdespåverkan.	

Resultaten	visade	på	ingen	självklar	lokalisering	för	en	grundvattendamm	inom	det	modellerade	området,	på	

grund	 av	 platt	 geologi	 utan	 tydliga	 utflödespunkter	 blev	 resultatet	 av	 en	 damm	 endast	 en	 liten	 ökad	

grundvattenvolym.	Däremot	visade	modellresultaten	att	stora	uttagsmöjligheter	för	grundvatten	redan	fanns	

i	existerande	geologiska	formationer	även	utan	en	grundvattendamm	närvarande.	

Som	ett	steg	i	metoden	att	finna	lämpliga	platser	för	grundvattendammar	var	MIKE	SHE	ett	bra	verktyg	för	att	

ge	en	god	överblick	över	de	generella	hydrogeologiska	flödena.	MIKE	SHE	är	ett	värdefullt	verktyg	när	det	

kommer	 till	 att	hitta	 intressanta	platser	 för	 vidare	undersökningar.	Däremot	 fanns	problem	med	att	 finna	

detaljerade	 inmatningsdata	 vilket	 gör	 modellen	 mindre	 lämplig	 för	 att	 finna	 exakta	 grundvattendams-

placeringar	inom	ett	större	område.	

Nyckelord:	Grundvattendammar,	MIKE	SHE,	grundvatten,	hydrogeologi,	grundvattenmodellering,	
vattenresurshantering,	resistivitetsmätningar,	hydrogeologi.	
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Abstract	

Due	 to	 precipitation	 poor	 winters	 and	 springs	 and	 over-exploitation	 of	 groundwater	 reserves	 during	 the	

summer	months	as	a	consequence	of	tourism,	the	island	of	Gotland	has	experienced	fresh	water	shortages	

during	recent	years	which	has	led	to	harsh	restrictions	in	the	use	of	municipal	water.	In	order	to	find	a	solution	

to	the	islands	fresh	water	problems,	the	region	of	Gotland	and	the	Swedish	Environmental	Institute	(IVL)	have	

initiated	a	project	in	which	the	southernmost	part	of	Gotland,	Storsudret,	will	be	used	as	a	test	site	for	new	

methods	of	sustainable	freshwater	storage	and	extraction	methods.	

A,	for	Sweden,	new	method	currently	being	investigated	is	the	use	of	subsurface	dams	in	order	to	increase	

the	storage	capacity	of	soil	groundwater,	thus	increasing	the	possible	extractions.	Methods	for	finding	suitable	

sites	for	subsurface	dams	has	been	investigated	by	Imran	Jamali,	2016,	and	Ludvig	Almqvist,	2017.	There	is	

however	a	need	in	further	 investigating	and	developing	methods	for	subsurface	dam	location.	This	master	

thesis	 has	 focused	 on	 performing	 on-site	 data	 collection	 and	 on	 the	 use	 of	 groundwater	 flow	model	 to	

evaluate	 the	possibility	of	placing	a	 subsurface	dam	on	Storsudret,	 as	 steps	 in	a	method	 to	 localize	areas	

suitable	for	subsurface	dams.	

On	site	data	was	collected	through	resistivity	measurements	and	water	level	measurements.	This	was	used	as	

input	data	for	the	flow	model,	MIKE	SHE,	together	with	more	general	GIS-data	available.	Flow	modelling	was	

performed	during	the	period	2015-2018,	which	included	the	initially	dry	years	of	2015-16	and	the	summer	of	

2017,	and	the	more	precipitation	rich	second	half	of	2017	and	spring	of	2018.	Subsurface	dams	were	modelled	

to	investigate	the	results	on	the	surroundings.	

The	result	did	not	show	any	obvious	locations	for	the	placement	of	a	subsurface	dam	within	the	modelled	

area.	The	site	considered	to	be	most	suitable	for	dam	placement	was	modelled	but	showed	only	a	rather	small	

additional	 stored	 volume.	 However,	 the	 model	 result	 indicated	 that	 large	 possibilities	 for	 freshwater	

extraction	already	could	be	present	in	an	existing	geological	formation	in	the	area,	even	without	the	presence	

of	a	subsurface	dam.	

As	a	tool	for	finding	the	specific	location	of	groundwater	dams,	it	was	concluded	that	MIKE	SHE	gives	a	good	

overview	over	the	general	hydrogeological	features	and	flow	paths.	Thus,	it	is	a	valuable	tool	when	it	comes	

to	finding	interesting	sites	for	further	investigations.	However,	due	to	problems	in	obtaining	detailed	enough	

input	data,	the	model	is	considered	to	be	less	suitable	for	finding	specific	locations	for	dam	placement	when	

investigating	a	larger	domain.	

Keywords:	Subsurface	dams,	MIKE	SHE,	groundwater,	groundwater	modelling,	water	resource	management,	
resistivity	measurements,	hydrogeology.		 	
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Introduction	

Background	

Global	water	consumption	increases	due	to	population	rise,	industrial	and	agricultural	needs	(Danilenko	et	al.,	

2010)	(Jamali,	2016).	This	has	over	the	last	couple	of	years	started	to	become	a	more	pressing	issue	also	in	

Sweden,	as	many	parts	of	country	have	experienced	unusually	low	groundwater	levels	during	the	spring	and	

early	summer	months	(Sveriges	kommuner	och	landsting,	2017)	(Olsson,	2016).	Several	municipalities	in	the	

southern	 and	 southeast	 part	 of	 Sweden	 has	 implemented	 restrictions	 on	 the	 use	 of	municipal	 water	 for	

watering	purposes,	and	well	drilling	companies	are	witnessing	about	a	rapid	increase	in	people	calling	about	

their	wells	running	dry	(Ahlgren,	2017)	(Svenskt	vatten,	2017).	

One	of	the	places	where	the	stress	on	the	water	supply	is	most	severe	is	on	the	island	of	Gotland,	located	in	

the	Baltic	sea	in	the	southeast	part	of	Sweden.	During	both	2016	and	2017	the	municipality	put	a	restriction	

on	using	municipal	water	for	the	purpose	of	watering	the	lawn	or	similar	activities	which	was	put	in	practise	

already	from	early	April	during	the	last	two	years.		

The	Island	is	an	attractive	destination	for	both	tourism	and	vacation	residents	during	the	summer	months,	

and	there	is	an	ongoing	expansion	of	new	vacation	homes	spread	out	over	the	island.	In	practice,	this	means	

that	a	lot	of	additional	pressure	is	put	on	the	water	supply	during	the	time	of	the	year	when	the	ground	water	

recharge,	which	mainly	occur	during	October	to	March,	is	at	its	lowest	(Region	Gotland,	n.a).	

Besides	the	obvious	problem	with	the	rapid	increase	of	visitors	during	high	season,	the	region	has	a	history	of	

draining	wetlands	and	lowering	lakes.	Even	if	the	draining	of	new	wetland	is	forbidden	on	all	of	Gotland	today	

(Länsstyrelsen	 Gotlands	 Län,	 n.a),	 the	 existing	 drain	 ditches	 gives	 the	 leaking	 groundwater	 a	 more	 rapid	

transport	towards	the	sea,	and	thus	less	time	to	reach	the	fractures	in	the	bedrock.	Besides	the	influence	of	

the	drain	ditches,	the	natural	retention	basins	that	the	wetlands	made	up	was	also	removed	as	these	were	

transformed	into	agricultural	lands,	further	reducing	the	transport	time	for	the	groundwater	in	the	soil	layers	

(Dahlqvist,	et	al.,	2017a)	(Region	Gotland,	n.a).	

With	the	climate	scenarios	used	in	(Sander,	2017),	much	indicates	that	longer	summers	and	shorter	winters	

can	 be	 expected	 in	 the	 future.	 It	 is	 assumed	 that	 Gotland,	 towards	 the	 end	 of	 the	 century	 can	 expect	 a	

vegetation	season	which	is	approximately	2	–	4	months	longer	than	today.	Thus,	there	will	be	an	increase	in	

days	with	low	soil	moisture	and	the	recharge	during	summer	and	spring	is	expected	to	decrease.	If	the	climate	

scenarios	are	correct,	the	fresh	water	deficit	on	Gotland	will	only	increase	in	the	future.	

The	island	experiences	a	precipitation	amount	with	a	yearly	average	of	approximately	500	–	600	mm,	out	of	

which	100	–	200	makes	up	 the	effective	precipitation	 (Dahlqvist,	 et	al.,	 2017a)	 (Region	Gotland,	n.a).	 The	

available	amount	of	rain	is	more	than	enough	to	meet	the	future	demands,	and	thus	not	the	main	issue.	The	
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problem	is	rather	the	possibility	to	store	and	retain	the	rainwater	in	a	way	that	it	is	available	for	use	during	

seasons	of	low	recharge.	

	

	

	

Figure 1 - Wetland prevalence across Gotland at the 18th century, 

of which the majority is now being drained by drain ditches  

(Dahlqvist, et al., 2017a). 

	

	

Figure 2 - Wetland map, which illustrates former wetland 

locations as dark red and the blue lines are the land draining 
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systems on Storsudret (Almqvist, n.p). 

		

	

Figure 3 - Storsudret, market in red, and its location on southern Gotland (Google Images). 

	

Project	to	meet	future	demands	

A	majority	of	the	rainwater	either	evaporates	during	summer	or	runs	off	as	surface	water	during	winter	and	

spring.	One	of	the	main	challenges	when	it	comes	to	securing	the	future	water	demand	on	Storsudret	is	to	

retain	the	available	groundwater	from	the	winter	and	spring	months	(IVL,	2017a).	

One	particular	project	that	strives	to	investigate	new	methods	of	storing	and	producing	fresh	water	is	a	project	

initialized	by	Region	Gotland	and	the	Swedish	Environmental	Institute	(IVL).	 In	the	project	a	so	called”	test	

bed”	will	be	created	on	Storsudret,	which	is	the	most	southern	part	of	Gotland.	In	practise,	this	means	that	

infrastructure	 will	 be	 implemented	 which	 will	 be	 used	 by	 several	 participating	 organisations	 in	 order	 to	

investigate	and	examine	new	ways	to	store	and	retain	the	groundwater	in	the	area	with	the	goal	of	making	

Storsudret	self-sufficient	on	fresh	water	(IVL,	2017a)	(IVL,	2017b).	This	is	something	that	according	to	(Forum	

Östersjön,	 n.a)	 could	 be	 done	 if	 only	 about	 1	 %	 of	 the	 available	 water	 could	 be	 sufficiently	 stored.	 The	

projected	yearly	fresh	water	demand	on	Storsudret	is	200’000	cubic	meters.				

Subsurface	dams	

Water	storage	is	the	pressing	issue	on	Gotland,	not	the	rain	water	quantity	 in	 itself.	 If	rain	water	could	be	

more	efficiently	stored,	the	excess	water	from	winter	and	spring	could	be	made	available	also	during	summer	

months.		



	

4	
	

Water	can	be	stored	in	groundwater	aquifers	beneath	the	soil	surface.	Aquifers	store	groundwater	in	the	soil	

pores	and	depending	on	soil	characteristics	the	water	is	also	retained	through	surface	tensions	to	the	particles.	

The	difference	of	porosity	and	retention	is	named	specific	yield,	and	denotes	what	percentage	of	soil	volume	

that	can	be	used	to	store	retrievable	water.	Good	soils	for	groundwater	storage	is	sand	and	gravel,	with	a	

specific	yield	of	20%.	This	means	that	a	sandy	area	of	only	one	square	kilometre,	can	hold	up	to	200’000	cubic	

meters	of	fresh	water,	in	just	1	m	sand	depth	(Duffield,	G.	M..	2016).	This	amount	would	be	enough	to	meet	

the	by	IVL	projected	yearly	fresh	water	demand	on	Storsudret	(Forum	Östersjön,	n.a).		

The	issue	on	Gotland	is	that	groundwater	flows	out	from	the	natural	aquifers	to	the	sea	during	the	spring	and	

not	much	remains	when	the	summer	months	and	the	tourists	arrive.	One	way	of	avoiding	the	unnecessary	

loss	of	groundwater	to	the	sea,	during	spring	months,	is	by	retaining	it	in	artificial	groundwater	aquifers	in	the	

soil	layers	by	the	construction	of	subsurface	dams,	and	the	implementation	of	such	a	solution	on	Storsudret	

is	currently	being	investigated	by	KTH.		

A	subsurface	dam	is	generally	constructed	by	putting	a	physical	barrier,	e.g.	a	semi-permeable	membrane,	

below	 ground	 level,	 hindering	 the	water	 flow	 and	 thus	 raising	 groundwater	 levels	 (GWLs)	 upstream,	 see	

figure4	(Jamali,	2016)	(Onder	&	Yilmaz,	2005).	

subsurface	dams	are	no	new	 invention	and	have	a	 long	history	of	use	 in	more	semi-arid	environments.	 In	

Europe	examples	can	be	found	in	countries	such	as	France,	Italy	and	Greece,	in	some	locations	dating	as	far	

back	as	to	the	roman	empire.	Examples	can	also	be	found	in	the	north	western	parts	of	Africa,	and	in	both	

Kenya	and	Brazil	several	hundred	small	scale	subsurface	dams	have	been	built	since	the	90:s	(Foster	&	Tuinhof,	

2004)	(Adolphson	&	Petré,	1996).	

Storing	water	in	a	subsurface	dam,	in	relation	to	a	free	water	surface	dam	or	lake,	has	the	advantage	of	not	

being	exposed	to	extensive	evaporation	due	to	the	protective	unsaturated	soil	layer	on	top	of	the	water.	This	

unsaturated	 zone	 further	 protects	 the	 groundwater	 from	 human	 and	 animal	 activities	 and	 pollution.	

Therefore,	groundwater	does	not	need	to	be	treated	as	much	as	surface	water	does.	Furthermore,	a	lake	or	

dam	takes	up	a	lot	of	space	while	a	subsurface	dam	does	not	hinder	land	use	at	the	surface.					

In	Sweden	the	use	of	subsurface	dams	is	of	far	of	lesser	extent,	and	the	only	example	(to	authors	knowledge)	

is	one	that	has	been	tested	in	Värmdö,	located	in	the	Stockholm	archipelago	(Jamali,	2016).	The	interest	has	

however	started	to	increase	as	places	such	as	Gotland	start	to	realize	the	value	of	sustainable	solutions	to	

secure	future	water	supply.  
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Figure 4 – Visualisation of a subsurface dam (Jamali, 2016). 

Developing	methods	for	site	location	

Even	 though	 subsurface	 dams	 in	 many	 cases	 have	 proven	 to	 be	 very	 successful,	 there	 are	 cases	 of	

underperforming	dams	due	to	poor	planning	and	location	(Jamali,	2016).	

To	improve	the	efficiency	when	it	comes	to	finding	suitable	sites	for	subsurface	dams	(Jamali,	2016)	assessed	

two	ways	of	quantifying	storage	capacity	of	soils	using	GIS	using	a	Boolesk	method	and	a	spatial	multi	criteria	

analysis	method	(SMCA).	The	Boolesk	method	was	to	create	a	suitability	map	using	topography,	geology	and	

land	use,	and	combining	this	with	a	map	of	TWI	(produced	in	GIS)	and	a	groundwater	balance	map	(produced	

in	GIS).	The	SMCA	method	used	weighting	of	different	maps	of	land	cover,	slope,	regolith	thickness,	TWI	and	

topography.	 Also,	 maps	 for	 geology,	 land	 use	 and	 hydrogeological	 characteristics	 were	 used	 as	 well	 as	

hydrological	data	of	the	area.	

In	a	master	thesis	written	by	(Almqvist,	n.p.)	an	approach	based	on	the	Boolesk	method	developed	by	(Jamali,	

2016)	 was	 used	 to	 find	 suitable	 locations	 on	 Storsudret	 on	 southern	 Gotland,	 as	 a	 step	 towards	making	

Storsudret	self-sufficient	of	fresh	water.	

The	results	in	the	thesis	by	(Almqvist,	n.p.),	see	figure	5,	showed	two	separate	areas	of	interest,	divided	into	

four	smaller	subareas,	which	according	to	the	more	used	method	seems	to	possess	the	necessary	properties	

for	 the	 construction	 of	 subsurface	 dams.	 The	 two	main	 areas	 are	 separate,	 where	 one	 is	 located	 in	 the	

northern	part	 of	 Storsudret,	 and	one	 is	 located	more	 to	 the	 south.	However,	 the	 results	 only	 give	 a	 very	

general	view	over	the	suitable	areas.	In	order	to	get	a	more	detailed	picture,	which	is	necessary	to	achieve	a	

more	optimal	placement	of	a	subsurface	dam,	further	investigations	need	to	be	made.	
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In	this	thesis,	a	more	detailed	investigation	will	be	made	of	area	3	suggested	by	(Almqvist,	L.,	n.p).	Based	on	

data	collected	from	field	measurements	performed	in	the	area,	a	ground	water	flow	model	over	the	area	will	

be	developed	using	the	MIKE	SHE	software.	The	software	will	be	used	with	the	purpose	of	evaluating	what	

could	be	a	suitable	location	for	the	placement	of	a	subsurface	dam,	as	a	step	in	the	process	of	developing	

methods	for	locating	and	evaluating	the	performance	of	subsurface	dams.			

 

	

Figure 5 - Areas of interest for subsurface dams due to their soil depth in red. The red lines are, according to 
Almqvist, possible suggestions for subsurface dams to prevent groundwater from flowing out in that direction 
(Almqvist, n.p.) 
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Aims	and	objectives	

The	aim	of	this	thesis	is	to	develop	and	evaluate	a	groundwater	flow	model	in	MIKE	SHE,	as	part	of	developing	

a	method	to	evaluate	and	find	suitable	sites	for	subsurface	dams.	The	case	study	will	focus	on	a	chosen	domain	

on	Storsudret,	Gotland,	which	is	often	experiencing	groundwater	shortages.	This	thesis	is	continuing	on	the	

screening	process	and	the	areas	of	interest	presented	by	(Almqvist,	n.p.).	

The	specific	objectives	are	to:	

• Collect	general	information	concerning	the	geology	and	water	cycle	of	the	study	area,	Storsudret.	

• Collect	on	site	information,	more	detailed	information	from	specified	areas	of	interest	through	field	

investigations	using	resistivity	measurements,	ground	water	depth	measurements,	and	collection	of	

local	knowledge.	

• Build	a	conceptual	model	over	the	area	based	on	collected	data.	

• Build	a	groundwater	model	in	MIKE	SHE,	and	evaluate	the	possible	locations	of	the	dam.	

• Evaluate	MIKE	SHE	for	the	purpose	of	planning	subsurface	dams.		
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Method	

The	methods	used	to	construct	the	ground	water	model	in	this	thesis	can	be	divided	into	two	subcategories	

which	are	data	collection,	general	and	on-site,	and	ground	water	modelling	using	MIKE	SHE.		

General	data	collection	is	performed	as	literature	studies	and	data-base	data	collection,	searching	information	

important	to	understanding	the	water	cycle	on	Storsudret.	Example	of	this	kind	of	data	is	Climate/Weather	

data,	Land	use	data,	elevation	data	and	geology	data.		

On-site	 data	 collection	 is	 performed	 with	 groundwater	 level	 measurements	 and	 geophysical	 measuring	

methods	on	site	at	Storsudred,	mostly	during	the	first	week	of	April	2018	using	resistivity	measurements.	This	

data	is	important	for	high-quality	input	data	of	soil	depth	and	soil	type	in	the	water	flow	model.	

Modelling	 is	 performed	 by	 building	 up	 a	 MIKE	 SHE	 groundwater	 flow	 model	 over	 a	 certain	 domain	 on	

Storsudret,	 calibrating	 it	 to	 collected	 data	 and	 performing	 different	 extraction	 scenarios	 and	 possible	

subsurface	dam	construction	scenarios.		

Modelling	objectives	

MIKE	 SHE	 is	 a	 flow	 model	 tool	 which	 describes	 all	 involved	 hydrological	 processes	 with	 physics-based	

algorithms,	formulas	and	parameters.	Depending	on	model	objectives,	different	processes	are	important	for	

the	model	outcome,	for	example	overland	flow	is	not	necessary	to	model	precisely	in	a	ground-water	flow	

model.	To	use	over-complex	methods	and	to	not	make	simplifications	in	the	MIKE	SHE	simulations	will	require	

more	demanding	data	collecting	and	slower	simulations	due	to	less	important	processes.	There	is	also	a	risk	

that	 the	model	becomes	 complicated	and	harder	 to	 analyse.	An	 important	 step	 in	MIKE	 SHE	modelling	 is	

therefore	 to	 identify	 the	most	 important	processes	and	parameters	 in	order	 to	determine	 them	well,	and	

decide	which	ones	are	less	important	and	can	be	simplified	or	estimated	from	available	generic	data	(MIKE,	

2017a).	

Since	 Gotland	 and	 Storsudret	 have	 a	 warm	 temperate	 climate	 and	 much	 of	 the	 precipitation	 is	 lost	 to	

evapotranspiration,	it	is	important	to	focus	on	evapotranspiration	parameters.	Such	are	the	Leaf	Area	Index	

and	Root	depth	of	plants	growing	in	the	area	and	also	the	canopy	interception	and	to	have	good	estimates	of	

input	data	for	the	potential	evapotranspiration.	Further,	for	calibrating	the	unsaturated	flow	zone	in	which	

most	water	infiltrates	and	percolates	or	evapotranspires,	the	hydraulic	conductivity	of	the	soil	is	necessary.	

Other	 unsaturated	 flow	 parameters	 are	 data	 over	 soil	 water	 content	 at	 field	 capacity,	 wilting	 point	 and	

saturation	 point	 as	 well	 as	 capillary	 thickness.	 For	 the	 groundwater	 flow	 model,	 saturated	 hydraulic	

conductivity	 is	 important	as	well	as	specific	yield	and	specific	storage	values.	Since	the	area	has	controlled	

drainage	which	plays	an	important	role,	it	is	important	to	estimate	which	areas	that	are	drained	and	at	what	

level	they	are	drained.	However,	in	this	groundwater	flow	and	storage	model,	physical	routing	of	the	drained	

water	 is	 an	 example	 of	 something	which	 can	 be	 neglected.	 Another	 example	 is	 the	 choice	 not	 to	model	



	

9	
	

freezing	and	snow	melt,	since	this	only	happens	in	spring	when	water	shortage	is	rarely	a	problem	and	it	is	

not	important	for	summer	extraction	volumes	(MIKE,	2017).	

Part	1	–	Data	collection	

General	data	collection	

Climate	
In	order	 to	 further	understand	 the	water	cycle	of	Storsudret,	 information	about	climate	and	weather	was	

examined	and	collected.		

The	general	climate	on	Gotland	is	characterized	by	typical	island	conditions,	with	inland	experiencing	less	wind	

and	more	measured	precipitation	than	coastal	areas.	The	measured	precipitation	inland	is	generally	around	

600	mm/y	and	around	the	coasts	generally	500	mm/y,	a	difference	showing	20%	more	rain	inland.	However,	

the	losses	are	partly	due	to	wind	losses	with	rain	passing	over	the	gauges	due	to	more	wind	in	the	coastal	

areas.	 Inland	temperatures	are	often	some	degrees	warmer	during	summer	afternoons	and	some	degrees	

colder	during	nights,	due	to	the	equalizing	temperature	of	the	Baltic	Sea	at	coasts	(SMHI,	2013).	Thus,	weather	

measuring	stations	at	the	coast	may	not	reflect	the	weather	inland.	

The	yearly	precipitation	varies	about	600	mm	from	year	to	year.	During	extremely	dry	years	the	island	only	

receives	300	mm	rainfall	and	during	wet	years	it	can	rain	up	to	900	mm.	Thus,	the	yearly	precipitation	rate	

can	vary	up	to	50%	in	a	year.	(Region	Gotland,	n.a).		

The	total	groundwater	recharge	is	often	assumed	to	be	about	the	same	as	the	effective	precipitation,	which	

varies	from	year	to	year	depending	on	temperature	precipitation.	When	Precipitation	is	around	600	mm/year,	

effective	precipitation	is	considered	not	exceeding	200	mm/year	(Region	Gotland,	n.a).		

Effective	precipitation	varies	during	the	year	due	to	larger	evapotranspiration	during	the	summer,	see	figure	

6.	 It	 is	 estimated	 that	 from	October	 to	March	precipitation	 is	 higher	 than	evapotranspiration	 and	 that	 all	

groundwater	recharge	occurs	then. 
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Figure 6 - Monthly effective precipitation, which indicates when the groundwater storages are replenished 
(Region Gotland, n.a). 

 
A	large	portion	of	the	effective	precipitation	which	infiltrates	quickly	exits	the	soil	layers	as	drainage	to	surface	

water.	This	is	due	to	the	thin	soil	layers	and	a	large	amount	of	drain	ditches.	Thus,	the	total	estimated	ground-

water	recharge	usually	rather	lies	between	10	–	100	mm/year	(Dahlqvist,	et	al.,	2017a)	(Region	Gotland,	n.a).		

Precipitation	
The	area	of	Storsudret	is	the	southernmost	part	of	Gotland	and	should	be	considered	to	have	coastal	climate.	

Data	over	the	modelled	area	is	retrieved	from	the	SMHI	station	at	Hoburgen,	since	this	is	the	closest	weather	

station	to	the	examined	domain.	The	Hoburgen	station	is	a	coastal	weather	station.		

From	this	station,	data	was	obtained	over	daily	precipitation	for	model	input.	There	is	however	a	risk	that	the	

actual	precipitation	is	approximately	20%	larger	than	measured	values,	due	to	wind	losses	with	rain	passing	

over	the	gauges	in	the	coastal	areas	as	mentioned	under	“Climate”	(SMHI,	2018b).	

Evapotranspiration	
For	 input	 values	 of	 evapotranspiration	 in	 the	 MIKE	 SHE	 model,	 daily	 values	 of	 ETo,	 reference	

evapotranspiration	 values,	 were	 calculated.	 The	 FAO	 Penman-Monteith	 method	 is	 recommended	 for	

determining	the	ETo	values	(MIKE	SHE	Printed	V1:	Sid	39).	Data	for	the	Penman-Monteith	method	was	air	

temperature	 (daily;	 min,	 max	 and	 mean),	 wind	 speed	 (daily	 mean),	 relative	 humidity	 (daily;	 minimum,	

maximum	and	mean),	shortwave	radiation	(daily	mean)	and	air	pressure	(daily	mean)	(MIKE	2017).	

In	 rare	 cases	 where	 data	 from	 wind	 speed,	 relative	 humidity,	 air	 pressure	 and	 shortwave	 radiation	 at	

Hoburgen	was	missing,	data	from	the	station	Visby	Flygplats	was	used	(SMHI,	2018b.),	which	is	located	also	

on	the	coast	about	50km	north	of	Storsudret.	

University	of	Florida	has	a	complete	step-by-step	guide	to	calculate	the	Penman-Monteith	ETo.	In	summary,	

the	ETo	is	a	calculated	rate	of	evapotranspiration	from	hypothetical	reference	crop	from	an	extensive	surface	
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under	good	water	conditions.	Since	good	water	conditions	don’t	always	appear	the	ETo	is	often	more	than	

the	actual	transpiration.	The	Penman-Monteith	ETo	formula	consists	of	estimating	the	amount	of	water	(in	

mm)	which	 is	 removed	 from	 the	 soil	 due	 to	 shortwave	 radiation	 from	 the	 sun,	 air	 temperature	and	wind	

conditions.	Warm	temperatures,	much	shortwave	radiation	and	high	wind	speeds	add	to	evapotranspiration	

rates,	while	high	relative	humidity	values	lowers	evapotranspiration	(Zotarelli,	L.,	et.	al.).	

Vegetative	season	
The	general	vegetative	season	in	southern	Sweden,	including	Gotland,	is	defined	as	the	part	of	the	year	during	

which	the	daily	mean	temperatures	has	been	over	+5	C.	For	the	last	30	years,	since	1986,	the	vegetative	period	

has	been	on	average	203	days,	beginning	on	average	 the	16th	of	April	 and	ending	on	average	 the	4th	of	

November	(SMHI,	2014).	

Graphs	in	figure	7	and	8	are	presenting	the	start	and	end	of	the	vegetative	season	in	southern	Sweden	since	

1960,	also	show	a	rapid	change	in	the	1990s	when	the	season	starts	earlier	and	ends	later	than	normal.	This	

is	problematic	since	transpiration	is	greater	during	larger	parts	of	the	year,	putting	stress	to	the	groundwater	

resources.			

	

Figure 7 - Start date of the vegetative season, when plants start to transpire through their leaves, in southern 
Sweden from 1960-2014 (SMHI, 2014) 

	

Figure 8 - End date of the vegetative season in southern Sweden from 1960-2014 (SMHI, 2014). 
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Geology	
The	thousands	of	years	of	exposure	to	the	sea	during	isostasy	has	left	the	island	with	rather	thin	soil	layers,	

and	only	in	a	few	places	the	thickness	of	these	layers	exceeds	5	meters.	Even	if	groundwater	stored	in	the	soil	

can	be	of	local	significance,	the	majority	of	the	private	wells	on	the	island	are	drilled	wells	which	receive	their	

water	from	the	fractures	in	the	limestone	that	makes	up	the	majority	of	the	bedrock	on	the	island	(Dahlqvist,	

et	al.,	2017a)	(Region	Gotland,	n.a).	

	

	

Figure 9 - Soil depth map, showing that deeper soil layers 

in red are mostly located to the south of Storsudret while 

other areas have small soil depths of 0-1m (GET, 2018). 

	

The	figure	10	below	illustrates	red	and	blue	areas	with	different	soils.	The	numbers	show	boreholes	performed	

by	SGU	in	the	area.	Red	colours	indicate	soils	with	silt	and	clay	minerals	or	organic	material.	These	soils	have	

a	good	water	retention	capacity	which	makes	extracting	water	through	wells	difficult.	The	blue	areas	are	of	

more	sand	and	gravel	material,	thus	more	suitable	for	groundwater	storage	(Dahlqvist,	et	al.,	2017b).	
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Figure 10 - Soil types of Storsudret. The blue areas are of more 

sand and gravel material, thus more suitable for groundwater 

storage (Dahlqvist, et al., 2017b). 

	

According	to	the	soil	type	map,	there	is	much	postglacial	sand	and	gravel	across	the	area.	These	soils	generally	

have	higher	values	of	kinematic	porosity,	which	can	hold	extensive	amounts	of	water.	

SGU	has	performed	three	drillings	on	Storsudret	which	indicates	low	water	transmission	in	the	bedrock.	The	

area	 largely	 consists	 of	 Calcilutite,	 a	 hard	 loamy	 limestone	 with	 low	 vertical	 hydraulic	 conductivity,	 and	

marlstone	which	also	has	low	hydraulic	conductivity.	In	the	figure	11	below,	a	bedrock	type	map	constructed	

by	SGU	shows	that	large	part	of	the	area	in	blue	gray	is	low	hydraulic	conductive	marlstone	(sv:	Märgel).	This	

would	indicate	that	the	bedrock	contains	much	clay	particles	and	loam,	thus	forming	an	impervious	surface	

(Dahlqvist,	et	al.,	2017b).	
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Figure 11 - Bedrock type map of Storsudret. Sandsten =Sandstone, 

Märgel = Marlstone. Revkalksten/Fragmentkalksten = Limestone  

(Dahlqvist, et al., 2017a). 

	

Assuming	a	bedrock	with	low	hydraulic	conductivity	on	Storsudret,	soil	groundwater	would	percolate	through	

the	soil	 layers	and	flow	on	the	bedrock	surface	towards	the	sea.	Figure	12	shows	a	bedrock	elevation	map	

shows	how	the	general	groundwater	would	flow	northwards	into	lower	parts.	Under	the	assumption	that	the	

bedrock	is	much	less	conductive	than	the	soil,	groundwater	would	flow	away	from	or	sometimes	around	some	

of	 the	 dams	 proposed	 by	 (Almqvist,	 n.p.)	 in	 the	 south.	 The	map	 also	 shows	 some	 basins	 of	 lower	 areas	

encircled	by	higher	bedrock.		

	

Figure 12 - Bedrock elevation map of Storsudret provided by 

SGU. Groundwater assumed flowing on the bedrock will flow  
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from white/brown areas to yellow/blue areas (GET, 2018).  

Karsts	 and	 sinkholes	 can	 appear	 locally	 on	 southern	 Storsudret,	 which	 normally	 is	 developed	 in	 acid	

environments	when	carbonic	acid	dissolves	the	mineral	calcite.	Acid	environments	occur	due	to	acid	rainfall	

or	from	biological	activities,	such	as	matter	degradation	in	peat	soils	(Dahlqvist	et	al,	2017a.).	There	is	a	larger	

sinkhole	located	to	the	north	side	of	Muskmyr	lake	which	drains	the	lake	to	a	different	subcatchment	to	the	

west	(Dahlqvist	et	al,	2017b).		

SGU	has	also	found	at	3	drilling	sites	on	the	kalcilutit	area	that	there	is	cracked	bedrock	in	the	transition	area	

from	soil	to	bedrock.	This	transition	layer	was	ground	water	carrying	in	both	the	sandy	soil	layers	as	well	as	

the	cracked	bedrock.	The	recommendation	from	SGU	was	therefore	that	wells	constructed	in	the	area	should	

be	able	to	utilize	both	the	groundwater	in	soil	and	in	the	cracked	bedrock	(Dahlqvist	et	al,	2017b). 

Land	use	

Root	depth	

Agriculture	
2005	there	was	approximately	86000	ha	farm	land	on	Gotland	(SCB,	Statistics	Sweden,	2008).	Out	of	these,	

approximately	 2300	 ha	 consisted	 of	 potatoes,	 root-crops,	 vegetables,	 fruit	 or	 berries	 year	 2012	 (Persson,	

2013).	No	recent	data	could	be	found	about	the	more	dominating	crops	during	present	time,	but	during	the	

mid	1900	the	most	common	crops	that	was	farmed	on	Gotland	was	ley	(approximately	40%),	together	with	

cereals	(approximately	40%).	The	most	common	cereals	were	at	the	time	barley	and	oat	(Hallberg,	2000).	The	

assumption	will	be	made	for	this	thesis	that	this	still	 is	the	situation,	and	root	depth	for	the	model	will	be	

based	on	these	crop-types.	Since	no	root	depth	could	be	found	for	ley,	it	will	be	assumed	to	be	the	same	as	

the	barley	and	oat.	

The	root	depth	at	which	50%	and	95%	of	the	root	mass	was	found	within	for	barley	and	oat	can	be	seen	in	

table	1.	

Table 1 - Root depths of barley and oat (Fan, et al., 2016). 

Crop	 Root	depth	

d50	(cm)	 d95	(cm)	

Barley	 11,5	 99,6	

Oat	 11,2	 77,7	
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Forest	
From	a	visual	inspection	of	Storsudret,	using	google	maps,	it	was	estimated	that	the	most	common	type	of	

tree	in	the	area	was	pine.	The	most	commonly	occurring	pine	in	Sweden	is	the	Scots	pine	(Pinus	Sylvestris),	

which	is	assumed	to	also	be	the	dominant	species	on	Storsudret	(Skogsstyrelsen,	2017).	

The	majority	of	the	roots	of	the	Scots	pine	spreads	out	horizontally	from	the	tree,	and	are	found	within	the	

top	20	cm	of	the	soil.	The	depth	of	the	taproot	can	however	range	between	1,5	–	3	m	down	(USDA,	2018).	

LAI	

Agriculture	and	forest	
LAI,	leaf	area	index,	is	a	number	reflecting	the	amount	of	leaf	surface	area	in	relation	to	one	square	meter	of	

ground	surface.		

In	an	extensive	data	collection	made	by	(Iio,	A.	et	al	2014),	the	LAI	values	for	several	different	tree	species	has	

been	collected.	113	different	measurements	of	the	LAI	for	Pinus	Sylvestris	could	be	found	in	the	study,	which	

was	used	to	derive	values	for	the	model	in	this	thesis	since	this	was	considered	to	be	the	dominant	tree	species	

in	the	area.	The	values	used	from	the	data	file	is	the	values	corrected	for	clumping	area	and	can	be	seen	in	

table	2.	

The	values	for	barley	presented	in	the	same	table	2	are	based	on	the	results	presented	in	a	study	by	(Tripathi,	

2016).	Only	the	maximum	LAI	for	barley	was	mentioned	in	the	study.	

Table 2 - LAI values for Pinus Sylvestris and barley (Tripathi, 2016) 

	 Min	 Max	 Average	 LAI95	 LAI50	 LAI5	

Pinus	Sylvestris	 0,15	 16,66	 4,45	 9,5	 5,66	 1,9	

Barley	 -	 3,3	 -	 -	 -	 -	

 

GIS	data	collection	
Since	MIKE	SHE	reads	shapefiles	as	input	data,	GIS	data	will	be	pre-processed	in	Arcmap	10.3,	provided	by	

ESRI,	before	used	in	the	MIKE	software.	GIS	data	is	collected	from	SGU	and	Lantmäteriet,	and	later	processed	

using	data	collected	in	field.	

SGU	data	
All	map	data	from	SGU	is	obtained	through	the	SLU	geodata	extraction	tool,	GET	(GET,	2018).	
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The	collected	geodata	consisted	of	soil	depth	map,	borehole	data,	soil	type	map	and	bedrock	elevation	map.		

The	soil	depth	data,	which	is	extrapolated	from	borehole	data	also	provided	from	SGU,	gives	a	general	view	

over	areas	with	larger	and	smaller	soil	depth	on	Storsudret.	Soil	depth	is	important	to	consider	since	effective	

porosity	in	soil	can	be	up	to	200-400	times	larger	than	in	the	underlying	bedrock	(Jamali,	2016).	

The	 soil	 type	 map	 provides	 the	 upper	 soil	 layer	 which	 can	 be	 used	 to	 make	 a	 simple	 interpretation	 of	

underlying	soil	layers.	Till	is	often	the	lowest	lying	soil	layer,	with	sand,	clay	and	peat	overlaying	in	that	order,	

since	Storsudret	has	experience	 land	 isostasy	and	been	below	water.	A	 range	of	borehole	data	across	 the	

study	 area	 also	 give	 point	 information	 of	 stratigraphy.	 	 However,	 due	 to	 the	 fact	 that	 soil	 depth	 data	 is	

extrapolated	there	are	unquantified	uncertainties.	Therefore,	Since	the	bedrock	data	and	soil	type	data	is	vital	

for	 the	 modelling	 part,	 in	 field	 collected	 data	 was	 important	 to	 be	 able	 to	 confirm	 or	 alter	 the	 roughly	

estimated	data.		

Lantmäteriet	data	
The	elevation	data,	which	can	be	used	to	derive	water	sheds,	surface	water	flow	paths	and	areas	of	surface	

water	accumulation,	was	obtained	 from	Lantmäteriet	 through	 the	SLU	geodata	extraction	 tool,	GET	 (GET,	

2018).	The	elevation	data	consisted	of	a	DEM	with	50	and	2	meters	resolution.			

Radar	measurments	
The	raw	data	for	the	radar	measurements	performed	in	the	SKY-TEM	report	by	Dahlqvist,	et	al.,	(2017b)	was	

obtained	from	SGU	to	be	further	analysed	for	this	thesis.	Radar	measurements	provide	a	good	estimation	of	

soil	depth	and	important	to	be	able	to	confirm	or	alter	the	soil	depths	estimated	by	SGU.		

	

Figure 13 – The location of the radar measurements performed by SGU  
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on Storsudret (Dahlqvist, et al., 2017b). 

 

Water	demands	
As	mentioned	in	section	(Project	to	meet	future	demands),	the	utilization	of	approximately	1%	of	the	yearly	

effective	 precipitation	 would	 according	 to	 (Forum	 Östersjön,	 n.a)	 be	 sufficient	 to	 meet	 the	 demands	 on	

Storsudret.	This	is	based	on	the	assumption	that	200	000	cbm/year	would	be	enough	to	provide	water	for	the	

1200	existing	and	planned	properties	in	the	area.	

The	water	demand	however	is	not	constant	over	the	year	since	a	lot	of	the	extra	pressure	on	the	water	is	due	

to	truism	which	mainly	occurs	during	the	summer	months,	and	thus	the	seasonal	variations	in	the	water	use	

is	important	in	order	to	accurately	determine	how	to	meet	the	water	demand.		

This	 is	 currently	 being	 investigated	 in	 a	 bachelor	 thesis	 work	 at	 KTH	 by	 Rebecka	 Söderberg	 and	 Linnea	

Hermansson.	In	figure	14	the	results	of	their	thesis	can	be	seen,	showing	the	seasonal	variation	of	the	fresh	

water	 use	 on	 Storsudret.	 It	 has	 found	 that	 the	 fresh	 water	 demand	 varies	 over	 the	 year,	 with	 lower	

consumption	in	winter	and	higher	consumption	in	summer,	mostly	due	to	domestic	rise	in	water	use	and	start	

of	irrigation	of	agricultural	areas.	Since	irrigation	is	using	water	from	surface	storage	dams,	this	will	not	affect	

the	groundwater	stored	fresh	water.  

	

	

Figure 14 – Variation in fresh water demand over the year obtained from the bachelor thesis  

currently being written by Rebecka Söderberg and Linnea Hermansson at KTH. 

. 
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On-site	data	collection	

Domain	
On-site	 data	 collection	was	 performed	within	 a	 determined	 area	which	 is	 the	 domain	 for	modelling.	 The	

domain	over	the	bedrock	elevation	can	be	seen	in	figure	15.	

	

Figure 15 - Domain on Storsudret which is examined on a map 

 om bedrock elevation. 

		

The	domain	more	zoomed	in	over	the	orthophotography	is	seen	in	the	image	16	below.		

	

Figure 16 - Domain over an orthophotography map of the area. 
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Data	within	the	domain	was	collected,	in	order	to	more	accurately	estimate	soil	depths,	bedrock	elevation,	

soil	type	and	groundwater	levels.		

Resistivity	measurement	
Resistivity	measurement	 is	a	geoelectrical	method	 in	which	the	electrical	properties	of	soil	and	bedrock	 is	

measured.	Resistivity	is	defined	as	“the	resistance	of	a	metre	cube	of	a	material	to	current	flowing	between	

opposite	faces	defines	the	resistivity	(ρ)	of	that	material”	and	is	measured	in	ohm-metres.		

When	performing	resistivity	measurements	an	array	of	electrodes	is	placed	in	the	ground.	A	current	is	sent	

through	two	of	the	electrodes	and	the	voltage	in	the	ground	is	measured	through	a	second	pair.	The	result	

obtained	 from	such	a	measurement	 is	 called	 the	apparent	 resistivity,	which	 is	 the	 resistivity	based	on	 the	

assumption	that	the	ground	possesses	homogeneous	electrical	properties.	In	order	to	determine	the	actual	

resistivity	 of	 the	 ground	 and	 its	 heterogeneous	 distribution	 inverse	modelling	was	 performed	 (Milson,	 J.,	

Eriksen,	A.	2011).	

The	 resistivity	 measurements	 performed	 in	 this	 study	 was	 performed	 using	 equipment	 from	 ABEM.	 The	

electrodes	were	placed	with	a	5-meter	spacing	along	a	400-meter	line,	which	was	rolled	along	with	100	meters	

at	the	time.	The	array	used	was	a	so	called	gradient	array.			

Measurements	were	carried	out,	according	to	figure	17,	over	areas	with	suggested	depressions	in	bedrock,	

but	were	also	restrained	by	roads	and	driveways.	

The	software	used	to	perform	the	inverse	modelling	was	the	res2inv	software	from	geotomo.	

When	interpreting	the	results,	the	resistivity	values	seen	in	table	3	was	used	as	guide	lines.		

Table 3: Resistivity values for common rocks and soil types (Milson, J., Eriksen, A. 2011). 

Material	 Resistivity	value	[ohm	m]	

Fresh	water	 1	000	000	

Seawater	 0.2	

Top	soil	 50-100	

Dry	sand	 1000-5000	

Wet	sand	 500	–	5000	

Gravel	 100-1000	

Clay	 1-100	

Salt	 10	–	10	000	000	

Siltstone	 10	–	10	000	

Lime	stone	 500	–	10	000	
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Sand	stone	 200	-	8000	

	

	

Figure 17 - Resistivity measurements over the area. 

	

Well	measurements	
The	groundwater	level	was	measured	with	a	water	level	measurement	apparatus	at	the	points	shown	in	figure	

18.	The	level	was	measured	in	sand	pits	with	a	water	surface	and	in	dug	wells	and	through	this	an	interpolation	

of	a	groundwater	level	map	was	made	in	GIS.	This	made	it	possible	to	see	where	groundwater	potential	was	

highest	 and	 in	 which	 direction	 the	 water	 was	 flowing	 generally.	 Some	 bored	 wells	 were	 also	measured,	

however	the	water	levels	in	those	could	be	from	bedrock	aquifers	and	not	represent	the	potential	head	in	the	

soil	groundwater.		
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Figure 18 - Groundwater level measurements in the domain. 

	

Conceptual	model	construction	

The	conceptual	model	is	built	on	a	collection	of	available	and	collected	data	and	aims	to	give	a	conceptual	

understanding	 of	 the	 domain	 and	 the	 internal	 and	 external	 boundaries,	water	 balance	 and	 key	 functions	

within	the	domain,	and	proper	translation	of	these	properties	into	model	parameters.		

The	data	used	to	construct	the	conceptual	model	can	be	divided	into	the	following	sub	categories.		

• Data	collected	from	SGU	and	Lantmäteriet.	

The	data	consisted	mainly	 if	GIS-data,	 including:	Bedrock	elevation	map,	DEM,	soil	 type	map,	 soil	

depth	 map,	 orthophoto,	 and	 borehole	 data	 as	 well	 as	 a	 set	 of	 radar	 measurements	 previously	

performed	in	the	area.				

• Data	collected	from	field	measurements.	

The	field	data	include	quantifiable	results	collected	during	the	field	trip	to	Storsudret.	This	is	made	

up	of	the	results	from	the	resistivity	measurements,	and	the	groundwater	level	measurements	from	

the	dug	wells.		

• Data	collected	through	on	site	observations	and	local	knowledge.		
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This	 data	 include	 the	 observation	 of	 a	 spring	 and	 visual	 confirmation	 of	 certain	 soil	 properties.	

Estimation	of	groundwater	level	in	sand	pits	with	an	open	water	table.	Insight	in	the	water	situation	

over	time	from	local	farmers.	This	is	the	least	accurate	data,	but	yet	important	as	complementary	

information	for	the	understanding	of	the	geological,	and	hydrogeological	properties	of	the	area.		

The	hierarchical	order	of	which	 the	data	have	been	prioritized	during	 the	development	of	 the	 conceptual	

model	was	as	mentioned	below	for	the	different	parts	of	the	conceptual	model.			

Bedrock	elevation	

• Data	collected	from	resistivity	measurements.	

• Radar	data	obtained	from	SGU.		

• Data	obtained	from	SGU	borehole	data.	

• Data	collected	through	on	site	observations	and	local	knowledge.		

• Data	provided	by	SGU	bedrock	elevation	map.	

Elevation	

• Only	DEM	obtained	from	Lantmäteriet	used.		

Soil	type	

• Data	collected	through	resistivity	measurements.	

• Data	obtained	from	SGU	borehole	data.		

• Data	collected	through	on	site	observations	and	local	knowledge.		

• SGU	soil	type	map.	

Land	use	

• Mainly	the	orthophoto	was	used.	

Drainage		

• DEM	obtained	from	Lantmäteriet.	

• Orthophoto	obtained	from	SGU.	
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• Data	collected	through	on	site	observations	and	local	knowledge.	

Boundary	conditions	

• Bedrock	elevation	map	obtained	from	SGU.	

• DEM	obtained	from	SGU.		

• Data	collected	through	on	site	observations	and	local	knowledge.	
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Part	2	-	Modelling	

MIKE	SHE	

The	software	used	to	build	the	groundwater	model	in	this	thesis	was	MIKE	SHE	as	part	of	MIKE	ZERO	2016.	

MIKE	 SHE	 is	 integrated	 catchment	modelling	 tool	 which	 includes	 process	 models	 for	 evapotranspiration,	

overland	flow,	unsaturated	flow,	groundwater	flow,	and	channel	flow	and	their	interactions.	Each	process	can	

be	modelled	with	different	equations	in	order	to	adapt	the	level	of	complexity	depending	on	the	aim	of	the	

model	study.		

	

	

	

Figure 19 - Schematic view of the different processes included in a fully coupled MIKE SHE model (MIKE, 2017). 
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Model	setup	

Simulation	specifications	
The	numeric	engine	was	set	up	in	MIKE	SHE.	The	used	water	movement	processes	can	be	seen	in	table	4.	Since	

the	 study	 area	 is	 relatively	 flat,	 and	only	 very	 limited	overland	 flow	 is	 expected	 to	 occur	 in	 the	 area,	 the	

overland	 and	 river	 flow	 was	 neglected	 and	 focus	 instead	 put	 on	 the	 groundwater	 flow	 in	 the	 model.		

Evapotranspiration	 is	 important	 to	 simulate	 the	 effective	 precipitation	 reaching	 the	 soil	 groundwater.	

Unsaturated	flow	is	modelled	with	a	two	layer	UZ	which	divides	the	unsaturated	zone	into	a	zone	(the	root	

zone)	from	which	it	estimates	that	the	actual	evapotranspiration	may	occur	and	one	zone	below.	This	two	

layer	UZ	 is	primarily	suited	for	areas	with	shallow	water	tables	and	 is	simpler	than	the	Gravity	flow	or	the	

Richards	 flow	equations.	 For	 saturated	 flow	 (groundwater)	 the	model	uses	3-dimensional	 finite	difference	

equations	based	on	Darcy’s	law.		

Table 4 - Simulation specifications of the model in MIKE SHE. 

Water	movement	process	 Equation	

Overland	Flow	 not	used	

Rivers	and	Lakes	 not	used	

Unsaturated	Flow	(UZ)	 2	Layer	UZ	

Evapotranspiration	(ET)	 used	(Based	on	the	2	Layer	UZ	method)	

Saturated	Flow	(SZ)	 Finite	difference	

	

Climate	

Precipitation	
Daily	precipitation	values	for	2013	up	until	April	2018	was	used	based	on	SMHI	data	from	Hoburgen	weather	

station.	Daily	and	mean	monthly	precipitation	data	can	be	seen	in	figure	20	and	21.	



	

27	
	

	

Figure 20 - Precipitation per day based on data from SMHI. 

	

	

Figure 21 - Mean precipitation per month since 2013. The increased rainfall during aug-dec 2017 is clearly seen. 

	

ETo	(Reference	evapotranspiration)	
	
The	calculated	daily	 reference	evapotranspiration	values	are	used	 in	 the	MIKE	SHE	model.Daily	and	mean	

monthly	evaporation	values	are	shown	in	figure	22	and	23.	
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Figure 22 - The calculated daily reference evapotranspiration values, where seasonal variations can be clearly 
seen. 

	

	

Figure 23 - Seasonal variations of mean reference evapotranspiration values per month. 

Land	use	

Root	depth	-	Agriculture	
In	MIKE	SHE	the	maximum	root	depth	is	used	as	an	input	parameter.	For	simplicity	the	input	root	depth	for	

the	agricultural	 land	will	be	assumed	to	reach	the	maximum	depth	of	1	m	during	the	peak	of	the	growing	

season.	This	value	is	based	on	the	d95	value	for	barley	seen	in	table	1.		This	might	be	a	slight	overestimation.	

As	mentioned	earlier,	the	mean	growing	season	based	on	historical	climate	data	stretches	from	16:th	of	April	

to	4:th	of	November,	which	is	the	period	used	in	the	model.	During	this	period,	it	was	assumed	that	the	crops	

are	planted	in	the	end	of	May,	and	reaches	full	root	depth	in	the	end	of	June.	The	crops	are	then	assumed	to	

be	harvested	in	the	end	of	September,	after	which	root	depth	is	again	reduced	to	zero.	
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Root	depth	-	Forest	
Since	no	 information	about	the	specific	root	depth	 in	the	study	area	could	be	found,	the	 input	root	depth	

value	 for	 the	 forest	 dominated	 areas	 in	 the	model	was	 assumed	 to	 be	 2	m,	which	 is	within	 the	 previous	

mentioned	span	of	1,5	-	3	m	depth	of	the	taproot	of	the	Scots	Pine.	This	value	was	also	assumed	to	be	constant	

throughout	the	year.	

LAI	
The	LAI	value	for	the	scots	pine	used	in	the	model	is	4,5,	which	is	based	on	the	average	value	of	4,45	presented	

in	table	2.		

The	LAI	for	the	agricultural	 land	the	LAI	will	be	represented	by	the	value	for	Barley	presented	in	the	same	

table.	Since	this	is	the	max	LAI	value	for	the	crop	type,	it	will	be	assumed	to	be	the	value	during	the	peak	of	

the	growth	season	in	the	model,	meaning	the	same	time	as	the	root	depth	is	at	maximum.	The	value	is	thus	

assumed	to	range	between	0	-	3,3,	where	the	value	of	3,3	is	present	from	early	July	to	the	end	of	September.		

Unsaturated	zone	
The	initial	values	required	for	the	2-layer	water	balance	method	in	MIKE	SHE	and	the	assumed	values	can	be	

seen	in	can	be	seen	in	table	5.	Soil	suction	at	wetting	front	and	water	content	at	wilting	point	was	left	as	initial	

values.	

Table 5 – Initial and assumed values for the 2-layer water balance method (Duffield, 2016).  

Soil	 Water	 content	

at	saturation	

Water	 content	

at	field	capacity	

water	 content	

at	wilting	point	

Saturated	

hydraulic	

conductivity	

[m/s]	

Soil	 suction	 at	

wetting	 front	

[m]	

Coarse	sand	 0.4	 0.1	 0,05	 1e-4	 -0,2	

Clay	 0.5	 0.46	 0,05	 1e-10	 -0,2	

Silty	sand	 0.3	 0.1	 0,05	 1e-7	 -0,2	

Sand	 0.3	 0.1	 0,05	 1e-5	 -0,2	

Till	 0.3	 0.24	 0,05	 1e-7	 -0,2	

Peat	 0.5	 0.06	 0,05	 1e-8	 -0,2	
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Macropore	flow	
To	account	for	the	water	that	travels	more	rapidly	to	the	saturated	zone	through	the	local	inhomogeneities	in	

the	soil	profile	as	the	result	of	for	example	worm	and	root	holes,	the	simple	by-pass	flow	method	was	chosen.	

In	the	method	the	precipitation	which	reaches	the	ground	surface	 is	divided	into	two	portions.	One	which	

flows	through	the	soil	matrix,	and	one	that	reaches	the	groundwater	straight	away,	without	being	subject	to	

the	processes	occurring	in	the	unsaturated	zone.	The	needed	bypass	constants	for	the	method	can	be	seen	in	

table	6.	All	of	the	parameters	were	kept	as	the	initial	values	given	by	MIKE	SHE	(MIKE,	2017).	

Table 6 – Input parameters used for macropore flow in MIKE SHE 

Maximum	 bypass	
fraction	

Water	 content	 for	 reduced	
bypass	flow	

Limit	 on	 water	 content	 for	
bypass	flow	

0,3	 0,1	 0,05	

 

The	ET	surface	depth	
The	ET	surface	depth	is	 in	MIKE	SHE	the	thickness	of	the	capillary	fringe.	This	value	together	with	the	root	

depth	makes	up	the	ET	extinction	depth,	which	is	the	maximum	depth	where	ET	can	be	removed	from	the	

saturated	zone	by	the	roots	(MIKE	SHE,	2017b).	

In	the	thesis	by	(Salim,	2016),	the	capillary	rise	in	sands	with	grain	size	0,3	-	6	mm	and	0,35	-	7	mm	was	tested	

and	showed	to	be	13,5	and	14,85	cm	respectively.	Assuming	that	the	main	part	of	the	domain	of	interest	on	

Storsudret	consists	of	sand,	and	based	on	the	results	from	the	mentioned	thesis,	the	ET	surface	depth	was	

assumed	to	be	approximately	15	cm.	

The	value	was	rounded	up	from	the	results	in	the	thesis	on	one	hand	due	to	uncertainty	in	the	actual	grain	

size	in	the	area,	but	also	due	to	the	fact	that	no	plants	was	included	in	the	experiment	conducted	by	Salim,	

which	might	lead	to	a	small	underestimation	of	the	capillary	rise	since	the	suction	force	of	the	roots	not	was	

included.	

Saturated	zone	
In	 the	 saturated	 zone,	 a	 general	 soil	 layer	 of	 sand	was	 assumed	 over	 the	 area.	 Then,	 depending	 on	 soil	

properties	 of	 on-site	measurements,	 geological	 lenses	were	 added.	 The	 lenses	 represented	different	 soils	

ranging	from	coarse	sand	to	clay	and	had	varying	hydrogeological	properties.	See	image	of	the	lenses	under	

Results	-	Conceptual	model.	
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Hydraulic	conductivity	
Table	7	 show	 the	values	used	 for	hydraulic	 conductivity	and	specific	 yield	 in	 the	model.	The	 specific	 yield	

values	are	based	on	values	from	(Duffield,	2016).	The	hydraulic	conductivity	values	were	derived	during	the	

calibration	of	the	model,	but	was	kept	within	the	span	seen	in	table	9.			

Table 7 - Values for specific yield and hydraulic conductivity used in the simulation model. 

Soil	 Specific	yield	[-]	 Horizontal	 hydraulic	
conductivity	[m/s]	

Vertical	 hydraulic	
conductivity	[m/s]	

General	layer	 0.1	 8e-5	 8e-6	

Coarse	sand	 0.3	 1e-3	 1e-4	

Clay	 0.02	 1e-9	 1e-10	

Silty	sand	 0.2	 1e-6	 1e-7	

Sand	 0.2	 1e-4	 1e-5	

Till	 0.16	 1e-6	 1e-7	

Peat	 0.44	 1e-7	 1e-8	

	
	

Boundary	conditions	
Boundary	conditions	were	constructed	according	to	surface	water	and	groundwater	dividers.	Also,	larger	drain	

ditches	were	used	as	boundaries.	 In	the	model,	all	boundaries	were	considered	to	be	of	the	type	no	flow.	

Water	was	assumed	to	be	leaving	the	domain	mainly	through	drainage.	

Drainage	

Since	all	water	which	is	drained	through	the	ditches	within	the	domain	is	removed	from	the	area	through	the	

larger	drain	ditches,	drainage	routing	was	not	included	in	the	model.	Instead	a	global	drain	depth	was	used,	

where	all	groundwater	that	reached	the	ground	surface	was	directly	removed	from	the	model	as	drainage.	

Pumping	wells	

Results	from	the	bachelor	thesis	from	Rebecka	Söderberg	and	Linnea	Hermansson	provides	an	estimation	of	

water	consumption	over	the	year	including	domestic	use,	animal	consumption	and	service	use,	see	table	8.	

The	same	amount	was	then	pumped	out	from	the	middle	of	the	domain,	equally	split	out	over	two	extraction	

wells	placed	on	the	profile	3	in	the	coarse	sand	material.		

Since	 irrigation	 is	 using	 water	 from	 surface	 storage	 dams,	 this	 will	 not	 be	 included	 in	 the	 groundwater	

extraction	wells.		
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Table 8 – quantity of required fresh water per month on Storsudret. 

Month	 Quantity	pumped	from	groundwater	(cbm)	

January	 11069	

February	 11069	

March	 11069	

April	 16325	

May	 16981	

June	 23560	

July	 23560	

August	 23560	

September	 16981	

October	 11069	

November	 11069	

December	 11069	

Calibration		

Calibration	is	performed	by	altering	parameters	of	hydraulic	conductivity	and	different	soil	lense	extensions	

of	the	model	and	comparing	the	model	results	to	measured	values	during	the	first	week	of	April	2018.	

Some	ranges	for	hydraulic	conductivity	in	common	materials	can	be	seen	in	table	9.	

Table 9 - Some ranges for hydraulic conductivity in common materials (Duffield, 2016). 

Material	 Hydraulic	conductivity	(m/s)	

Gravel	 3×10-4	to	3×10-2	

Coarse	sand	 9×10-7	to	6×10-3		

Medium	sand		 9×10-7	to	5×10-4	

Fine	sand		 2×10-7	to	2×10-4	

Silt,	loess		 1×10-9	to	2×10-5	

Till	 1×10-12	to	2×10-6	
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Clay	 1×10-11	to	4.7×10-9		

	

The	model	was	calibrated	against	the	groundwater	level	measurements	in	the	area	which	can	be	seen	in	figure	

24.	The	measurements	taken	in	the	points	6,	7,	10,	12,	14	are	not	dug	wells,	but	sand	pits	with	a	water	table	

which	is	assumed	to	represent	the	ground	water	table	in	the	area.	All	the	measurements	were	done	during	

the	field	trip	to	Gotland	between	the	dates	2018-04-02	and	2018-04-08.	For	the	measurement	of	the	water	

table	in	the	sand	pits	only	a	rough	estimation	could	be	made	since	no	proper	measuring	equipment	for	this	

type	of	measurement.		

	

Figure 24 - Groundwater level measurements performed in the area. 

Validation	

Due	to	shortage	of	data,	the	model	was	mainly	conceptually	validated	based	on	the	general	behavior	of	the	

area.		

Two	 main	 data	 sources	 were	 used	 for	 the	 validation	 of	 the	 model.	 One	 was	 the	 average	 annual	

evapotranspiration	(200	mm/y),	precipitation	(600	mm/y)	and	effective	precipitation	(400	mm/y).	This	data	

was	checked	against	the	model	result	to	see	if	the	overall	water	balance	for	the	model	was	in	accordance	with	

the	data	provided	by	SMHI.	The	second	was	the	groundwater	movement	indicated	by	the	groundwater	level	

measured	in	the	dug	wells	in	the	area.		
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Besides	this,	two	secondary	sources	for	validation	of	the	model	was	used,	which	were	based	on	knowledge	of	

the	hydrological	behaviour	of	the	area.		

One	of	this	was	based	on	the	occurrence	of	a	spring	in	the	western	area	of	the	domain	which	is	presented	in	

the	 soil	 type	 data	 from	 SGU,	 see	 figure	 43,	 which	was	 also	 visually	 verified	 by	 observations	 in	 the	 field.	

However,	the	flux	from	the	spring	is	unknown,	thus	only	the	actual	occurrence	of	a	spring	in	the	model	will	be	

used	for	validation.		

The	other	one	was	based	on	observations	from	Bo	Olofsson	about	the	behaviour	of	the	groundwater	level	in	

the	sandpit	at	the	points	6	and	7	in	figure	24,	in	which	the	groundwater	level	never	seems	to	drop	below	a	

certain	level.	The	water	 level	was	also	said	to	be	substantially	higher	than	normal	during	the	period	under	

which	 the	 field	 investigations	 on	 Gotland	were	 carried	 out.	 The	 lowest	 level	 is	 unknown,	 and	 rather	 the	

explained	behavior	of	the	water	level	in	the	sand	pit	is	used	as	a	validation	data	source.			

Sensitivity	

A	sensitivity	analysis	was	performed	in	order	to	evaluate	which	of	the	input	parameters	 in	the	model	 is	of	

most	crucial	for	the	model	results.	The	following	parameters	(Table	10)	were	each	increased	with	a	factor	of	

0.2	and	the	change	in	residuals	between	the	results	and	the	measured	calibrated	values	were	analyzed.		

Table 10 – Parameters tested in the sensitivity analysis by i 

ncreasing them with 20% and measuring the residuals change. 

Parameters	tested	in	sensitivity	analysis	

Precipitation	

ETo	

Root	depth	

LAI		

Hydraulic	conductivity		

Specific	yield	
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Results	

Resistivity	measurements	

	

	

Figure 25 - Resistivity measurement number 1. 

 
The	first	measurements	which	are	show	in	figure	25,	show	that	the	bedrock	reaches	the	surface	between	230	

–	300	m,	360	–	410	and	between	460	–	570.	The	bedrock	most	probably	consists	of	limestone	with	elements	

of	marl.	Between	200	–	250	an	 intrusion	with	 low	resistivity	can	be	seen	which	could	be	explained	as	 the	

occurrence	of	salt	ground	water.		

Between	the	distances	300	–	360	and	410	–	460	two	slightly	deeper	sections	can	be	seen,	which	could	consist	

either	of	a	finer	silty	sandy	material	or	a	more	marl	rich	limestone.	The	same	goes	for	the	section	between	

approximately	100	–	230	meters.	The	resolution	in	the	top	most	meters	of	the	soil	in	the	section	between	0	–	

100	meters	is	of	slightly	poorer	quality	than	for	the	rest	of	the	cross	section	which	makes	it	hard	to	tell	anything	

about	the	soil	properties	in	this	section.	It	is	however	believed	that	the	bedrock	becomes	slightly	deeper	in	

this	part	of	the	profile.	

In	the	section	from	570	meters	and	onwards,	a	material	with	lower	resistivity	is	detected	from	the	surface	

down	to	a	depth	of	about	8	meters.	This	material	could	consist	of	clay,	which	generally	spans	between	1-	100	

ohm	m.	From	observations	made	in	the	field	it	is	however	concluded	that	it	is	more	likely	that	this	is	a	layer	

dominated	by	a	silty	sandy	material	with	a	high	level	of	saturation.		
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Figure 26 - Resistivity measurement number 2. 

		

In	figure	26,	the	cross	section	obtained	from	the	measurements	done	during	the	second	day	can	be	seen.	The	

top	part	of	the	cross	section	shows	resistivity	values	of	1000	to	+	3000	ohm	m,	which	indicates	that	the	entire	

section	consist	of	sand.	A	clear	section	of	lower	resistivity	values	can	be	seen	throughout	the	cross	section	

from	a	few	meters	down	which	represent	the	saturated	zone	in	the	sand	layer.		

At	an	elevation	of	10	meters,	a	higher	resistivity	 layer	 is	 located	with	resistivity	values	similar	to	the	sand,	

which	is	believed	to	be	limestone.	The	lower	resistivity	values	shown	around	the	elevation	of	-10	meters	is	

likely	the	result	of	marl.		

The	bedrock	surface	shows	a	slight	increase	in	elevation,	from	approximately	11	meters	in	the	beginning,	to	

approximately	 12,5	meters	 towards	 the	 end	of	 the	 cross	 section.	 This	 is	 in	 consistence	with	 the	 elevated	

bedrock	surface	shown	in	the	bedrock	elevation	map	obtained	from	SGU.	The	result	does	however	indicate	

that	this	section	of	the	bedrock	is	slightly	higher,	and	located	more	to	the	west	than	in	the	SGU	data.		

In	 the	 saturated	 zone	 at	 a	 distance	 of	 350	 to	 410	meters,	 a	 lower	 resistivity	 section	 is	 located	 which	 is	

interpreted	to	be	a	less	permeable	material.	After	this	section,	the	groundwater	surface	is	slightly	elevated	

compared	to	before	the	section.		
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Figure 27 - Resistivity measurement number 3. 

	

In	figure	27,	the	entire	profile	shows	resistivity	values	that	mainly	range	between	approximately	30	–	300	ohm	

m.	Due	to	less	accurate	resolution	in	the	first	100	meters	of	the	section	it	is	more	difficult	to	say	what	might	

be	the	soil	properties	for	this	part	of	the	cross	section.	From	field	observations	this	part	is	believed	to	mainly	

consist	of	sand.		

From	the	distance	100	meters	and	onwards	the	low	resistivity	values	indicate	clay	or	a	saturated	layer	of	silty	

sand.	Field	observations	made	at	around	600	meters	 indicate	a	more	silty	sandy	material,	thus	this	will	be	

assumed	to	be	the	case	for	the	soil	with	similar	resistivity	values	for	the	entire	profile.		

In	 the	section	300	–	500	meters	the	resistivity	values	 is	slightly	higher	than	 in	the	surrounding	soil.	 In	 this	

section,	the	measurements	were	made	in	a	more	vegetated	area,	dominated	by	trees.	The	higher	resistivity	

values	are	thus	assumed	to	be	the	consequence	of	a	lower	water	content	due	to	tree	roots.			

The	bedrock	elevation	at	the	distance	100	–	300	meters	 is	believed	to	be	 located	at	an	elevation	of	11-12	

meters.	After	300	meters,	the	bedrock	elevation	drastically	drops	to	approximately	3	-	5	meters,	from	which	

it	increases	to	approximately	6	-	7	meters	in	the	end	of	the	profile.		

The	part	of	the	bedrock	with	resistivity	values	of	200	–	300	ohm	m	is	believed	to	be	a	marl	rich	limestone.	The	

bottom	layer	in	the	cross	section	which	show	low	resistivity	values	could	be	marl	or	salt	ground	water.		
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Figure 28 - Resistivity measurement number 4. 

	

Figure	28	shows	the	result	from	the	measurements	done	during	day	4.	The	cross	section	runs	perpendicular	

to	the	results	shown	in	figure	27	and	meets	the	cross	section	at	500	meters.	The	profile	shows	a	similar	span	

of	resistivity	values	as	the	previous	one	where	the	majority	of	the	values	lie	below	300	ohm	m.		

In	the	first	40	meters	of	the	cross	section,	the	bedrock	is	located	at	an	elevation	of	approximately	9	meters.	

After	40	meter	the	bedrock	drops	to	around	4	–	5	meters,	which	is	the	elevation	until	400	meters,	where	it	

rises	to	about	10	meters	again	for	a	short	distance.	The	soil	is,	as	in	figure	27,	thought	to	consist	of	sandy	silt	

from	the	beginning	of	the	profile	up	until	340	meters.	The	section	after	this,	which	spans	between	340	–	400	

meters	is	thought	to	be	a	transition	towards	a	sandier	material	which	can	be	seen	from	400	meters	to	the	end	

of	the	profile.				

The	part	of	the	profile	stretching	from	170	meters	and	onwards	is	drawn	along	a	tree	line,	which	might	explain	

the	higher	resistivity	values	in	the	top	meters	from	this	point	and	on.	
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Figure 29 - Resistivity measurement number 5. 

	
In	figure	29,	the	results	from	the	first	measurement	done	during	day	5	can	be	seen.		The	bedrock	likely	consists	

of	limestone	down	underlain	by	a	layer	of	marl.	The	bedrock	surface	reaches	from	an	elevation	of	about	5	

meters	in	the	beginning	of	the	cross	sections,	up	until	an	elevation	of	around	10	–	11	meters	at	the	end	of	the	

cross	section.	

The	soil	material	from	0	–	250	meters	is	thought	to	be	sand,	and	the	low	resistivity	values	(around	100	ohm	

m)	 detected	 in	 this	 section	 likely	 represent	 the	 saturated	 zone	 in	 the	 sand	 layer.	 From	 250	meters	 and	

onwards,	the	soil	is	instead	made	up	of	clay.	
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Figure 30 - Resistivity measurement number 6. 

	
Figure	30	show	the	result	 from	the	second	measurement	taken	during	day	5.	The	profile	shows	a	bedrock	

elevation	of	approximately	5	meters	in	the	beginning,	which	drops	with	around	one	meter	towards	the	end.	

The	resistivity	values	in	the	top	part	of	the	profile	show	a	sand	layer	with	a	clear	ground	water	table	which	

dominates	throughout	the	entire	cross	section.	

Well	measurements	

During	the	field	study	of	Storsudret,	the	water	table	in	several	dug	wells	was	measured	in	the	study	area.	The	

measurements	were	 carried	 out	 under	 the	 assumption	 that	 these	would	 provide	 a	 representation	 of	 the	

groundwater	table	in	the	area.	The	data	collected	from	these	measurements	serves	as	further	indicators	of	

the	groundwater	movement	 in	the	area	and	as	calibration	data	for	the	developed	model.	The	wells	which	

were	measured	can	be	seen	in	figure	24.		

The	elevations	of	the	water	table	measured	in	the	wells	were	imported	into	Arcmap	and	used	to	interpolate	

a	raster	layer	representing	the	water	table	over	the	area	which	can	be	seen	in	figure	31.		

The	 elevation	measured	 in	 the	wells	 clearly	 show	a	movement	 of	 the	water	 towards	 the	 north	 east,	 and	

towards	 the	west.	 The	direction	of	 the	water	movement	 is	 thought	 to	be	divided	by	 the	 slightly	elevated	

bedrock	surface	in	the	mid-western	part	of	the	domain,	which	was	seen	both	in	the	initial	SGU	data,	and	in	

the	resistivity	measurements	seen	in	figure	26.		
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Figure 31 - Groundwater level interpolated from well measurements, with lighter areas having a  

higher groundwater potential. 

	

Conceptual	model	

Bedrock	

The	final	conceptual	visualization	of	the	bedrocks	elevation	in	the	domain	was	based	on	the	initial	bedrock	

elevation	map	obtained	from	SGU,	which	has	been	updated	in	accordance	with	the	results	from	the	resistivity	

measurements.		

As	seen	earlier,	the	bedrock	elevation	in	the	area	is	defined	by	a	slightly	higher	bedrock	elevation	in	the	south,	

where	the	bedrock	surface	is	visible	and	in	the	north-north	western	part	of	the	domain	where	it	is	believed	to	

be	located	just	below	ground	level.		

In	the	eastern	part	of	the	domain,	a	depression	in	the	bedrock	surface	forms	a	deeper	section.	The	deepest	

part	is	thought	to	have	a	minimum	elevation	of	approximately	6	meters,	which	is	based	on	the	results	from	

the	resistivity	measurements	and	is	slightly	lower	than	in	the	initial	SGU	data.	This	depression	is	shielded	of	

by	higher	sections	on	all	sides,	in	which	the	bedrock	almost	reaches	the	ground	surface,	which	creates	a	“pool”	

shaped	formation	in	the	bedrock	elevation.		

From	the	deepest	section,	a	small	valley	formation	in	the	bedrock	elevation	is	thought	to	be	stretching	up	

towards	the	north	eastern	corner	of	the	domain.	This	assumption	is	however	based	on	a	statement	from	a	
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farmer	which	had	a	dug	well	in	this	believed	formation,	and	whom	said	that	he	never	had	any	trouble	with	

water	despite	on	average	very	dry	years.	Thus,	 this	assumption	should	be	 further	 investigated	 in	order	 to	

verify	its	correctness.		

At	the	western	part	of	the	eastern	depression,	a	slight	elevation	in	the	bedrock	acts	as	a	ground	water	divider.	

This	 formation	was	 visible	 in	 the	 SGU	data	but	was	moved	more	 to	 the	west	 in	 the	 final	 bedrock	map	 in	

accordance	with	the	result	from	the	resistivity	measurements.		

Located	to	the	west	of	this	formation,	the	bedrock	elevation	is	decreasing	and	has	the	elevation	of	around	6-

10	meters	at	the	western	boundary	of	the	domain,	which	is	made	up	by	a	large	drain	ditch.	The	deepest	point	

just	west	of	the	groundwater	divider	is	a	few	meters	deeper	than	what	was	shown	in	the	initial	bedrock	map.		

	

Figure 32 - New calculated bedrock elevation, with included data results from resistivity  

and radar measurements (Lower boundary). 

Soil	types/lenses	

Using	 the	 soil	 type	 map	 and	 drillhole	 data	 from	 SGU	 together	 with	 the	 results	 from	 the	 resistivity	

measurements,	several	different	geological	subdomains	have	been	defined,	separated	by	the	soil	types	and	

their	hydraulic	conductivity	which	can	be	seen	in	figure33.	

In	the	central	part	of	the	domain,	a	thick	formation	made	up	of	mainly	coarse	sand	is	located,	which	most	

likely	is	the	core	material	from	an	esker.	This	formation	transitions	into	a	slightly	finer	sand	material	towards	

the	north	east.	A	thin	part	of	this	formation	is	assumed	to	stretch	up	towards	the	north	eastern	edge	of	the	



	

43	
	

domain,	following	the	same	“valley”	formation	in	the	bedrock	elevation	that	was	mentioned	in	the	previous	

section.	This	is	based	on	the	same	assumption	as	for	the	bedrock	in	this	area.		

The	lower	lying	areas	to	the	east/south	east,	north	and	west	is	dominated	by	layers	made	up	from	finer	soils	

with	less	hydraulic	conductivity	such	as	silt,	peat	and	clay.	

The	southernmost	part	of	the	domain	is	dominated	by	bedrock	at	ground	level,	which	is	assumed	to	have	low	

hydraulic	conductivity.		

For	the	rest	of	the	domain	which	is	not	covered	by	any	of	the	previous	mentioned	subdomains	a	general	sand	

layer	has	been	assumed.	For	the	input	data	to	MIKE	SHE	this	general	sand	layer	also	cover	the	southern	part	

of	the	domain	where	the	bedrock	 is	at	the	surface.	 In	this	part	 it	creates	a	one-meter	sand	 layer	over	the	

bedrock.			

The	majority	of	the	groundwater	storage	and	movement	is	assumed	to	be	in	the	large	formation	of	sand	and	

coarse	sand	in	the	middle	of	the	domain.	

	

Figure 33 - Soil lenses over the domain, as input in the MIKE SHE model.  

The area in the domain without any defined soil type was assumed to be 

 a general layer made up of sandy material. 
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Boundaries	and	drainage	

The	 lower	boundary	 for	 the	domain	 is	 the	bedrock	 layer,	which	 for	modelling	purposes	 is	 assumed	 to	be	

completely	 free	 from	 karst	 formation	 or	 larger	water	 conducting	 formations.	 This	 layer	 is	 defined	 by	 the	

updated	bedrock	elevation	map	seen	in	figure	32.		

The	upper	boundary	 is	the	ground	 level,	which	 is	defined	by	the	elevation	data	which	 is	seen	 in	figure	34.	

Water	exiting	this	boundary	is	considered	drained	and	is	thus	removed	from	the	model.		

	

Figure 34 - Elevation map showing ground elevation (Upper boundary). 

	

The	outer	edges	of	the	domain	are	mainly	dominated	by	bedrock	elevation	close	to,	or	at	ground	level.	The	

exception	is	the	western	boundary	of	the	domain	which	is	defined	by	a	large	drain	ditch	leading	out	of	the	

model.		

Except	for	the	bedrock	reaching	the	surface	in	the	southern	part,	the	dominant	land	use	in	the	domain	consist	

of	forest	and	agricultural	land.	The	agricultural	land	is	drained	by	smaller	ditches	surrounding	the	fields,	which	

then	is	routed	towards	four	larger	drain	ditches	leading	out	of	the	domain	which	can	be	seen	in	figure	35.	In	

the	edges	of	where	the	large	sand	formation	in	the	central	part	of	the	domain	meets	the	finer	materials	to	the	

north	east,	west	and	south	east,	a	portion	of	the	groundwater	is	believed	to	exit	through	springs.	This	water	

then	runs	off	on	top	of	the	finer	material	and	is	routed	to	the	larger	drain	ditches.	This	assumption	is	confirmed	

from	visual	observations	and	from	SGU	data	in	the	western	part	of	the	domain.			
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Figure 35 - Larger drain ditches in the domain, which drains the 

soils of excess groundwater. 

Since	the	majority	of	the	water	is	believed	to	pass	through	the	domain	boundaries	in	the	mentioned	drain	

ditches,	 the	 outer	 domain	 boundaries	 have	 been	 set	 to	 no	 flow	 boundaries	 for	 simplicity	 and	modelling	

purposes.	A	general	drainage	is	then	set	for	the	whole	domain,	where	the	water	that	reaches	the	surface	is	

removed	directly	from	the	model.			

	

Figure 36 - Bedrock surface (in grey), Agricultural land (in green)  

and Forest (the rest) in the domain. 
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Modelling	results	

Calibration	

The	model	was	calibrated	against	groundwater	level	measurements	from	dug	wells	and	open	water	surfaces	

in	sand	pits	performed	in	the	first	week	of	2018-04.	As	can	be	seen	in	table	11,	all	measurements	performed	

within	-1	to	+1	m	of	these	values	after	calibration.	Positive	values	indicate	that	the	model	over	estimates	the	

groundwater	levels	and	negative	values	indicates	an	underestimation	of	groundwater	levels.	Further,	time-

varying	data	over	hydraulic	head	values	would	be	necessary	for	better	calibrating	the	seasonal	fluctuations.	

Table 11 - Calibration results of the 23 positions where groundwater 

 levels were measured during the first week of April 2018. 

Well	 Calculated	
groundwater	
elevation	[m]	

Measured	
groundwater	
elevation	[m]	

Difference	

1	 18	 17.35	 0.65	

2	 18.02	 17.6	 0.42	

3	 18.28	 17.66	 0.62	

4	 17.87	 17.88	 -0.01	

5	 17.85	 18.02	 -0.17	

6	 17.27	 17.67	 -0.4	

7	 17.37	 17.13	 0.24	

8	 17.31	 17.39	 -0.08	

9	 17.16	 17.11	 0.05	

10	 17.08	 16.87	 0.21	

11	 17.03	 16.66	 0.37	

12	 17.24	 17.06	 0.18	

13	 17.1	 16.87	 0.23	

14	 17.13	 17.33	 -0.2	

15	 17.13	 17.03	 0.1	

16	 14.84	 14.82	 0.02	

17	 16.3	 16.07	 0.23	

18	 16.42	 15.52	 0.9	
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19	 16.78	 17.39	 -0.61	

20	 16.77	 16.71	 0.06	

21	 16.6	 16.38	 0.22	

22	 16.95	 17.05	 -0.1	

23	 12.85	 12.66	 0.19	

	

Validation	

Groundwater	movement	
As	can	be	seen	in	figure	37,	the	MIKE	SHE	model	indicates	that	the	main	portion	of	the	groundwater	moves	

towards	the	north	east	and	to	the	west,	which	is	also	indicated	by	the	interpolated	groundwater	surface	seen	

in	figure	31.		

A	smaller	amount	of	the	water	is	moving	towards	the	south	eastern	part	of	the	domain.	This	is	something	that	

could	be	suspected	due	to	the	large	drain	ditches	in	the	area	but	have	not	yet	been	properly	verified.		

The	model	also	indicates	a	large	outflow	in	the	transition	between	the	sand	and	silt	formation	in	the	east,	

which	is	approximately	where	the	spring	indicated	in	the	SGU	data	was	said	to	be	located.	This	is	also	further	

visualized	in	figure	39,	where	a	cross	section	showing	the	model	data	for	the	cross	section	1	shown	in	figure	

38	can	be	seen.		

	

Figure 37 - Groundwater flow according to MIKE SHE model. 
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Figure 38 - Cross sections, from which the vertical model domain  

boundaries and groundwater levels were taken. Cross section 1 was 

 drawn from east to west and cross section 2 and 3 was drawn from 

 west to east. 

	

Figure 39 - Cross section 1. Red line shows groundwater level  

residing on the bedrock (lower boundary), when it reaches the  

upper boundary (black thin line which indicate the ground elevation)  

water is drained and removed from the model. 

	

Water	balance	
Since	measurements	have	not	been	carried	out	during	any	time	periods,	data	for	validating	the	groundwater	

levels	were	not	available.	However,	the	water	balance	of	the	model	domain	could	be	validated	against	the	

climate	data	of	the	region.	 In	the	table	12	and	13	are	the	water	balance	results	from	the	MIKE	SHE	model	

which	show	a	total	amount	of	precipitation,	evapotranspiration,	drainage	and	storage	change	in	the	modelled	

domain	 during	 the	 simulation	 period.	 This	 data	 shows	 that	 calculated	 effective	 precipitation	 was	
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approximately	 100	 mm/year,	 which	 is	 50%	 less	 than	 the	 SMHI	 average	 for	 the	 area.	 The	 average	

evapotranspiration	in	the	model	result	show	an	average	value	of	425	mm/year	which	is	approximately	the	

same	as	the	SMHI	values.	In	the	precipitation	data,	the	actual	precipitation	used	in	the	model	is	72	mm/year	

less	than	the	600	mm/year	which	is	the	yearly	average	presented	by	SMHI.		

This	could	be	a	consequence	of	the	fact	that	the	years	2015-2017	was	drier	than	normal,	thus	resulting	in	the	

lower	effective	precipitation.		

Table 12 - Water balance for the modelled period 2015-01-01 to 2018-04-24. 

Precipitation	 Evapotranspiration	 Drainage	 Storage	

+1717	 -1382	 -317	 +22	

	
Table 13 - Water balance for the modelled period, yearly mean values. 

	

	 Precipitation	[mm/year]		 Evapotranspiration	
[mm/year]	

Effective	 precipitation	
[mm/year]	

Model	 water	 balance	
result	

+528	 -425	 +103	

SMHI	average	 +	600	 -	400	 +200	

	

Water	level	in	sand	pit	
The	water	level	in	the	sandpit	marked	as	measurements	6	and	7	in	figure	40	shows	a	rather	constant	level	

from	the	beginning	of	the	simulation	period	up	until	mid	2017,	where	it	starts	to	rise	to	approximately	the	

level	which	was	observed	during	the	field	trip	to	Gotland.		

The	elevation	of	the	groundwater	shows	a	steady	lowest	level	of	around	16	meters	during	the	dry	years	of	

2016	and	2017,	which	is	in	accordance	with	the	statement	that	the	water	level	in	the	sand	pit	have	a	threshold	

level	under	which	it	does	not	seem	to	sink.		
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Figure 40 - Groundwater level in sand pit at wells 6 & 7, which is noticeably stable during the dry period of 2015-
late 2017. 

	

Sensitivity	analysis	

For	all	23	wells	used	in	calibration,	the	residuals	were	measured	and	the	mean	absolute	error	calculated	for	

the	calibrated	values.	Then,	some	of	the	more	important	parameters	were	checked	with	a	sensitivity	analysis.	

The	model	was	run	with	each	parameter	raised	by	a	factor	0,2.	By	measuring	the	new	residuals	and	their	mean	

absolute	 error,	 it	 was	 estimated	 how	 the	 model	 results	 changed	 with	 the	 raised	 values	 of	 the	 different	

parameters.	This	was	done	in	order	to	find	which	parameters	that	had	effects	on	the	modelling	outcome.	

The	sensitivity	analysis	showed	that	a	20%	increase	in	precipitation	increased	the	residual	errors	with	92%	and	

that	this	is	the	most	sensitive	parameter.	Also,	increasing	the	Root	depth	by	20%	increased	the	residual	errors	

with	29%.	ETo	was	also	a	sensitive	parameter	which	changed	the	modelled	residuals	with	24%.	

Increasing	the	LAI,	saturated	hydraulic	conductivity	specific	yield	did	not	affect	the	modelling	outcomes,	as	

seen	table	14.	

Table 14 - Increased calibration errors due to increased parameters * 1.2 

Parameter	 Increase	error		(%)	

Precipitation	 92	

ETo	 29	

Root	depth	 24	

LAI		 ~0	

Hydraulic	conductivity		 ~0	

Specific	yield	 ~0	
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Subsurface	dam	

Suggested	location	
The	most	promising	location	for	the	placement	of	a	subsurface	dam	in	the	area	was	considered	to	be	along	

the	western	edge	of	the	large	sand	formation.	This	was	decided	since	the	bedrock	formation	here	has	a	natural	

depression	 and	 since	 this	 is	 the	 area	where	much	 groundwater	 exit	 according	 to	 SGU	 and	 the	MIKE	 SHE	

modelled	results.	Due	to	the	fact	that	the	water	is	believed	to	exit	through	springs	in	the	transition	between	

the	coarse	sand	and	sand/silt	formation,	the	suggested	dam	was	placed	along	the	edge	of	the	coarse	sand	

layer,	just	upstream	the	spring.	The	location	of	the	dam	can	be	seen	in	figures	41,	42,	43,	44	and	45.		

	

Figure 41- Dam location, next to the road Vamlingbo – Sundre as seen  

on the orthophotography map. 
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Figure 42 – The dam is located to enclose the higher areas of saturated  

sand, in order to decrease the outflow.  

	

Figure 43 - Dam location, just upstream of H (Groundwater outflow source according to SGU). 
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Figure 44 – Location of dam in comparison to bedrock elevation. 

	

Figure 45 - Dam locations and measured wells and sand pits in the domain. 
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Water	balance	
The	water	balance	shows	that	with	the	dam	in	place,	the	stored	water	in	the	whole	catchment	increased	with	

an	average	of	6mm	over	the	whole	simulation	period.	Over	the	modelled	11’000’000	sqm	domain,	this	means	

an	 increased	66’000	cbm	of	water,	which	 is	most	probably	 located	 in	the	coarse	sand	material	behind	the	

subsurface	dam.			

Groundwater	movement	
In	figures	46	and	47,	the	change	in	groundwater	movement	for	April	2018	and	September	2017	can	be	seen	

with	and	without	the	dam	present.	All	scenarios	indicate	some	exfiltration	of	water	despite	the	dam	present.	

A	relatively	larger	difference	in	the	outflow	seem	to	be	present	during	the	years	with	higher	precipitation.		

	

Figure 46 – Modelled groundwater movement during April 2018. Left: Without subsurface dam included, 

Right: With subsurface dam included. 

	

	

Figure 47 - Modelled groundwater movement during September 2017. Left: Without subsurface dam included, 

Right: With subsurface dam included. 
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Water	table	
In	figure	48	and	49	the	water	table	with	and	without	the	dam	present	can	be	seen	for	the	cross	section	drawn	

along	profile	1	(see	figure	38)	during	the	spring	of	2018,	which	followed	a	very	precipitation	rich	winter.	The	

results	show	an	increase	in	the	water	table	with	approximately	0.2	meters	upstream	the	location	of	the	dam	

when	present.	The	cross	section	in	figure	49	also	show	a	slightly	smaller	section	of	which	water	reaches	the	

ground	surface	downstream	the	dam	which	is	located	at	approximately	350	meters.		

Cross	section	1	

	
Figure 48 - Profile 1 Spring 2018 without dam. 

	

	
Figure 49 - Profile 1 Spring 2018 with dam. 
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In	figure	50	and	51	the	same	cross	section	can	be	seen	but	during	the	end	of	the	summer	of	2017,	which	was	

a	very	dry	year.	In	figure	50	the	cross	section	shows	the	conditions	without	the	subsurface	dam	included.	The	

water	table	upstream	the	dam	here	lies	at	approximately	16.4	meters	upstream	the	dam.	In	figure	51,	where	

the	dam	in	included	the	water	table	upstream	the	dam	approximately	lies	on	16.6,	thus	indicating	an	increase	

of	0.2	meters	of	the	groundwater	table.		

	
Figure 50 - Profile 1 Autumn 2017 without dam. 

	

	
Figure 51 - Profile 1 Autumn 2017 with dam. 
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Cross	section	2	
Cross	 section	 2	 showed	 similar	 results	 as	 cross	 section	 1,	which	 can	 be	 seen	 in	 Figure	 52,	 53,	where	 the	

modelled	 ground	water	 table	 rose	with	 approximately	 0.2	meter	when	 the	 subsurface	 dam	was	 present.	

During	the	dry	year,	the	ground	water	level	change	in	the	beginning	of	the	cross	section	was	close	to	zero	with	

the	dam	present.		

	
Figure 52 - Profile 2 Spring 2018 without dam. 

	

	
Figure 53 - Profile 2 Spring 2018 with dam. 
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Figure 54 - Profile 2 Autumn 2017 without dam 

	

	
Figure 55 - Profile 2 Autumn 2017 with dam. 

	

Cross	section	3	
In	cross	section	3,	figure	56	and	57	show	that	the	dam	causes	a	small	rise	in	the	water	table	just	behind	the	

dam,	which	is	located	at	approximately	150m.	The	water	level	is	approximately	0.6	m	higher	just	behind	the	

dam	when	present	and	reaches	around	0	m	difference	in	the	end	of	the	cross	section.		

During	the	dry	year	of	2017	no	difference	could	be	seen	with	or	without	the	dam	except	for	exactly	where	the	

dam	is	present.		
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Figure 56 - Profile 3 Spring 2018 without dam 

	

	
Figure 57 - Profile 3 Spring 2018 with dam. 
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Figure 58 - Profile 3 Autumn 2017 without dam 

	

	
Figure 59 - Profile 3 Autumn 2017 with dam 
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Extraction	scenarios	

Two	wells	were	placed	in	the	sand	formation,	see	figure	60,	and	pumped	at	a	rate	seen	in	table	7.		

	
Figure 60 - The two wells were placed in the sand formation. 

	

Pumping	without	dam	
In	figure	61,	62,	63	and	64	the	modelled	water	table	for	cross	section	1	can	be	seen	without	and	with	pumping	

included.	For	the	wet	year	the	lowering	of	the	water	table	was	approximately	0.6	meters.	At	the	end	of	the	

summer	for	the	dry	year	the	lowering	was	approximately	0.8	meters.			



	

62	
	

Cross	section	1	

	
Figure 61 - Profile 1, no pumping, no dam, Spring 2018. 

	

	
Figure 62 - Profile 1, pumping, no dam, Spring 2018 
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Figure 63 - Profile 1, no pumping, no dam, Autumn 2017. 

	

	
Figure 64 - Profile 1, pumping, no dam, Autumn 2017. 

	

Cross	section	2	
Cross	section	2	showed	similar	results	as	cross	section	1,	with	approximately	0.5	m	difference	during	the	wet	

year	(figure	65	and	66),	and	approximately	0.8	meters	in	the	end	of	the	summer	during	the	dry	year	(figure	67	

and	 68).	 The	 difference	mainly	 occurs	 in	 the	 beginning	 of	 the	 cross	 section,	 which	 is	 in	 the	 coarse	 sand	

formation.	



	

64	
	

	
Figure 65 - Profile 2, no pumping, no dam, spring 2018. 

	

	
Figure 66 - Profile 2, pumping, no dam, Spring 2018. 
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Figure 67 - Profile 2, no pumping, no dam, Autumn 2017. 

	

	
Figure 68 - Profile 2, pumping, no dam, Autumn 2017. 

	

Cross	section	3	
Cross	section	3	is	drawn	over	the	two	wells,	located	at	300	and	1000	meters.	Figure	69,	70,	71,	72	shows	that	

the	draw	down	at	 the	 location	of	 the	wells	 is	approximately	0.8	meters	during	 the	wet	year,	and	1	meter	

during	the	dry	year.	The	drawdown	in	between	of	the	wells	was	slightly	less	and	was	approximately	0.6	during	

the	wet	year	and	0.7	during	the	dry	year.		
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Figure 69 - Profile 3, no pumping, no dam, Spring 2018. 

	

	
Figure 70 - Profile 3, pumping, no dam, Spring 2018. 
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Figure 71 - Profile 3, no pumping, no dam, Autumn 2017. 

	

	
Figure 72 - Profile 3, pumping, no dam, Autumn 2017. 

	

Pumping	with	dam	
In	table	15,	the	modelled	water	 level	 is	shown	at	the	 location	of	the	modelled	wells.	The	values	show	the	

water	level	without	any	influence,	the	water	level	during	pumping	in	natural	conditions	and	during	pumping	

with	the	dam	included.		

The	 results	 show	an	almost	non-existing	difference	 in	 the	drawdown	of	 the	 simulated	wells,	between	 the	

situation	when	the	suggested	dam	is	present	and	when	it	is	absent.		
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The	only	observable	difference	was	found	at	the	location	of	well	4	and	5,	which	both	are	located	just	upstream	

of	the	dam.	

Table 15 - Modelled ground water level with and without dam and pumping. 

Well	nr	 Modelled	 ground	
water	level	[m]		

Modelled	 ground	
water	 level	 with	
sub	 surface	 dam	
[m]	

Modelled	
groundwater	 level	
without	
subsurface	 dam	
during	 pumping	
[m]	

Modelled	
groundwater	 level	
with	 subsurface	
dam	 during	
pumping	
[m]	

1	 18.4	 18.4	 18.4	 18.4	
2	 18.1	 18.1	 18.1	 18.1	
3	 18.4	 18.4	 18.4	 18.4	
4	 17.8	 18.2	 17.7	 17.9	
5	 17.8	 18.2	 17.6	 17.9	
6	 17.1	 17.1	 16.7	 16.7	
7	 17.2	 17.1	 16.7	 16.7	
8	 17.1	 17.1	 16.6	 16.6	
9	 17.0	 17.1	 16.5	 16.5	
10	 16.9	 17.2	 16.4	 16.4	
11	 16.8	 17.2	 16.3	 16.3	
12	 17.1	 17.1	 16.5	 16.5	
13	 17.0	 16.9	 16.4	 16.4	
14	 17.0	 16.9	 16.5	 16.5	
15	 17.0	 16.9	 16.5	 16.5	
16	 15.0	 15.0	 15.0	 15.0	
17	 16.4	 16.4	 16.0	 16.0	
18	 16.5	 16.4	 16.3	 16.3	
19	 16.9	 16.7	 16.7	 16.7	
20	 16.8	 16.6	 16.7	 16.7	
21	 16.6	 16.4	 16.5	 16.5	
22	 16.8	 16.6	 16.7	 16.7	
23	 12.9	 12.9	 12.9	 12.9	
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Discussion	

Subsurface	dam	

The	initial	model	results,	without	any	subsurface	dam	present,	showed	outflux	from	the	coarse	sand	area	both	

to	the	west,	north	east	and	south	east.	Even	though	only	the	spring	to	the	west	could	be	visually	confirmed,	

the	other	outflux	locations	made	sense	conceptually	and	thus	was	assumed	to	be	true	for	this	model.	This	

however	ought	to	be	further	studied	to	confirm	the	validity	of	the	model.		

Under	the	given	assumptions,	no	optimal	location	for	the	subsurface	dam	could	be	identified.	The	location	

most	suitable	for	the	dam	was	considered	the	western	part	of	the	coarse	sand	layer.	This	location	was	chosen	

since	it	would	block	the	part	where	the	largest	outflow	of	water	was	occurring	according	to	the	results.	Also.	

it	would	give	the	shortest	length	of	the	dam.	Even	though	it	would	be	the	shortest	alternative,	the	suggested	

location	would	still	need	a	dam	of	approximately	one	kilometre.	This	is	most	probably	an	unreasonable	length	

given	the	area	it	is	supposed	to	be	built	in.	However,	for	the	sake	of	investigating	its	effects,	it	was	still	included	

in	the	model.		

The	results	from	the	model	scenarios	showed	that	the	difference	in	stored	water	within	the	model	domain	in	

general	was	approximately	66’000	cbm	larger	with	the	subsurface	dam	present	than	without.	In	the	model	

this	only	resulted	 in	an	overall	 increase	 in	water	table	with	a	couple	of	decimetres	at	 the	most	within	the	

suggested	aquifer.		

The	sand	and	coarse	sand	areas,	which	is	part	of	the	domain	which	is	considered	to	make	up	the	main	aquifer,	

has	an	area	of	approximately	2	200	000	sqm.	With	an	average	yearly	effective	precipitation	of	approximately	

100	mm,	the	precipitation	over	this	area	alone,	not	including	the	water	recharging	this	area	surrounding	areas,	

would	 give	 a	 total	 of	 220000	 cbm	 of	 water.	 So	 despite	 the	 dam	 present,	 less	 than	 70%	 of	 the	 water	 is	

maintained	in	the	area.		

When	including	the	subsurface	dam	in	the	model,	the	dam	was	defined	as	an	internal	boundary	consisting	of	

inactive	cells,	meaning	that	no	flow	would	occur	through	the	barrier.	Since	a	real	subsurface	dam	might	have	

a	certain	degree	of	leakage	the	total	increase	in	ground	water	storage	could	be	slightly	overestimated	but	is	

still	believed	to	be	a	reasonable	since	the	majority	of	the	water	 is	believed	to	flow	out	the	through	to	the	

north	and	south	east	part	of	the	coarse	sand	domain,	where	it	transitions	into	the	more	silty	layers.		

Possibilities	for	extraction	

Since	no	pumping	tests	have	been	made	in	the	area,	it	is	difficult	to	validate	the	behaviour	of	the	model	when	

implementing	additional	water	extraction.	Due	to	this,	it	is	hard	to	draw	any	conclusions	based	on	the	results	

from	the	extraction	scenarios	about	the	realistic	response	of	the	aquifer,	and	conclusions	made	should	be	

handled	 carefully.	 However,	 despite	 the	 uncertainties	 regarding	 this	 part	 of	 the	 results,	 some	 important	

observations	can	be	made	regarding	the	possibilities	for	groundwater	extraction.		
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For	the	given	pumping	scenarios,	which	was	set	to	be	the	entire	water	consumption	for	all	of	Storsudret,	the	

observed	drawdown	during	the	end	of	the	summer	of	2017	was	less	than	a	meter.	Even	though	no	number	

for	a	completely	sustainable	extraction	level	of	extraction	can	be	given,	this	result	indicates	a	possibility	for	

substantial	groundwater	extraction.	

In	 the	 model	 results,	 the	 change	 in	 the	 groundwater	 surface	 seems	 to	 vary	 approximately	 the	 same	

independently	if	the	dam	was	present	or	not	under	pumping	conditions.	Thus,	the	suggested	location	of	the	

dam	might	not	provide	the	desired	effect.		

In	order	to	find	a	possible	 location	for	a	subsurface	dam,	further	on-site	studies	needs	to	be	conducted	 in	

order	to	get	a	more	detailed	view	over	the	local	flow	paths	and	groundwater	exfiltration	points.		

	

MIKE	SHE	as	evaluation	tool	

Regarding	using	MIKE	SHE	as	part	of	evaluation	of	suitable	sites	for	subsurface	dams	there	are	positive	and	

negative	aspects.	A	positive	aspect	is	that	all	input	data	for	the	model	in	MIKE	SHE	is	shapefiles	from	Arcmap	

(or	 other	 GIS	 programs).	 GIS	 files	 have	 already	 been	 collected	 in	 the	 earlier	 stages	 of	 subsurface	 dam	

screening,	which	makes	building	the	MIKE	SHE	flow	model	an	easy	next	step.	What	is	also	good	in	MIKE	SHE	

is	the	possibility	to	choose	the	complexity	of	the	model	depending	on	what	water	processes	that	needs	to	be	

examined.	This	means	that	even	though	MIKE	SHE,	like	any	other	model	tool,	is	a	rather	complex	simulation	

tool	the	input	data	management	in	GIS	and	the	possibility	to	customize	the	models	complexity	makes	it	a	fairly	

easy	tool	to	work	in.		

However,	the	accuracy	of	the	model	 largely	depends	on	the	accuracy	of	the	input	data.	When	modelling	a	

larger	area	with	the	main	purpose	of	getting	an	overview	over	the	general	flow	paths	of	the	ground	water,	

the	easily	available	data	which	can	be	obtained	from	i.e	SGU	is	of	sufficient	quality.	In	these	cases	the	model	

can	be	used	as	a	valuable	tool	for	pointing	out	a	more	narrow	area	in	which	the	actual	location	of	the	dam	

could	be	suitably	located,	and	where	further	data	needs	to	be	collected	from.		

When	it	comes	to	situations	as	the	one	in	this	thesis,	where	a	rather	large	area	is	scanned	for	rather	small	

geological	 features	 and	 hydrogeological	 flow	 patterns	 indicating	 possible	 specific	 locations	 for	 the	 dam	

location,	the	level	of	detail	required	in	the	input	data	is	hard	to	obtain.		

As	 could	 be	 seen	 when	 updating	 the	 bedrock	 elevation	 based	 on	 the	 results	 from	 the	 resistivity	

measurements,	several	changes	was	made,	which	might	play	a	very	small	role	when	considering	the	overall	

groundwater	flow	in	the	area	but	could	be	crucial	when	it	comes	to	find	an	exact	location	of	the	dam.	And	

even	with	the	result	from	the	resistivity	measurements,	the	changes	made	to	the	bedrock	elevation	map	and	

the	soil	type	lenses	could	only	roughly	be	estimated	outside	the	measured	cross	sections.		
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It	also	showed	to	be	difficult	to	simulate	the	exact	behaviour	of	a	thin	 impermeable	layer	since	the	model	

resolution	prohibits	that	level	of	accuracy	when	covering	a	larger	area.	For	more	general	investigations	on	the	

response	of	the	aquifer	and	for	possible	extraction	scenarios	the	model	still	could	provide	useful	information	

about	the	aquifer	behaviour	upstream	the	dam	since	the	dam	lense	can	be	made	substantially	thicker	for	this	

purpose.		

Uncertainties	

Calibration	

For	calibration,	the	groundwater	level	data	collected	in	field	was	measured	in	open	water	surfaces	of	sand	

pits	as	well	as	 in	both	used	and	unused	dug	wells.	Considering	 there	could	be	a	difference	 in	water	 table	

between	an	open	water	surface,	used	well	and	unused	wells	it	would	have	been	more	favourable	to	use	data	

from	only	groundwater	wells	which	are	not	used	for	consumption.	Now,	calibrated	modelling	results	which	

differ	from	the	real	on	site	measurements	may	be	due	to	the	unknown	consumption	in	these	wells.	However,	

it	was	considered	necessary	to	use	all	available	data	for	calibration	of	the	first	week	of	April	2018.		

Validation	

Measurements	of	groundwater	levels	over	time	would	also	have	been	better	for	calibration	and	validation.	

Validating	the	water	balance	results	to	estimated	values	by	SMHI,	the	general	groundwater	movements	to	

estimation	from	SGU	and	the	groundwater	level	in	a	sand	pit	which	is	locally	said	to	be	stable	in	dry	years	was	

considered	a	necessary	solution	to	the	lack	of	actual	measured	data	from	the	domain.	Receiving	local	area	

knowledge	from	talking	to	 locals	during	the	on-site	measurements	proved	valuable	 for	understanding	and	

validating	the	groundwater	flow	model.		

Percipitation	

The	sensitivity	analysis	showed	that	precipitation	was	a	sensitive	parameter.	Since	the	weather	measurement	

station	Hoburgen	is	located	at	the	coast	it	may	miss	out	on	rain	data	due	to	wind	losses.	This	means	that	the	

modelled	 inland	 domain	 may	 experience	 20%	 higher	 precipitation	 and	 taking	 this	 into	 account	 would	

drastically	 change	 the	 calibrated	 values.	 Local	 precipitation	data	over	 the	domain	 is	 required	 for	 a	 better	

calibrated	model.	 This	 precipitation	 data	 could	 be	 collected	 over	 a	 period	 of	 time	 then	 compared	 to	 the	

Hoburgen	station	data	to	see	how	they	correlate,	and	how	the	Hoburgen	station	data	could	be	manipulated	

to	better	simulate	the	actual	precipitation	in	the	inland	domain.		

Evapotranspiration	

The	sensitivity	analysis	also	showed	that	ETo	and	Root	depth	had	noticeable	impact	on	the	results.	ETo	was	

calculated	with	the	Penman-Monteith	method	which	is	recommended	by	MIKE	SHE	and	DHI.	The	Penman-

Monteith	method	calculates	evapotranspiration	mostly	due	to	solar	energy	and	wind.	Since	the	Hoburgen	

station	collects	wind	data	from	the	coast,	 it	 is	possible	that	the	actual	wind	speed	at	the	 inland	domain	 is	

lower,	leading	to	an	overestimation	of	ETo	due	to	wind	in	the	domain.	Correlating	the	Hoburgen	wind	data	to	
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inland	conditions	could	better	calibrate	the	ETo	values.	Root	depth	was	estimated	from	Scots	Pine	values	from	

all	of	Sweden,	it	would	be	good	to	estimate	root	depth	values	for	Storsudret	only.	

Another	 uncertainty	 which	 might	 influence	 the	 evapotranspiration	 in	 the	 model	 is	 the	 chosen	

evapotranspiration	surface	depth.	The	chosen	value	is	based	on	results	obtained	from	sand.	This	value	might	

not	be	representative	for	some	of	areas	where	the	material	is	thought	to	be	more	silty,	and	thus	would	have	

a	much	larger	ET	surface	depth.  

Specific	yield	

Specific	 yield	 values	were	 not	 calibrated	 since	 no	 transient	 pumping	 tests	were	 available.	 Pumping	 tests,	

especially	in	the	sand	and	coarse	sand	formations	would	provide	valuable	informations	of	specific	yield	which	

is	 important	 to	 estimate	 the	 groundwater	 reserves.	 Hydraulic	 conductivity	 values	 in	 different	 geological	

formations	may	vary	within	a	large	range	and	these	could	also	be	better	determined	with	pumping	tests.	 
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Conclusion	

The	locations	suitability	for	dam	construction	

From	looking	at	the	results	obtained	from	the	MIKE	SHE	model,	and	from	the	developed	conceptual	model,	

no	suitable	location	for	a	subsurface	dam	could	be	found.	This	was	mainly	due	to	the	fact	that	the	location	of	

the	 suggested	 groundwater	 exfiltration	 stretched	 over	 a	 fairly	 long	 distance	 without	 any	 clear,	 smaller	

depressions	in	the	bedrock	elevation,	which	would	mean	that	the	dam	would	have	to	cover	an	unreasonably	

long	distance.	Even	with	the	introduction	of	a	dam	which	would	block	a	large	portion	of	the	outflowing	water	

towards	the	west,	where	the	spring	is	located,	only	a	relatively	small	increase	in	the	water	volume	would	be	

obtained	since	the	water	then	instead	is	redirected	elsewhere.	

However,	according	to	the	MIKE	SHE	modelling	results,	with	extraction	from	the	sandy	area	in	middle	of	the	

modelled	domain,	the	entire	estimated	fresh	water	needs	of	Storsudret	can	be	met	with	only	two	pumping	

wells	even	during	a	dry	period	like	the	one	2015-2017,	which	gives	a	good	indication	of	possible	groundwater	

extraction	even	without	a	dam	present.		

MIKE	SHE	as	a	tool	for	location	of	subsurface	dams.	 
When	 looking	 at	 a	 relatively	 large	 area,	 the	 MIKE	 SHE	 software	 gives	 a	 good	 overview	 of	 the	 general	

groundwater	flow	paths	and	can	work	as	a	good	tool	for	a	more	general	evaluation	of	the	placement	of	a	

subsurface	dam.	However,	mainly	due	to	the	difficulties	in	obtaining	the	needed	accuracy	in	important	data	

such	as	bedrock	elevation	when	 looking	at	 larger	domains,	 the	tool	 tends	to	be	 less	suitable	 for	 the	exact	

placement	of	the	dam,	and	rather	function	as	an	indicator	of	where	more	in	depth	investigations	should	be	

performed.		

	 	



	

74	
	

Suggestion	for	future	studies	and	data	collection	

The	results	gave	good	indications	both	regarding	the	possibilities	for	placing	a	groundwater	dam	in	the	area,	

and	for	the	use	of	MIKE	SHE	as	a	tool	for	the	location	and	evaluation	of	these	kind	of	sites.	However,	in	order	

to	fully	determine	the	locations	suitability	and	the	suitability	of	the	model	for	these	kinds	of	tasks	some	further	

studies	and	data	collection	should	be	performed.		

Regarding	the	specific	model	developed	for	the	study	area.	Lack	of	data	made	it	hard	to	properly	calibrate	and	

validate	the	model.	For	future	use	and	development	of	the	specific	model	used	 in	this	thesis,	 further	data	

collection	is	suggested.	Needed	data	would	include	flow	measurements	from	the	larger	drain	ditches	leading	

out	of	the	area,	which	would	be	useful	in	order	to	more	accurately	check	the	models	water	balance.		

A	more	thorough	measurement	of	the	groundwater	levels	in	the	area	over	time	would	also	be	recommended	

to	get	more	data	for	both	validation	and	calibration	of	the	behavior	of	the	groundwater	levels	in	the	model.		

One	crucial	assumption	made	in	this	thesis	is	that	the	groundwater	exits	through	springs	in	the	transition	from	

coarse	sand	to	the	finer	material	surrounding.	In	order	to	properly	determine	the	validity	of	the	model	this	

should	be	confirmed.	

The	result	from	the	study	also	suggested	that	the	large	sand	domain	in	the	central	part	of	the	study	area	could	

be	used	for	ground	water	extraction	even	without	the	dam	present.	In	order	to	confirm	this	either	pumping	

tests,	or	more	thorough	field	investigations	focused	on	this	particular	area	should	be	performed.	A	pumping	

test	in	the	area	would	also	provide	valuable	information	which	could	be	used	for	a	better	calibration	of	the	

specific	yield	in	the	model.	

It	also	might	be	reasonable	to	assume	that	future	changes	in	the	climate	could	prolong	the	summer	season,	

and	thus	the	season	for	both	the	agricultural	water	use	and	also	the	tourism	related	water	use.	Due	to	this,	as	

a	next	step	after	properly	validating	the	model,	could	be	to		further	investigate	how	the	possible	ground	water	

aquifer	mentioned	in	this	thesis	would	respond	to	warmer	climate	with	a	more	extensive	water	consumption	

period.	
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Appendix	1	

The	figures	shown	below	show	the	radar	data	from	the	measurements	performed	by	SGU	for	the	SkyTEM	

report	(Dahlqvist,	2017b).		

	
	

	
R10 - Profile nr 10 seen in the SkyTEM report by Dahlqvist, (2017b). 

	
R11 - Profile nr 11 seen in the SkyTEM report by Dahlqvist, (2017b). 



	

	
	

	
R12 - Profile nr 12 seen in the SkyTEM report by Dahlqvist, (2017b). 

	
R13 - Profile nr 13 seen in the SkyTEM report by Dahlqvist, (2017b). 



	

	
	

	
R14 - Profile nr 14 seen in the SkyTEM report by Dahlqvist, (2017b). 

	
R15 - Profile nr 15 seen in the SkyTEM report by Dahlqvist, (2017b). 



	

	
	

	
R16 - Profile nr 16 seen in the SkyTEM report by Dahlqvist, (2017b). 
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