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Main Topics of Today’s Presentation

Conception and theory about groundwater system 

History of groundwater simulation

Methods and program of groundwater simulation 

Function and main packages in Modflow based 

programs

Basic process for groundwater model creation

Case study
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in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)
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Overseas working track
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THCHICAL SEMENAR ON 

GROUNDWATER SIMULATION

Part 1
Conception and Theory 

about Groundwater System
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Concept of Hydrologic Circle

Graphic Source: US Department of Transportation
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Concept of Hydrologic Circle
in Land Area
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Water in the World

1,384,517,200Total

10 days13,000 (0.00%)Water vapor

13 days1200 (0.00%)Rivers

Several or several 
hundreds years

219,000 (0.02%)Lakes

0.3 e years25,000 (0.00 %)Soil water

830 years10,100,000 (0.73%)Groundwater

9,600 years24,230,000 (1.75%)Iceberg

3,200 years1,349,929,000 (97.5％)Ocean

Residence timeWater Amount (km3)

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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What is Groundwater?

Water stored in pores, fractures, and small 

cavities below the ground surface.

Groundwater flows through pores in soil and 

through fractures in  rock.
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Grain Size Sorting Effects on Porosity

Well Sorted

Poorly Sorted

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.



WS-6  Groundwater Simulation

6

11

Porosity

V : total volume of soil or rock, 
W: volume of space in soil or rock,
p: porosity in %.

(%)100
V
Wp
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Porosity and Permeability (1)

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.



WS-6  Groundwater Simulation

7

13

Porosity and Permeability (2)
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Photo of Fissure WaterPhoto of Fissure Water

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
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Typical Porosity Values

Well sorted sand 0.25-0.50 (25-50%)

Poorly sorted sand 0.20-0.35 (20-35%)

Silt 0.35-0.50 (35-50%)

Clay 0.35-0.60 (35-60%)

Till 0.10-0.30 (10-30%)

Rock 0-0.02 (0-2%)

Weathered Rock 0.0-0.60 (0-60%)
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What is Aquifer?

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Confined and Unconfined Aquifers

18

Recharge, Flow and Discharge

Precipitation

Blocking by Plants （precipitation will be evapoed
without getting to the ground surface)

Howe
Storage

Percolation

Percolation

River course

River flow

Groundwater Flow

Surface
runoff

Rapid interflowGroundwater
Discharge

Evapotranspiration

from plants

Evaporation

Water Table

Slow interflow

Ground surface
retension & runoff

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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19The watertable with and without infiltration (precipitation). 

Effect of Precipitation on
the Watertable with No Initial Flow.

Water table:
No infiltration.

Water table:
Infiltration.

20

Effect of “mounding” on groundwater flow.

Looking in Detail at Local Flow Directions

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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21The watertable with and without infiltration (precipitation).

Effect of Precipitation on 
the Water Table with Horizontal Flow.

Water table:
No infiltration.

Water table:
Infiltration.

22

Effect of Effect of ““moundingmounding”” on groundwater on groundwater 
flowflow -- with initial or background flow.with initial or background flow.

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Drawdown

Drawdown = (Static Water Level before Pumping)
- (Dynamic Water Level during Pumping)

24

The Water Budget for an Unconfined Aquifer

Local groundwater elevations in wells are a function
of the following:

Whether confined or unconfined aquifer;
Differences in the static head of various “sources;
Partitioning of precipitation among infiltration, surface

runoff and evapotranspiration (vegetation);
Local production of water from wells;
Hydraulic conductivity or transmissivity.

Water

Water

Infiltration (Precipitation, etc.)

(What affects the local elevation of the watertable?)

Discharging
wells

Evapo-
Transpiration

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Pumping Confined GroundwaterPumping Confined Groundwater

Q = pumping rateQ = pumping rate

Confined Aquifer

Impermeable above and below aquifer

t = 0t = 0
t > 0

26

Pumping Unconfined Groundwater

Impermeable BaseImpermeable Base

at t = 0at t = 0.

QQ

t > 0t > 0

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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WellWell

Pumping Confined Groundwater
(Plane View)

28

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Details on the Geometry of Drawdown and 
the “Cone of Depression”.
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Discharge to and from Stream

Groundwater discharges 
to Stream.

Stream Water discharges 
to Groundwater.

Groundwater Recharge Groundwater Recharge 
from Streamfrom Stream

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Groundwater Flow

Groundwater flows from 
areas of high pressure (or 
hydraulic head) to areas of 

low pressure.

When a well is constructed, 

groundwater is removed 

through the well (artificial 

groundwater discharge).

32

1000 m1000 m

Leaking Gasoline Tank

Drinking
Water
Well

Groundwater Flow Direction

92 m

87 m

104 m

Monitoring Wells with values of hydraulic head.

88
89

90
91

95
98

101

95 98 101

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Darcy’s Law

Q (volume of water/time)

A

B
L

dh = hB - hA

Q L
hhKV AB 

Frencher, 1856

34

Hydraulic Conductivity, K

Slope of line = K
Q/A

(hB - hA) / L L
hhAKQ AB 

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Hydraulic Gradient

dl = 20 m, dh = 10 m

dh/dl = 0.5

dh

20 m

380 masl

400 masl

410 masl

36

Effect of Hydrological Conductivity (K) 

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Effect of Hydrological Conductivity (K) 

38

Transmissivity of Confined Aquifer

T = K × b
T : Transmissivity [L2/T]
K : Hydraulic Conductivity [L/T]
b  : Thickness of Aquifer [L]

Confining 
Layer

Confined 
Aquifer

K = 10 m/dayK = 10 m/day b = 10 mb = 10 m

T = K × b
= 10 m/d×10 m
= 100 m2/day

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Transmissivity of Unconfined Aquifer

T = K × h
T : Transmissivity [L2/T]
K : Hydraulic Conductivity [L/T]
h  : Thickness of Saturated Zone [L]

Unconfined Aquifer

hhSaturated ZoneSaturated Zone

40

Groundwater FlowGroundwater Flow

Partial penetration effects occur when the intake of 
the well is less than the full thickness of the aquifer

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Groundwater FlowGroundwater Flow

Multiple screened sections distributed over the entire 
saturated thickness functions more efficiently for the 
same open area.

42

Confined Aquifer

Confining Layer

Confining Layer

Cross-Sectional area, A

Initial Head





A

VwS

Storage Coefficient, S

Volume of
Released Water, Vw

Unit Decline of
Head,  Head after Unit Drop

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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The storage properties of 
unconfined aquifers are usually 
dominated by gravity drainage.

Define 
Specific 

Yield.

Storage in an Unconfined Aquifer

44

Groundwater Balance EquationGroundwater Balance Equation

   
dt
dStDtR 

R(t):    Recharge to a Groundwater Basin
for a period

D(t):    Discharge from the Groundwater Basin
for the period

dS/dt: Storage change in the Groundwater Basin 
for the period

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Groundwater Balance EquationGroundwater Balance Equation

   
dt
dStDtR 

[Income] [Income] –– [Expenditure] = [Money in your wallet][Expenditure] = [Money in your wallet]

IncomeIncome ExpenditureExpenditure
RR((tt))

DD((tt))

dS/dtdS/dt

46

Isotropic and Anisotropic

Isotropic
Anisotropic

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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THCHICAL SEMENAR ON THCHICAL SEMENAR ON 

GROUNDWATER SIMULATIONGROUNDWATER SIMULATION

Part 2Part 2
History History ofof Groundwater Simulation Groundwater Simulation 

48

Brief History of GW ModelingBrief History of GW Modeling

Darcy’s Law 1856

Conceptual Model       Early 1900’s

Graphical Model

Physical Model

Analog Model              Early 1960’s

Mathematical Model

Digital Model               Mid-1960’s

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Conceptual ModelConceptual Model

50

Graphical ModelGraphical Model

Flow Net
Geometry

Material Properties
Boundary Conditions

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Physical Model

Sand Tank

52

Analog Model Analog Model ((Rub Sheet ModelRub Sheet Model))

Source：D.K.Todd「Groundwater Hydrology, 2nd」（Wiley,1980)

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Analog 
Model Electrical 

Analog Model

Ohm's LawOhm's Law

V = RI

Darcy's law Darcy's law 

V = KI

The model was prepared 
for Champaign-Urbana 
Illinois Area (circa 1960).

54

Mathematical ModelMathematical Model

Analytical Solution

0

Equation Laplace  thesolved he

2

2

2

2
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Toth (1962) developed a solution for Steady State flow in a 
2-D section from a stream to a divide

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Result of Toth (1962) solution

56

History of Digital Computer ModelHistory of Digital Computer Model

The First Numerical Simulation 
Model was prepared by 

Tyson and Weber (1964)

The model was applied to the study of 
groundwater basin under the coastal 

plain near Los Angeles, California.

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Tyson and Weber (1964) ModelTyson and Weber (1964) Model

A horizontal two-dimensional 
groundwater flow model, which used the 

finite-difference method.

t
hSQ

y
hT

yx
hT

x ∂

∂

∂

∂

∂

∂

∂

∂

∂

∂

















T : Transmissivity,
S : Storage coefficient,
Q : Net external inflow,
h : Head,
t : Time.

58

Themes for Groundwater Flow Theory

Limitation of Darcy Law’s application

 Depends on the flow velocity
 Critical point or range between laminar flow and 

turbulent flow
 Effect of adsorptivity of soil grains

Mechanism of groundwater flow in   
fissure aquifer and Karst aquifer
Parameters about substance transport

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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THCHICAL SEMENAR ON THCHICAL SEMENAR ON 

GROUNDWATER SIMULATIONGROUNDWATER SIMULATION

Part Part 33
MethodsMethods and Programs and Programs 

of Groundwater Simulation of Groundwater Simulation 

60

TheThe Two Main Methods used in the Current Two Main Methods used in the Current 
Groundwater Simulation ProgramsGroundwater Simulation Programs

Finite Element Method (FEM):

Usually Use Triangular Cells

Finite Difference Method (FDM):

Use Quadrangular Cells

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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An Example of FEM Grid

62

An Example of 3-D FEM Grid

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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An Example of 2-D FDM Grid

64

An Example of 3-D FDM Grid

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Model Classification
by Scale of GW Flow

Regional Groundwater Flow Model

Intermediate Groundwater Flow Model

Local Groundwater Flow Model

66

Model ClassificationModel Classification
by Aquifer Structureby Aquifer Structure

Single Aquifer Model
One-Dimensional Model 

or 

Two-Dimensional model 

Multi-Aquifers Mode
Two-Dimensional model
or 
Three-Dimensional model

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Model ClassificationModel Classification
by Model Structureby Model Structure

One-Dimensional (1-D) Vertical Model

Two-Dimensional (2-D) Plane Model

Two-Dimensional (2-D) Vertical Model

Quasi Three-Dimensional (Q3-D) Model

Three-Dimensional (3-D) Model

68

How Many Programs Can We Use

Page1Page1
 3DFATMIC3DFATMIC -- 33--D Subsurface Flow and Transport ModelD Subsurface Flow and Transport Model
 3DFEMFAT3DFEMFAT -- 33--D Flow and Transport Model through SaturatedD Flow and Transport Model through Saturated--

Unsaturated MediaUnsaturated Media
 AQUA3DAQUA3D -- 33--D Groundwater Flow and Contaminant Transport D Groundwater Flow and Contaminant Transport 

ModelModel
 AquiferTest for WindowsAquiferTest for Windows -- Pumping Test and Slug Test Analysis Pumping Test and Slug Test Analysis 
 Aquifer Test ToolboxAquifer Test Toolbox -- Excel Workbooks for Aquifer Test DataExcel Workbooks for Aquifer Test Data
 AquiferWin32AquiferWin32 -- Pump Test and Slug Test Analysis SoftwarePump Test and Slug Test Analysis Software
 AQUIPACKAQUIPACK -- Aquifer Properties and Contaminant Transport Aquifer Properties and Contaminant Transport 

AnalysisAnalysis
 AT123D AT123D -- Analytical Groundwater Transport Model for LongAnalytical Groundwater Transport Model for Long--Term Term 

Pollutant Pollutant 
 BIOF&TBIOF&T 22--D/3D/3--D D -- Biodegradation, Flow and Transport in the Biodegradation, Flow and Transport in the 

Saturated/Unsaturated ZonesSaturated/Unsaturated Zones
 BIO1dBIO1d -- 11--D model which simulates biodegradation and sorption in D model which simulates biodegradation and sorption in 

contaminant transportcontaminant transport
 ChemfloChemflo -- Simulates Water and Chemical Movement in Simulates Water and Chemical Movement in 

Unsaturated SoilsUnsaturated Soils

http://www.scisoftware.com/html/products.html

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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How Many Models Can We Use
http://www.scisoftware.com/html/products.html

Page2Page2

 FEFLOWFEFLOW -- Finite Element Subsurface Flow SystemFinite Element Subsurface Flow System
 ChemFluxChemFlux -- Finite Element Mass Transport ModelFinite Element Mass Transport Model
 FLONET/TRANSFLONET/TRANS -- FLONET/TRANS 2FLONET/TRANS 2--D crossD cross--sectional sectional 

groundwater flow and transport groundwater flow and transport 
 FLOWPATH IIFLOWPATH II -- 22--D Groundwater Flow, Remediation, and D Groundwater Flow, Remediation, and 

Wellhead Protection ModelWellhead Protection Model
 GFLOW 2000GFLOW 2000 -- Conjunctive Surface Water and Groundwater Conjunctive Surface Water and Groundwater 

FlowFlow
 GMSGMS -- Groundwater Modeling System Groundwater Modeling System -- Sophisticated Sophisticated 

Groundwater Modeling Groundwater Modeling 
 Groundwater VistasGroundwater Vistas -- Advanced Model Design and Analysis for Advanced Model Design and Analysis for 

MODFLOW, MODPATH, MT3D, and so on.MODFLOW, MODPATH, MT3D, and so on.
 Kinetic/EquilibriumKinetic/Equilibrium Reactions in SaturatedReactions in Saturated--Unsaturated Media Unsaturated Media 

ModelModel

70

Example of HP of
a Commercial Software Site 

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Example of HP of 
a Free Software WEB Site 

72

Famous Software for 
Groundwater Simulation

PMwin (Processing MODFLOW)PMwin (Processing MODFLOW)
IntegratedIntegrated simulation system for modeling simulation system for modeling 
groundwater flow and transport processesgroundwater flow and transport processes

Visual MODFLOW Visual MODFLOW 
The most easyThe most easy--toto--use modeling environment use modeling environment 

GMS (Groundwater Modeling System)GMS (Groundwater Modeling System)
The newest and most comprehensiveThe newest and most comprehensive
groundwater modeling software available groundwater modeling software available 

FEFLOWFEFLOW
Different from the above three programs by Different from the above three programs by 
using FEM but not Modflowusing FEM but not Modflow

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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About MODFLOW
Most famous, but is not perfect. Most famous, but is not perfect. 

Very difficult to be modifiedVery difficult to be modified

Five times Five times renewedrenewed. The newest version . The newest version 

(Modflow 2005)(Modflow 2005)

Source code is free released by USGSSource code is free released by USGS

ttp://water.usgs.gov/nrp/gwsoftware/modflow.htmlttp://water.usgs.gov/nrp/gwsoftware/modflow.html

Difficult to be compiled, so be used for Difficult to be compiled, so be used for 

many commercial software.many commercial software.

74

Free Released Groundwater and 
Hydrological Software from USGS 

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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MODFLOW Equation

Kxx, Kyy, and Kzz : values of hydraulic conductivity along the x, 
y, and z coordinate axis, which are assumed to be parallel to 
the major axes of hydraulic conductivity (LT-1);

h : the potentiometric head (L);

W : a volumetric flux per unit volume;

Ss : the specific storage of the porous material (L-1); and

t : time (T).

∂

∂

∂

∂

∂

∂

∂

∂

∂

∂

∂

∂

∂

∂x
Kxx

h
x y

Kyy
h
y z

Kzz
h
z

W Ss
h
t














 






 

76

 The first graphical user interfaces for The first graphical user interfaces for 
MODFLOW (from 1991). MODFLOW (from 1991). 
The longest history of program developmentThe longest history of program development

 Easy to input and modify parameters Easy to input and modify parameters 
and factors.and factors.

 Kindly error check function and model Kindly error check function and model 
running recordrunning record

 HHigh speed igh speed of rof runningunning and excellent and excellent 
stability of model running.stability of model running.

Recommended SoftwareRecommended Software
PMPMWINWIN5353

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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More than all other advantage is that More than all other advantage is that 
The software isThe software is

You can save as more as You can save as more as over over 11,,200 US Dollar200 US Dollar

Recommended SoftwareRecommended Software
PMWIN53PMWIN53

FREE!!!FREE!!!

78

Recommended SoftwareRecommended Software
PMWIN53PMWIN53

http://www.pmwin.net/pmwin5.htmhttp://www.pmwin.net/pmwin5.htm

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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MODFLOWMODFLOW

MOC3DMOC3D

MT3DMT3D

MT3DMSMT3DMS

UCODEUCODE

PEST PEST 

PMPATHPMPATH

Main Features of Main Features of PMWIN53PMWIN53
Support Main Relative ProgramsSupport Main Relative Programs

80

DensityDensity

InterbedInterbed storagestorage

EvapotranspirationEvapotranspiration

RechargeRecharge

WellsWells

Wetting capabilityWetting capability

OthersOthers

Main Features of Main Features of PMWIN53PMWIN53
Support Almost all Main Relative PackagesSupport Almost all Main Relative Packages

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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MODFLOW Grid System (Vertical)MODFLOW Grid System (Vertical)

Model Geometrical DivisionModel Geometrical Division

x

y

z

k

1

2

3

82

Model Geometrical DivisionModel Geometrical Division

MODFLOW Grid System (Horizontal)MODFLOW Grid System (Horizontal)

x

y j (Columns)

i (
R

ow
s)

(x0 , y0)

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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PMWIN53PMWIN53 Main MenuMain Menu

84

ParametersParameters Menu for Menu for PMWIN53PMWIN53

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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ModelsModels Menu for Menu for PMWIN53PMWIN53

86

PackagesPackages for for PMWIN53PMWIN53

The Study on Groundwater Resources Assessment 
in the Rift Valley Lakes Basin in Ethiopia, Final Report (Data Book)

JICA 
KOKUSAI KOGYO CO. LTD.
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Utility of Groundwater
Simulation Model

(1) Purpose

Identification Model

Prediction Model

Management Model

88

Flow Model

Land Subsidence Model

Solute Transport Model

Density Fluid Model

Heat Transport Model

Utility of Groundwater
Simulation Model

(2) Simulation Target
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89

THCHICAL SEMENAR ON THCHICAL SEMENAR ON 

GROUNDWATER SIMULATIONGROUNDWATER SIMULATION

Part Part 44

Functions and Main PackagesFunctions and Main Packages

inin Modflow based Program Modflow based Program 

90

Grid Specification and Modification

Number of rows and columnsNumber of rows and columns

Side length of gridsSide length of grids

Coordinates specificationCoordinates specification
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91

Layer Properties Specification

 Confined Aquifer

 Unconfined Aquifer

 Confined / Unconfined Aquifer

 Horizontal Anisotropy

 Vertical Anisotropy

92

Boundary SpecificationBoundary Specification

For groundwater flow simulationFor groundwater flow simulation
 Active variableActive variable--head boundaryhead boundary
 FixedFixed--head or timehead or time--varying specifiedvarying specified--

head boundaryhead boundary
 Inactive and inactive boundary Inactive and inactive boundary 

For substance transport simulationFor substance transport simulation
 Active concentration boundaryActive concentration boundary
 Constant concentration boundaryConstant concentration boundary
 Inactive concentration boundaryInactive concentration boundary
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93

Layer Top and Bottom Elevation 

Example 1: uniform layer elevation specification 

94

Layer Top and Bottom Elevation 

Example 2: nonuniformity layer elevation specification 
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95

Initial Head Water Head  

 Necessary for constant 

boundary

 Import for transient flow

 No important for steady flow

96

Estimation of
Initial Hydraulic Head

Normally No Data for Natural ConditionNormally No Data for Natural Condition

But, it is known that distribution pattern of But, it is known that distribution pattern of 
natural hydraulic head is similar to that of natural hydraulic head is similar to that of 
Topographic ElevationTopographic Elevation
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97

Topographical Interpretation

Use the Concept of River LevelUse the Concept of River Level

RiverRiver
RiverRiver

Estimated Estimated 
Groundwater TableGroundwater Table

Topographic Topographic 
SurfaceSurface

98

Hydraulic Conductivity 
or 

Transmissivity

 Horizontal direction and Vertical  

direction for hydraulic conductivity.

 Transmissivity and vertical leakance

 Tool of “Field Interpolator”
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99

Vertical Hydraulic Conductivity 
of Aquifer 

One of the Unreliable Parameters

Consider Sedimentary Structure

(Lamina, Thin clayey beds, etc.)
x

z

KxKx
KzKz

Generally
Kz / Kx = 
1/2 to 1/50

100

Other Parameters

 Effective porosity

 Specific Storage

 Specific Yield

 Bulk Density 
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101

MODFLOW Drain PackageMODFLOW Drain Package

Purpose:

To simulate effects of features such as 

agricultural drains, which remove 

groundwater from aquifer at a rate 

proportional to the head difference 

between the aquifer and the drain.

102

Concept Drain Package (1)Concept Drain Package (1)
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Concept Drain Package (2)Concept Drain Package (2)

104

Evaporation Package

Three parameters

Maximum Et rate (L/T)

Elevation of the surface  (L)

ET extinction Depth (L)
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105

Recharge Package

One parameter: Recharge Flux (L/T)
Example of Recharge package specification for the Billate River 
basin groundwater simulation model:

106

General Head Boundary

Purpose: solve the problem of the 

implicit specification of inactive cell for 

the domain boundary. Two parameters: 

Hydraulic conductance (L^2/T)

Head on the external source  (L)
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107

Perimeter of Model DomainPerimeter of Model Domain

In MODFLOW, any outer boundary cell, which 
is not a constant head cell, is  automatically a 
No-Flow Boundary cell.

No-Flow
Boundary

108

Concept GHB PackageConcept GHB Package
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109

How to Calculate QGHB

QGHB = CGHB (hb –h )
where,

QGHB : Flow through GHB Cell [L2/T]

CGHB : GHB Hydraulic Conductance

hb : Head on the External Source

h  : Hydraulic Head in the Aquifer

110

GHB Hydraulic Conductance CGHB

CGHB = K * L
where,

K : Equivalent Hydraulic Conductivity

L : Length of the General-Head 

Boundary within the Cell

Similar to the River Package and 
Drain Package
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111

Horizontal – Flow Barrier package

Purpose: Simulate the effect of faults

Two parameters:

Barrier direction 

Hydraulic conductivity / thickness (1/T)

112

River Package

Purpose: Simulate the effect of rivers in 

the model domain.

Three parameters:

Conductance of the river bed (l^2/T) 

Head in the river (1/T)

Elevation of the river bed bottom (L)
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113

MODFLOW River PackageMODFLOW River Package

Purpose:Purpose:

To simulate the effect of flow between 

groundwater systems and surface

water features, such as rivers, lakes or 

reservoirs.

114

Relation between 
Groundwater and River Water

RW Level< GW LevelRW Level< GW Level GW Level< RW LevelGW Level< RW Level

GW to RW RW to GWRW to GW
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115

Concept of River Package

Aquifer

Riverbed
Sediments

Water Level

Aquifer

Riverbed
Sediments

GW Level
RW Level

Impermeable 
Wall

116

L

W

M

Modeling of River Cell

K

M
WLKCRIV



[L2T-1]
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117

How to Calculate QRIV

AquiferAquifer

hh hhRIVRIV

CCRIVRIV RRBOTBOT

QQRIVRIV

QQRIV RIV = = CCRIVRIV * (* (hhRIVRIV -- hh))

118

River Package
Example of river package specification for the Billate River basin 
groundwater simulation model:
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119

Well Package

Purpose: Simulate the effect of 

groundwater use.

One parameters of recharge rate (L3/T):

>0, recharge well 

<0, withdrawal well

120

Concept of Assigning Well 
Pumpage into MODFLOW CELL

Horizontal View

W1W1
W2W2

W3W3 W4W4

W5W5

QaQa

Qa = Q1+Q2+Q3+Q4+Q5Model CellModel Cell
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121

Well Package
Example-1:  well package specification for the Billate River basin 
groundwater simulation model layer_1

122

5000000 - 50000000

3000000 - 5000000

1600000 - 3000000

1200000 - 1600000

800000 - 1200000

400000 - 800000

200000 - 400000

100000 - 200000

0 - 100000

Discharge (m3/year)

Well Package

Example-2:  

well package 
specification for the 
area of Quintana Roo 
State, Mexico
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123

Other Packages

Reservoir 

Streamflow-Routing

Time-Variant Specified Head 

Wetting Capability

Density

Interbed Storage

124

Observation Well’s setting

The following provisional 
observation  wells can be 
setting to any cells.

Water Head

Drawdown

Subsidence

Compaction
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125

Solver Selection and Parameter Setting

Different solutions can be 
selected:  
 DE45…
 PCG2
 SIP
 SSOR

Different parameters can be
set:  

Out Iteration
Inner Iteration
Head Change
Residual and so on

126

Model Error Check

The following data will be checked:

 1. Geometrical setup of the model

 2. Starting head at constant head cells

 3. Time-independent data (if used)

 4. Horizontal hydraulic conductivity or Vertical 

hydraulic conductivity 

 5. Storage coefficient, specific storage or specific 

yield 

 6. All used packages  
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127

Model Error Check
Example of error identification: 

>>>GEOMETRICAL SETUP

>>Thickness of layers: 

Error: The thickness of the following active cell(s) is  zero or 

negative. (COL, ROW, LAYER)  (3,3,1)

Warning: The thickness of the following inactive cell(s) is zero 

or negative (COL, ROW, LAYER) 

>>Starting head of constant head cells:   --- OK ---

>>>TIME-INDEPENDENT DATA:

>>Effective porosity   --- OK ---

>>>TIME-DEPENDENT DATA:

>WEL1 Package:  --- OK ---

128

Steady-State

Not time dependentNot time dependent

time t:time t: 1t

t

h

Simulation Flow Type Selection (1)
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129

Transient

Time dependentTime dependent
(Unsteady(Unsteady--state)state)

t

h

Simulation Flow Type Selection (2)

130

Groundwater Flow Simulation
Example: Result of PMWin Pro tutorials. 
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131

Groundwater Flow Simulation
Example: Result of PMWin Pro tutorials. 

132

Groundwater Flow Simulation
Example: Water head distribution in Billate River basin. 

Water level in layer_1

Water level in layer_5
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133

Solute Transport Simulation

Using Advection-Dispersion equation 
(Konikow and Bredehoeft, 1978)

 ∂

∂

∂

∂

∂

∂

∂

∂

C
t x

D
C
x x

C V
C' Wn

i
ij

n

i i
n i

n







 



Dij : Coefficient of hydrodynamic dispersion (a second order tensor) (L2T-1)
Vi : Seepage velocity in the direction of xi (LT-1)
Cn : Concentration of the nth constituent (ML-3)
C'n : Concentration of the nth constituent in the source or sink fluid (ML-3)
e  : Effective porosity (dimensionless).

134

AdvectionAdvection

The process by which solutes are 
transported by moving groundwater. 
(= Convective Transport)

x

y

t = t1

t = t2

GW Flow
GW Flow
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135

DispersionDispersion
Spreading of solute concentration in 
groundwater caused by irregular shape 
of pore space and velocity variations.

x

y

t = t1 t = t2

136

AdvectionAdvection--DispersionDispersion

Combination of Advection and 
Dispersion.

x

y

t = t1

t = t2

GW Flow
GW Flow

Longitudinal 
Dispersion

Transverse 
Dispersion
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137

Solute Transport Simulation
Example: Result of PMWin Pro tutorials. 

138

Sea Water Intrusion SimulationSea Water Intrusion Simulation

LL11

LL22

Fresh Water: Fresh Water: ff = = 1.000 g/cm1.000 g/cm33

Sea Water: Sea Water: s = s = 1.025 g/cm1.025 g/cm33

Sea

L1:L2 = 1:40

Freshwater 
Lens
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139

Seawater Intrusion SimulationSeawater Intrusion Simulation
Density Fluid Model can simulate GhybenDensity Fluid Model can simulate Ghyben--Herzberg PrincipleHerzberg Principle

140

The Type Classification of 
Groundwater Simulation Model 

All models in the world can be simply 
classified into 3 ranks

 WHITE MODEL
 BLACK MODEL
 GRAY MODEL

Groundwater simulation model is never a WHITE MODEL, 

but also not a BLACK MODEL. The suitable classification 

should be considered as a GRAY MODEL.
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