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SCOPE

Introduce the issue of data richness and complexity in groundwater (gw) management
and modeling through few sample cases;

Discuss benefits and shortcomings of different strategies in coupling spatial databases,
GIS and gw modeling, addressing open questions as loose vs. tight coupling, and
data-centered information systems;

Introduce mature spatio-temporal data management issues through:
Proprietary ESRI geodatabase architecture and ArcHydro/gwHydro data models;
Native spatial databases using OS (Open Source) PostgreSQL/PostGIS.

Discuss two sample coupling case studies:

Feflow-ArcGIS: embedding groundwater modeling engine in GIS to enable ArcGIS users to design and
perform scenarios simulations backed up by geodatabase contents (models, boundary conditions, surface
water levels, wells discharges);

Design of native spatial database for groundwater monitoring, PostGIS implementation and integration
with GIS and groundwater modeling environments. Feflow support to native PostgreSQL/PostGIS or
Oracle spatial databases, towards more effective .information systems.
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Advantages of using Numerical Modeling in Water Resources &
Management and Managed Aquifer Recharge schemes
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3D FLOW MODEL TO ASSESS CONTAMINATED GROUNDWATER
FLOW CONTAINMENT

90 (d] i)

Streamtraces from upstream top aquifer

Streamtraces from reinjection wells

Advantages of using Numerical Modeling in Water Resources
Management and Managed Aquifer Recharge schemes

Input data:

Hydrological and hydrogeological
properties;

Wells screening geometry;

Wells discharge;

Recharge at wells;

Hydrochemical data.

Modeling set up:
2D/3D mesh;

Boundary conditions (inflow,
rivers, channels).

Computed data:
Piezometric heads;
Streamtraces;

Concentrations.

And most of data being variable
in space and time

Pisa, April 21st 2015



SALT WATER INTRUSION AND LOCAL UPCONING PHENOMENA
RELATED TO GROUNDWATER SUPPLY ALONG COASTAL AREAS

EU funded project focused on
water master plan in southern
part of Dominican Repubilic,
1997-2000

Salt water intrusion modeling
with Tough?2 along vertical
sections transversal to sea coast
in a highly permeable limestone.
Salinization already affects Santo
Domingo wells field located
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SIMULATION OF SALT WATER INTRUSION DUE TO OVERPUMPING AT
A COASTAL WELLS HYDRAULIC BARRIER

Crestdz et al., 2009, 2012 R~ S S
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COMPLEX TOOLS INTERLINKING IN SPATIAL DECISION SUPPORT
SYSTEMs (SDSSs) FOR SUPPLY vs. DEMAND ANALYSIS

Spatio-temporal data, both observed and computed after numerical simulations, are key
components of any SDSS. Mature data management strategies are highly beneficial to
effectiveness of the decision making process, improved quality, better allocation of

responsibilities ...

Monitoring
Systems

Databases

GIS

LT
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Surface Water
Groundwater

Climate

;

Kresic and Stevanovic (2009)
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GEO-SIMULATION AND COUPLING STRATEGIES

Loose coupling

=

System enhancement

Application

Virtual

Tool functions compiled

Spatial
Analysis etc J cality
; Tight coupling
Models of
processes
GIS Tool into GIS, or
or GIS functions compiled
Tool into tool
Computer
Simulation
Full integration
Tool fully
integrated within
GIS technology
Fisher (1994)

Iser
Interface

Mandl (2000)

GIS and gw models interchanging data through shape files
Native spatial databases as.common data provider backbone for GIS, spatial statistics,

advanced geovisualization and gw modeling
Gw modelling environments:as advanced dedicated 3D temporal GIS

Pisa, April 21st 2015
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ESRI GEODATABASE: EXTENDING ARCHYDRO DATA MODEL TO
COPE WITH FINITE DIFFERENCE NUMERICAL MODELS

ESRI Classes:Object ArcHydro and gw Hydro data models

-lUnits : IUnitsType =0
-tUnits : tUnitsType = 0
-ty : AquiferType =0

-FdModellD : esriFieldTypelnteger = 0
-ip : esriFieldTypelnteger = 1
-tp : esriFieldTypelnteger = 1

+OBJECTID : esriFieldTypeOID = :
empora
T A
_/) \ Time
Surface water ' Time Series | &Y Groundwater
TSType ff o
TimeSeries 'TSTypeID : esriFieIdTypeInteger Drainage System  Hydrg .\.'él-\\‘mk .,\I\lmfc‘ ﬂ “{:l[l
RppRT=T N -Variable : esriFieldTypeString
-FeaturelD : esriFieldTypelnteger TSTypeHasTimeSerids LUnits “eeriFieldTypaString g = — il
-TSTypelD : esriFieldTypelnteger IsRegular : AHBoolean ¥ ; m_m (1
-TSDateTime : esriFieldTypeDate -TSIntervaI.’ TSIntervalType v 7 - P ('
-TSValue : esriFieldTypeDouble -DataType : TSDataType Hydiopaly ('h;nncl\é,\»mu Hydrogeologic unit Borehole
-Origin : TSOrigins
FdModel
. — - i i Extending ArcHydro
-Title : esriFieldTypeString = Model _FdModel _FdModelTimePeriods FdModelTimePeriods g Y

database model to
manage gw finite

-tyModel : ModelType = 0

-an : AHBoolean = 0

-anf : esriFieldTypeDouble = 1

-t0 : esriFieldTypeDate = 1/1/2000
-np : esriFieldTypelnteger = 1

-ns : esriFieldTypelnteger = 1

-xt : esriFieldTypeDouble = 1

-im : esriFieldTypelnteger = 1

-er : esriFieldTypeDouble = 0.0001

For TimeSeries class, FeaturelD is the
HydrolD of the feature or other object
associated with a time series; this is
repeated for each element (row) in a
TimeSeries table.

difference numerical
models

With both CrossSectionGeometry and
TimeSeries classes, multiple rows are
required to describe one geometry or one
time series. Additional software extensions
will be needed to make full use of the data.

Time series for multiple features can be
held in a single table, however it is
common for each feature's time series to
be held in a different table.

Maidment (2002), Crestaz (200Q3), Strassberg et aln(2011)
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ESRI GEODATABASE: SPATIO-TEMPORAL DATA QUERYING AND
EDITING BASED ON ARCHYDRO DATA MODEL

=3 GeoDb s
Oy o on of hydrogeological monitoring network wells
=3 CaseStudy N T
: 1 enti H
=y Base _m - | 3
; . entify from: Top-most | v
B&Slrl i U - i <Top-most layer> =
-] coastiine CRSEE. g | I o monss 2] tocaten: |

e g e A = Field |Va|ue
B@ Hydrology e == 1 OBJECTID 687

.. f59] o : e mDate 211071997

: \ p i m 0.099
- - gid 518
0 relWellTS P es : 4 % tsTypeld 21
""" s » il ‘ Identified 1 feature
5 _ioix
OBJECTID* | TSTypelD* Variable Units IsRegular TSInterval DataType Origin
1 1 |PumpingR ate ma’s False | <Null> Instantaneous Fecorded
2 2| WaterT ableDepth m False | <Null> Instantaneous Recorded
3 3|Recharge més False | <Null> Average Recorded
» 4 4 |PiezometricHead m False{ <Null> Instantaneous ;l Generated
<Null> |
Cumulative
Record: 14] 4 | P Shovwl Al Select d| Records (0 out of 4 Selected. i -I Incremental
_‘_] _I_I e 0 ) Options ~| £ Beree
M aximum
Minimum |
B3 Attributes of Well =10 x|
JunctionlD wellCode wellType wellDwner wellZ wellZSource welldMean
» | <Null> w1 Drilled ‘Well: non-artesian ¥ || M 10 TopographicSurvey -0.005
<MNull> wi2 <MNull> Mry' 20 GPS -0.01
Borehole
Dug Well: non-artesian
_!_l Dug Well: artesian not-overflowing l » l
Dug Well: artesian overflowing
. Dug Well: recharge g
Recard: 14 ill 1 _P]ﬂ] D gWeII: e 9 Ml out of 2 Selected.) Options -l 2
Drilled \Well: non-artesian

Drilled ‘Well: artesian not-overflowing

Drilled Well: artesian overflowing ®
Drilled ‘Well: recharge
Drilled "Well: diy
' o w
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FEFLOW-ARCGIS CASE STUDY: GENERAL CONCEPT AND
NUMERICAL ENGINE FULLY-EMBEDDED IN GIS

GIS Modeling GIS
environment Front-end applications
Numerical engine Numerical engine
Fy
/_l\ Read/Write
1
Spatio- %. Spatio-
temporal ) g temporal
database = database
3
I % Spatio-temporal monitoring data feeding groundwater
[ models, modeling outputs, models themselves can be stored
Spatial to GIS geodatabase.
files o As the numerical engine is tight coupled within the GIS and
data migration from/to geodatabase automatically performed,

(i.e. shapefiles) | |~ : . . .
— users can design and conduct numerical simulations from

\/f'/_- within the platform.

Advantages of using Numerical Modeling in Water Resources = r st
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FEFLOW-ARCGIS CASE STUDY: SPATIO-TEMPORAL GEODB DESIGN
TO MANAGE FEFLOW SIMULATION DATA

(i TimeSeries R
3'% 6 fzegergg; x”::ag:e = :a:se | Fefestonestode f Meshodes b
oele integer ) - - - - -------- - : 2
Time dateg Nullable = false Has measure :::‘;e::; "n}:gi;::’? 'L"I::T’: % :a:se >Oﬁ_ﬂesh node refers to
odeliD  intege B e, ) — — - — = ————— -
SimulationTime integer(10) Nullable = false Shape blobg Nullable = false :
e OMLIRA e T Sice  integer(10)  Mulable = false |
Concentration float(10)  Nullable = true :
T -R-e;er.s-tlo #ScenarioQID integer(10) Nullable = false |
: #MeshNodesNodelD integer(10) Nullable = false 3 7, :
: \. J :
| |
| |
| |
I (: Scenario ) (i FeflowModels R Has mesh node I
= -H;s-m-e;szuj “|+0ID integer(10) Nullable = false +D integer(10) MNullable=false [~~~ "~
Name varchar(255) Nullable = false Name varchar(255) Nullable = false
Description  varchar(255) Nullable = false Description ~ varchar(255) Nullable = false
State bit Nullable = false Model blob Nullable = false
Moclel integer(10)  Nullable = false NoSlices integer(10)  Nullable = false
Model_start time(7) Nullable = false NoLayers integer(10)  Nullahle = false
Model_end time(7) Nullable = false ReferenceDate date Nullable = false
Defintion  integer(10)  Nullable = false InttialTime integer(10)  Nullable = false
UserName varchar(255) Nullahle = false FinalTime integer(10)  Nullable = false
\ 7, Resutts integer(10)  Nullable = false
X 7

Crestaziet al. (2012b)

Advantages of using Numerical Modeling in Water Resources
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FEFLOW-ARCGIS CASE STUDY: CONCEPTS AND GUI TO MANAGE 1-
D INTERPOLATION ALONG BOUNDARY CONDITIONS

N

Spatio-temporal data
migration from geodb to
finite element mesh by linear
interpolation

Elevation

-
@ Link Definition

Select FEFLOW Target Parameter: | -*. FEFLOW Boundary Condition 1D Interpolation

—Boundary Condition Target

& (O HydraulicHead BC ¢ 3 Fluid-fluxBC () Fluid-transfer BC

—Data Source Settings

Source Feature Class: IPUmjD j'

Definition Query for Source: I'I'IpoPunto = 'LivelloCanale'

Build Query |

—Data Link Settings

{* 4 Link data to constant slice: ¢ [ Link data to slice from attribute:
[1 = JosEcTID |
& Assign value from attribute: ¢ [ Assign value from time series:

IQUOTA?Bocc vl Time Series Settings

Source Field: IOBJECI‘ID VI Time-Series Table:

Time-Series Key Field:

Time-Series Date Field:

JJJJ

Time-Series Value Field:

Input-data unit: I[m] - I

—Selection Settings

Snap Distance: | 1000 [m]

1D Line Selection Settings

Selection Class Query: I Build Query |

Meighborhood Distance: 0.05

¥ Extrapolate along selection line

Limiting Palygonal Selection

Selection Line Feature Class: ISDSS_Surface\'\u'ater_PonIine > | M Limit Selection by Polygons:

Advantages of using Numerical Modeling in Water Resources
Management and Managed Aquifer Recharge schemes
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FEFLOW-ARCGIS CASE STUDY: GUI FOR SETTING UP BOUNDARY
CONDITIONS BASED ON GEODB CONTENTS

Select FEFLOW Target Parameter: | @ FEFLOW Initial Hydraulic Head -

FEFLOW Initial Hydraulic Head

Data-Source Settings +". FEFLOW Boundary Condition 1D Interpolation
. FEFLOW Boundary Condition Assignment
Source Feature Class: F ﬁ_ FEFLOW In-/Outflow on Top
& FEFLOW MultiLayer Wells
Mefinitinn Moy foar Sanres: r B 211 T
r ™
@ Link Definition . = |2 S|
Select FEFLOW Target Parameter: FEFLOW Initial Hydraulic Head -
—Data-Source Settings
Emirce Feature Class: |SDS5_BCDirichlet_Layer1 |
Definition Query for Source: I Build Query |
—Data-link Settings
f* 4 Link data to constant slice: ¢~ [ Link data to slice from attribute:
1 == JosECTID ~]
&[] Assign value from attribute: L Assign value from time series:
IDEJEC‘I‘[D LI —Time Series Settings
Source Field: IOBJECI'ID vl Time-Series Table: I LI
Time-Series Key Field: I vI
Time-Series Date Field: I vI
Time-5Series Value Field: I vI
Input-data unit: I[m] ;l

Advantages of using Numerical Modeling in Water Resources
Management and Managed Aquifer Recharge schemes
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NATIVE SPATIAL DATABASES: DEFINITION AND KEY FEATURES

Spatial data|Support to new spatial data types, as vector SDO_GEOMETRY in Oracle
model and geometry/geography in PostGIS. Raster data support in Oracle
Spatial and PostGIS 2.x (Kothuri et al., 2004; Obe and Hsu, 2011)

Spatial data|Spatial data loading utilities enable easy import of external spatial data

loading sources, as shape files loaders for Oracle (SDO2SHP) and built-in
features PgAdmin Il facilities for PostgreSQL/PostGIS

Spatial Traditional binary trees indexes, not effective on multi-dimensional
indexing spatial data, are complemented by spatial indexes, as Rtree family for

vector and quadtree for raster data (Worboys, 1995; Worboys and Duckman,
2004)

Spatial query |SQL, the traditional declarative RDBMS database lingua franca, is
language extended, according to OGC and ISO, to provide additional capabilities
to create, process, query and analyze spatial data (Obe and Hsu, 2011)

Advantages of using Numerical Modeling in Water Resources
Management and Managed Aquifer Recharge schemes
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NATIVE SPATIO-TEMPORAL DATABASE-CENTERED ARCHITECTURES

ORACLE (XE up to Enterprise+Spatial Oracle) and PostgreSQL/PostGIS are prominent
examples of native spatial databases. They can be accessed through dedicated clients (as
pgAdmin Ill), GIS tools, or embedded in web applications. Read/write access from/to gw
modeling environments can be implemented to develop enterprise data-centered
architectures

L |
i

et e e

A i
B A . &
! s o &
= O .':. :

|

|

|

|

I Hative Spatig-

: temporal database

| PostgraSOLP oSS 1
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I 1 b | ' .
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SPATIO-TEMPORAL DATABASE DESIGN

Domain dmDataType INT NOT MULL DEFAULT 1
CHECK (VALUE =1 OR --Instantaneous data

Point VALUE =2 OR  -- Cumulative data
VALUE =3 OR  --Incremental data

- id: serial "..-'.:E'LLL,IE =_-f.1 I.‘?F% - Aa,f.er;?ge datda |
- rDate: timestamp : :itag — OR 'r'1rf‘*1f*x'm“r;"'_ ata
- code: varchar(150) i VALUE=6); —-Minimumdata |
- Qe0m; geometry T T T R T T TPy .

- Domain dmOrigin INT NOT NULL DEFAULT 1 .

_ CHECK (VALUE =1 OR - Obsarved
] VALUE =2); - Computed
well 1 refers to ts 0= refers to tsType
- grEley: double has 07 lid serial s of type " -id serial
-whElev: double -gld Integer - code varchar(o0)
- depth: double -isTypeld integer -variable: varchar{20)
-type: varchar(25) - rDate; timestamp - dataType: dmDataType
- depthpump: double - mDate: timestamp - ongin: dmOrigin
-aquifer warchar(10) -mstr warchar{ 10)
- note: varchar%00) - double
MaidmentR., 2002; Crestaz E;2011; Crestaz.E. et alm2015
Advantages of using Numerical Modeling in Water Resources 2 r
J J J Pisa, April 215t 2015
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SPATIO-TEMPORAL DB IMPLEMENTATION IN POSTGIS: GEOMETRY
ATTRIBUTES AND CONSTRAINTS CREATION

SQL (Standard Query Language) is declarative and easy to learn and use. Spatial data
management adds some complexity, but not too much ... Benefits are worth the effort!

Look at monitoring point table creation and constraints enforcement (spatial reference
system and geometry primitive)

CREATE TABLE ems.point (
id integer PRIMARY KEY DEFAULT NEXTVAL('seg geom'),
rDate timestamp NOT NULL DEFAULT LOCALTIMESTAMP,
code wvarchar ( ) NOT NULL,
geom geometry NOT NULL) ;

ALTER TABLE ems.poilnt ADD CONSTRAINT enforce srid geom
CHECK (st srid(geom) = ) ;

ALTER TABLE ems.point ADD CONSTRAINT geom point check
CHECK (geometrytype(geom) = 'POINT'") ;O

Advantages of using Numerical Modeling in Water Resources = r st
Management and Managed Aquifer Recharge schemes Pisa, Ap"l 21 2015



SPATIO-TEMPORAL DB IMPLEMENTATION IN POSTGIS: INHERITED
TABLE CREATION AND SPATIAL INDEXING

OO (Object Oriented) inheritance concept implemented at monitoring well table
creation and spatial indexing on geometry field

CREATE TABLE ems.well (

grElev double precision, —-— Ground elevation
whElev double precision, —-— Well head elevation
depth double precision, -— Well depth

type varchar (”5) NOT NULL, -- Type (w,p,t)
depthpump double precision, -- Pump depth

aquifer wvarchar(10), -— Aquifer code

note wvarchar ( ), -— Notes

CONSTRAINT pk point PRIMARY KEY (id),
CONSTRAINT type well check CHECK (type IN ('w','p','t'"))
) INHERITS (ems.point);

CREATE INDEX 1dx point geom ON ems.point USING GIST (geom) ;
CREATE INDEX 1dx well geom ON ems.well USING GIST (geom) ;

Advantages of using Numerical Modeling in Water Resources
Management and Managed Aquifer Recharge schemes
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SPATIO-TEMPORAL DB IMPLEMENTATION IN POSTGIS: VIEWS

CREATE OR REPLACE VIEW
SELECT ts.1d,

w.code,

w.whelev,

w.geom,

ts.mDate,

ts.m,
tsType.code a
tsType.variab
tsType.units,

w.whelev=-ts.m as h

CREATION

pgaleria.view h AS (

Unique ID
Well code

(to be used in GIS)

Well head elevation

Well location

Measurement date

Measurement

s mCode,
le,

FROM pgaleria.well w,

pgaleria.ts ts,
pgaleria.tsType
WHERE w.id = ts.gid
ts.tstypeid
tsType.code

tsType

AND
tsType.1id
'DEGY)

AND

(depth from Ground, m)
Measurement code
Extended description
Measurement units

Computed head (m asl)

—-—- Table relationship
—-—- Table relationship
—— Measure type



SPATIO-TEMPORAL POSTGIS DB: ACCESS DATA SOURCE FROM
DIFFERENT GIS AND WEB APPLICATIONS

4 qais 220vamien [ e
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DHI-WASY FEFLOW: MAPS AS A DATA SOURCE

Shape files e e
Q_ProgettoEcothermBarrieraEst i Parameters a
D w Max, hydraulic-head constra...
D1 4 & WellBC
CODE I Medulation function
WHELEV — Min. hydraulic-head constrai...
MDATE — Max. hydraulic-head constra...
Q 4 & Multilayer Well
MCODE 4 Type
VARIABLE = :Rate
UMITS Min. hydraulic-head constraint
S ’s’*" = *'H'* B = = TOPSCREEN Max. hydraulic-head constrai...
e PeIeh BOTSCREEN Radius T
4 ESRI Shape Files RADIUS Top elevation
4 =1 Q ProgettoEcothermBarrieraEst RATE_M3D Bottom elevation !
4 Linked attributes E;E];.L.JLL ngt: to gnp |
~ = th t it
<multiple> -> Multilayer Well Q2M3H N?sne o meRem
Default Q_1mM3H 0 Specific storage (compressibility)
Q 1M3H 12 4 Material Properties
Q_M3D_ECOT 24 Fluid flow
Q_M3D_MNOIN i 4 Conductivity A8
Property Value
4 Link Type

Source data unit
Topology Processing
Default Link Selection
4 Data Regionalization Method
Snap Distance 0.00

Change link Remove link

Native spatio-temporal
database

Advantages of using Numerical Modeling in Water Resources = r st
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