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Computer	models	of	groundwater	flow	systemsGroundwater	models	are	computer	models	of	groundwater	flow	systems,	and	are	used	by	hydrologists	and	hydrogeologists.	Groundwater	models	are	used	to	simulate	and	predict	aquifer	conditions.Typical	aquifer	cross-sectionAn	unambiguous	definition	of	"groundwater	model"	is	difficult	to	give,	but
there	are	many	common	characteristics.A	groundwater	model	may	be	a	scale	model	or	an	electric	model	of	a	groundwater	situation	or	aquifer.	Groundwater	models	are	used	to	represent	the	natural	groundwater	flow	in	the	environment.	Some	groundwater	models	include	(chemical)	quality	aspects	of	the	groundwater.	Such	groundwater	models	try	to
predict	the	fate	and	movement	of	the	chemical	in	natural,	urban	or	hypothetical	scenario.Groundwater	models	may	be	used	to	predict	the	effects	of	hydrological	changes	(like	groundwater	pumping	or	irrigation	developments)	on	the	behavior	of	the	aquifer	and	are	often	named	groundwater	simulation	models.	Groundwater	models	are	used	in	various
water	management	plans	for	urban	areas.As	the	computations	in	mathematical	groundwater	models	are	based	on	groundwater	flow	equations,	which	are	differential	equations	that	can	often	be	solved	only	by	approximate	methods	using	a	numerical	analysis,	these	models	are	also	called	mathematical,	numerical,	or	computational	groundwater	models.
[1]The	mathematical	or	the	numerical	models	are	usually	based	on	the	real	physics	the	groundwater	flow	follows.	These	mathematical	equations	are	solved	using	numerical	codes	such	as	MODFLOW,	ParFlow,	HydroGeoSphere,	OpenGeoSys	etc.Various	types	of	numerical	solutions	like	the	finite	difference	method	and	the	finite	element	method	are
discussed	in	the	article	on	"Hydrogeology".For	the	calculations	one	needs	inputs	like:	hydrological	inputs,operational	inputs,external	conditions:	initial	and	boundary	conditions,(hydraulic)	parameters.The	model	may	have	chemical	components	like	water	salinity,	soil	salinity	and	other	quality	indicators	of	water	and	soil,	for	which	inputs	may	also	be
needed.Hydrological	factors	at	the	soil	surface	determining	the	rechargeThe	primary	coupling	between	groundwater	and	hydrological	inputs	is	the	unsaturated	zone	or	vadose	zone.	The	soil	acts	to	partition	hydrological	inputs	such	as	rainfall	or	snowmelt	into	surface	runoff,	soil	moisture,	evapotranspiration	and	groundwater	recharge.	Flows	through
the	unsaturated	zone	that	couple	surface	water	to	soil	moisture	and	groundwater	can	be	upward	or	downward,	depending	upon	the	gradient	of	hydraulic	head	in	the	soil,	can	be	modeled	using	the	numerical	solution	of	Richards'	equation[2]	partial	differential	equation,	or	the	ordinary	differential	equation	Finite	Water-Content	method	[3]	as	validated
for	modeling	groundwater	and	vadose	zone	interactions.[4]The	operational	inputs	concern	human	interferences	with	the	water	management	like	irrigation,	drainage,	pumping	from	wells,	watertable	control,	and	the	operation	of	retention	or	infiltration	basins,	which	are	often	of	an	hydrological	nature.	These	inputs	may	also	vary	in	time	and
space.Many	groundwater	models	are	made	for	the	purpose	of	assessing	the	effects	hydraulic	engineering	measures.Boundary	conditionsBoundary	conditions	can	be	related	to	levels	of	the	water	table,	artesian	pressures,	and	hydraulic	head	along	the	boundaries	of	the	model	on	the	one	hand	(the	head	conditions),	or	to	groundwater	inflows	and
outflows	along	the	boundaries	of	the	model	on	the	other	hand	(the	flow	conditions).	This	may	also	include	quality	aspects	of	the	water	like	salinity.The	initial	conditions	refer	to	initial	values	of	elements	that	may	increase	or	decrease	in	the	course	of	the	time	inside	the	model	domain	and	they	cover	largely	the	same	phenomena	as	the	boundary
conditions	do.The	initial	and	boundary	conditions	may	vary	from	place	to	place.	The	boundary	conditions	may	be	kept	either	constant	or	be	made	variable	in	time.Example	of	parameters	of	an	irrigation	cum	groundwater	modelThe	parameters	usually	concern	the	geometry	of	and	distances	in	the	domain	to	be	modelled	and	those	physical	properties	of
the	aquifer	that	are	more	or	less	constant	with	time	but	that	may	be	variable	in	space.Important	parameters	are	the	topography,	thicknesses	of	soil	/	rock	layers	and	their	horizontal/vertical	hydraulic	conductivity	(permeability	for	water),	aquifer	transmissivity	and	resistance,	aquifer	porosity	and	storage	coefficient,	as	well	as	the	capillarity	of	the
unsaturated	zone.	For	more	details	see	the	article	on	hydrogeology.Some	parameters	may	be	influenced	by	changes	in	the	groundwater	situation,	like	the	thickness	of	a	soil	layer	that	may	reduce	when	the	water	table	drops	and/the	hydraulic	pressure	is	reduced.	This	phenomenon	is	called	subsidence.	The	thickness,	in	this	case,	is	variable	in	time	and
not	a	parameter	proper.The	applicability	of	a	groundwater	model	to	a	real	situation	depends	on	the	accuracy	of	the	input	data	and	the	parameters.	Determination	of	these	requires	considerable	study,	like	collection	of	hydrological	data	(rainfall,	evapotranspiration,	irrigation,	drainage)	and	determination	of	the	parameters	mentioned	before	including
pumping	tests.	As	many	parameters	are	quite	variable	in	space,	expert	judgment	is	needed	to	arrive	at	representative	values.The	models	can	also	be	used	for	the	if-then	analysis:	if	the	value	of	a	parameter	is	A,	then	what	is	the	result,	and	if	the	value	of	the	parameter	is	B	instead,	what	is	the	influence?	This	analysis	may	be	sufficient	to	obtain	a	rough
impression	of	the	groundwater	behavior,	but	it	can	also	serve	to	do	a	sensitivity	analysis	to	answer	the	question:	which	factors	have	a	great	influence	and	which	have	less	influence.	With	such	information	one	may	direct	the	efforts	of	investigation	more	to	the	influential	factors.When	sufficient	data	have	been	assembled,	it	is	possible	to	determine	some
of	missing	information	by	calibration.	This	implies	that	one	assumes	a	range	of	values	for	the	unknown	or	doubtful	value	of	a	certain	parameter	and	one	runs	the	model	repeatedly	while	comparing	results	with	known	corresponding	data.	For	example,	if	salinity	figures	of	the	groundwater	are	available	and	the	value	of	hydraulic	conductivity	is
uncertain,	one	assumes	a	range	of	conductivities	and	the	selects	that	value	of	conductivity	as	"true"	that	yields	salinity	results	close	to	the	observed	values,	meaning	that	the	groundwater	flow	as	governed	by	the	hydraulic	conductivity	is	in	agreement	with	the	salinity	conditions.	This	procedure	is	similar	to	the	measurement	of	the	flow	in	a	river	or
canal	by	letting	very	saline	water	of	a	known	salt	concentration	drip	into	the	channel	and	measuring	the	resulting	salt	concentration	downstream.Groundwater	models	can	be	one-dimensional,	two-dimensional,	three-dimensional	and	semi-three-dimensional.	Two	and	three-dimensional	models	can	take	into	account	the	anisotropy	of	the	aquifer	with
respect	to	the	hydraulic	conductivity,	i.e.	this	property	may	vary	in	different	directions.Two-dimensional	model	of	subsurface	drainage	in	a	vertical	planeThree-dimensional	grid,	ModflowOne-dimensional	models	can	be	used	for	the	vertical	flow	in	a	system	of	parallel	horizontal	layers.Two-dimensional	models	apply	to	a	vertical	plane	while	it	is
assumed	that	the	groundwater	conditions	repeat	themselves	in	other	parallel	vertical	planes	(Fig.	4).	Spacing	equations	of	subsurface	drains	and	the	groundwater	energy	balance	applied	to	drainage	equations[5]	are	examples	of	two-dimensional	groundwater	models.Three-dimensional	models	like	Modflow[6]	require	discretization	of	the	entire	flow
domain.	To	that	end	the	flow	region	must	be	subdivided	into	smaller	elements	(or	cells),	in	both	horizontal	and	vertical	sense.	Within	each	cell	the	parameters	are	maintained	constant,	but	they	may	vary	between	the	cells	(Fig.	5).	Using	numerical	solutions	of	groundwater	flow	equations,	the	flow	of	groundwater	may	be	found	as	horizontal,	vertical
and,	more	often,	as	intermediate.Map	of	a	radial	semi	3-dimensional	model	consisting	of	vertical	concentrical	cylinders	through	which	the	flow	passes	radially	to	the	wellIn	semi	3-dimensional	models	the	horizontal	flow	is	described	by	2-dimensional	flow	equations	(i.	e.	in	horizontal	x	and	y	direction).	Vertical	flows	(in	z-direction)	are	described	(a)
with	a	1-dimensional	flow	equation,	or	(b)	derived	from	a	water	balance	of	horizontal	flows	converting	the	excess	of	horizontally	incoming	over	the	horizontally	outgoing	groundwater	into	vertical	flow	under	the	assumption	that	water	is	incompressible.There	are	two	classes	of	semi	3-dimensional	models:Continuous	models	or	radial	models	consisting
of	2	dimensional	submodels	in	vertical	radial	planes	intersecting	each	other	in	one	single	axis.	The	flow	pattern	is	repeated	in	each	vertical	plane	fanning	out	from	the	central	axis.Discretized	models	or	prismatic	models	consisting	of	submodels	formed	by	vertical	blocks	or	prisms	for	the	horizontal	flow	combined	with	one	or	more	methods	of
superposition	of	the	vertical	flow.An	example	of	a	non-discretized	radial	model	is	the	description	of	groundwater	flow	moving	radially	towards	a	deep	well	in	a	network	of	wells	from	which	water	is	abstracted.[7]	The	radial	flow	passes	through	a	vertical,	cylindrical,	cross-section	representing	the	hydraulic	equipotential	of	which	the	surface	diminishes
in	the	direction	of	the	axis	of	intersection	of	the	radial	planes	where	the	well	is	located.Map	of	a	two-dimensional	grid	over	an	alluvial	fan	for	a	prismatic	semi	3-dimensional	model,	SahysModPrismatically	discretized	models	like	SahysMod[8]	have	a	grid	over	the	land	surface	only.	The	2-dimensional	grid	network	consists	of	triangles,	squares,
rectangles	or	polygons.	Hence,	the	flow	domain	is	subdivided	into	vertical	blocks	or	prisms.	The	prisms	can	be	discretized	into	horizontal	layers	with	different	characteristics	that	may	also	vary	between	the	prisms.	The	groundwater	flow	between	neighboring	prisms	is	calculated	using	2-dimensional	horizontal	groundwater	flow	equations.	Vertical
flows	are	found	by	applying	one-dimensional	flow	equations	in	a	vertical	sense,	or	they	can	be	derived	from	the	water	balance:	excess	of	horizontal	inflow	over	horizontal	outflow	(or	vice	versa)	is	translated	into	vertical	flow,	as	demonstrated	in	the	article	Hydrology	(agriculture).In	semi	3-dimensional	models,	intermediate	flow	between	horizontal	and
vertical	is	not	modelled	like	in	truly	3-dimensional	models.	Yet,	like	the	truly	3-dimensional	models,	such	models	do	permit	the	introduction	of	horizontal	and	vertical	subsurface	drainage	systems.Semiconfined	aquifers	with	a	slowly	permeable	layer	overlying	the	aquifer	(the	aquitard)	can	be	included	in	the	model	by	simulating	vertical	flow	through	it
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groundwater	flow	models.	In:	The	double	constraint	inversion	methodology.	Springer,	Cham,	pp	1533	Google	Scholar	Groundwater	modelling	is	a	powerful	management	tool	which	can	serve	multiple	purposes	such	as	providing	a	framework	for	organizing	hydrologic	data,	quantifying	the	properties	and	behavior	of	the	systems	and	allowing
quantitative	prediction	of	the	responses	of	those	systems	to	externally	applied	stresses.	No	other	numerical	groundwater	management	tool	is	as	effective	as	a	3-dimensional	groundwater	model.	A	groundwater	flow	model	is	intended	to	calculate	the	bulk,	or	average,	rate	and	direction	of	movement	of	groundwater	through	aquifers	and	confining	units
in	the	subsurface.	These	calculations	are	referred	to	as	simulations.	Numerical	groundwater	models	are	based	on	numerical	approximation	of	both	space	and	time.	Basically	there	are	two	types	of	models,	they	are:	Prediction	models,	which	simulate	the	behavior	of	the	groundwater	system	and	its	response	to	stress	and	Resource	management	models,
which	integrate	hydrologic	prediction	with	explicit	management	decision	procedure.Prediction	models	are	the	most	used	groundwater	models	till	date.	These	prediction	models	are	divided	into	two	major	categories	they	are	flow	and	contaminant	transport	models.	Center	of	Excellence	(CoE)	for	Groundwater	Modeling	has	been	set	up	under	NHP	at
NDC,	CGWB,	Faridabad	to	coordinate	the	modelling	activities	with	the	existing	manpower.	Major	role	of	CoE	is	to	coordinate	the	activities	related	to	Ground	Water	Modelling	and	organize	regular	presentations	for	sharing	of	knowledge	through	Ground	Water	Modeling	Talk	Series.	The	modelling	work	in	CGWB	would	be	facilitated	by	Center	of
Excellence	at	Bhujal	Bhawan,	Faridabad	through	four	regional	hubs	which	would	further	coordinate	with	the	regions	falling	under	their	zone	as	given	below:	Regional	Hub	Location	Regions	North	NR,	Lucknow	NWR,	Chandigarh/	NWHR,	Jammu/	NHR,	Dharamshala/	UR,	Dehradun/	SUO,	Delhi	South	SECR,	Chennai	SR,	Hyderabad/	SWR,	Bangalore/
KR,	Trivandrum	East	SER,	Bhubaneswar	ER,	Kolkata/	MER,	Patna/	NER,	Guwahati	West	WCR,	Ahmedabad	WR,	Jaipur/	NCR,	Bhopal/	NCCR,	Raipur/	CR,	Nagpur	The	officers	identified	have	been	grouped	as	mentors	and	associates.	Three	officers	posted	at	the	Center	would	assist	in	the	establishment	of	CoE	and	will	further	coordinate	with	the
regional	offices	to	monitor	the	modelling	works	as	assigned.	The	officers	who	are	involved	in	the	ground	water	modelling	work	and/or	have	been	trained	on	ground	water	modelling	at	IHE,	Delft	have	also	been	identified	for	association	with	CoE.	The	modeling	frame	work	document	prepared	by	the	CoE	can	be	accessed	from	the	link	below:	Ground
Water	Modeling	Frame	Work	Document	Various	reports	on	Ground	Water	Modeling	studies	carried	out	by	CGWB	is	in	the	below	given	link:	Modeling	Reports	Deciding	which	specific	groundwater	model	meets	your	unique	operational	requirements	and	project	objectives	can	be	overwhelming.	Numerous	options	and	choices	associated	with	various
groundwater	modeling	approaches,	ranging	from	simple	analytical	models	to	intricate	numerical	simulations	coupling	surface	and	groundwater	data,	add	to	the	challenge.	Each	model	includes	unique	assumptions,	limitations,	and	applicability,	while	the	firms	creating	the	models	use	different	methods,	tools,	and	calibration	standards	as	well.	For	that
matter,	groundwater	modeling	involves	a	lot	of	specialized,	unfamiliar	terms	and	vocabulary	adding	to	the	general	confusion	around	choosing	a	model.	Terms	like	finite	difference,	hydraulic	conductivity,	recharge	rates,	and	transmissivity	are	just	the	beginning	of	the	scientific	and	modeling-specific	terminology	that	may	make	the	whole	topic	seem
opaque	and	overwhelming.	But	this	industry	jargon	is	fundamental	to	the	science	of	accurate	groundwater	modeling,	and	understanding	the	definitions	and	use	of	these	terms	is	essential	to	making	informed	decisions	about	groundwater	basin	model	selection	and	use.	Determining	the	right	cost	for	a	particular	groundwater	basin	model	can	be	equally
challenging.	Project	complexity	and	modeling	requirements	affect	the	scope	of	work	and	expertise	needed	to	produce	an	accurate	model.	Competing	bids	may	make	the	decision	more	challenging	and	add	more	confusion	to	the	model	quality	and	utility	evaluation	process.	A	relatively	inexpensive	model	may	look	good	on	paper	for	saving	project	funds
up	front	but	can	result	in	catastrophic	errors	and	later	losses	if	the	project	fails	to	produce	the	needed	outcomes.	On	the	other	hand,	a	model	with	higher	production	costs	may	save	significant	project	expenditures	by	achieving	project	objectives	and	avoiding	costly	rework,	fixes,	or	potential	litigation.	Knowing	what	kind	of	model	works	best	for	a
particular	basin,	project,	or	water	production	challenge	empowers	utility	leaders	to	effectively	address	basin	management	complexities.	Groundwater	models	can	be	categorized	into	three	primary	types:	analytical,	numerical,	and	hybrid	models.	Analytical	Models:	Using	simplified	equations	to	estimate	groundwater	flow,	typically	under	steady-state
conditions,	analytical	models	enable	quick	assessments	for	smaller-scale	projects	where	detailed	hydrogeological	data	may	not	be	available.	However,	their	simplicity	can	also	limit	efficacy	or	applicability	in	more	complicated	scenarios.	Common	analytical	model	examples	include	the	This	equation	and	the	Dupuit	equation	which	help	estimate	aquifer
properties	based	on	observed	data.	Numerical	Models:	Designed	to	evaluate	intricate	hydrological	processes,	numerical	models	address	complex	scenarios	involving	heterogeneous	aquifer	characteristics	and	varying	boundary	conditions.	Numerical	models	are	critical	for	large-scale	basin	assessments	and	complex	projects	requiring	comprehensive
detail	and	accuracy.	A	leading	numerical	model,	MODFLOW,	provides	versatility	and	represents	transient	groundwater	flow	and	solute	transport.	Hybrid	Models:	Combining	tools	and	methods	from	each	modeling	approach,	a	hybrid	model	may	be	used	for	a	complex	project	with	extensive	accuracy	requirements	but	where	detailed	hydrogeological
data	is	unavailable	for	some	part	of	the	basin	or	project	area.	Finite	difference	models,	particularly	MODFLOW,	are	essential	tools	for	hydrological	studies	and	provide	a	robust	framework	for	simulating	groundwater	flow	and	transport	processes.	MODFLOW	operates	on	a	finite	difference	basis,	breaking	an	aquifer	into	manageable	grid	cells	to	enable
detailed	representation	of	complex	hydrogeological	features.	Finite	difference	models	accommodate	various	spatial	scales	and	geometries,	and	support	a	wide	range	of	groundwater	management	scenarios.	These	models	effectively	incorporate	various	boundary	condition	types	and	can	accurately	simulate	variable	conditions	to	model	groundwater	flow
fluctuations	at	different	times	and	circumstances	such	as	drought	or	deluge.	Enhancing	model	reliability	requires	integrating	surface	water	models	that	simulate	water	flow	across	the	basin	with	a	dynamic	response	to	rainfall	and	other	climatic	variables.	Integrated	basin	models	combine	surface	runoff,	infiltration,	and	aquifer	recharge	to	represent
all	water	movement	within	the	system.	MODFLOW,	developed	and	supported	by	the	USGS,	is	a	vetted,	industry	standard	software	and	represents	a	best	practice	starting	point	for	a	validated	and	defensible	groundwater	model.	The	family	of	MODFLOW-related	programs	support	simulating	site-specific	or	project-specific	items	of	interest	including:
GSFLOWcoupled	groundwater/surface	water	systems	MODFLOW-NWTproblems	with	unconfined	groundwater	flow	MT3D-USGS,	MT3DDMSsolute	transport	SEAWATvariable	density	flow	including	saltwater	SUBaquifer	system	compaction	and	land	subsidence	PESTparameter	estimation	Linking	groundwater	and	surface	water	models	provides
critical	insight	into	the	interactions	between	surface	water	and	groundwater.	Since	surface	water	flow	significantly	impacts	aquifer	recharge	rates	and	water	availability,	accurate	groundwater	level	and	flow	pattern	predictions	rely	on	model	integrations	and	are	vital	for	utility	leaders	ability	to	deliver	effective	water	resources	management.	The	first
and	second	installments	of	our	Groundwater	Models	101	guide	focused	on	choosing	the	right	partner	for	your	needs	and	the	different	groundwater	models	and	their	applications.	Our	third	post	explains	why	groundwater	models	should	be	calibrated	and	outlines	potential	consequences	of	using	an	inadequate	model	or	skipping	model	development
altogether.	Read	more	about	how	Geosciences	integrated	groundwater	model	helped	Southern	California	communities	with	planning	and	sustainability:Integrated	Santa	Ana	River	Model	This	article	provides	an	overview	of	groundwater	modelling,	a	tool	used	to	understand	and	manage	groundwater	resources.	The	article	explains	the	three	main	types
of	groundwater	models:	analytical,	numerical,	and	hybrid	models,	and	outlines	the	stepwise	methodology	of	groundwater	modelling.	The	components	of	groundwater	models	are	also	discussed,	including	the	geological	and	hydrogeological	framework,	boundary	conditions,	flow	equations,	contaminant	transport,	and	model	calibration	and	validation.
Groundwater	modelling	is	essential	for	sustainable	groundwater	use	and	protection	and	can	provide	insights	into	complex	groundwater	systems	that	cannot	be	easily	observed	through	direct	measurements.
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