
 
 
 
 
 
 
 

International Review on 
Modelling and Simulations 

(IREMOS) 
 

 
Contents: 

 

Comparison of New LVRT Compatible MV Network Short-Circuit Protection Schemes 
by H. Laaksonen 

 122

Electrical Transients Assessment Based on Recording the State Variables Derivatives 
by Lucian Lupsa-Tataru 

 132

Combining Digital Signal Processing, Artificial Intelligence and Graphs 
for Modeling Power Quality Disturbances 
by D. Montenegro, G. Ramos 

 140

Contribution of FACTS Device for Persisting Optimal Grid Performance 
Despite Wind Farm Integration 
by Yahia Saoudi, Hsan Hadj Abdallah 

 147

A Constructive Heuristic Algorithm for Multi-Stage Transmission Expansion Planning 
Under N-1 Security Constraints 
by H. Khorasani, R. Romero 

 154

Modeling, Simulation and Experimental Validation of Electric Discharge Machining 
of NiTi Alloys 
by Vijaykumar S. Jatti, T. P. Singh 

165

Optimization of Powers by Evolutionary Methods of a Complex Electrical System 
by R. Rahiel, B. Yssaad, A. Chaker, D. Rahiel 

171

An LPV Estimation-Based Approach for Fault Diagnosis in Drive Train System 
by Houda Chouiref, Boumedyen Boussaid, Mohamed Naceur Abdelkrim, Vicenç Puig, Christophe Aubrun 

176

Analytical Determination of Operating Conditions and Control Laws 
of a Doubly Fed Induction Generator 
by K. Mesbah, T. Otmane-Cherif, H. Seddiki 

186

Torque Ripple and Harmonic Density Current Study in Induction Motor: Two Rotor Slot Shapes
by Jalila Kaouthar Kammoun, Naourez Ben Hadj, Moez Ghariani, Rafik Neji 

197

Discrete Modeling and Experimental Validation of the Model of a Cantilever Flexible Beam 
by Antônio Carlos de Assis Silva, João Bosco Gonçalves, Álvaro Manoel de Souza Soares 

205

Optimization of Buffer Allocation in Manufacturing System Using Particle Swarm Optimization 
by K. L. Narasimhamu, V. Venugopal Reddy, C. S. P. Rao 

212

(continued on inside back cover)
 

ISSN 1974-9821
Vol. 8 N. 2
April 2015



International Review on Modelling and Simulations 
(IREMOS) 

 
Editor-in-Chief: 
 
Santolo Meo 
Department of Electrical Engineering 
FEDERICO II University 
21 Claudio - I80125 Naples, Italy 
santolo@unina.it 

 

Editorial Board: 
 
Marios Angelides (U.K.) Brunel University 
M. El Hachemi Benbouzid (France) Univ. of Western Brittany- Electrical Engineering Department 
Debes Bhattacharyya (New Zealand) Univ. of Auckland – Department of Mechanical Engineering 
Stjepan Bogdan (Croatia) Univ. of Zagreb - Faculty of Electrical Engineering and Computing 
Cecati Carlo (Italy) Univ. of L'Aquila - Department of Electrical and Information Engineering 
Ibrahim Dincer (Canada) Univ. of Ontario Institute of Technology 
Giuseppe Gentile (Italy) FEDERICO II Univ., Naples - Dept. of Electrical Engineering  
Wilhelm Hasselbring (Germany) Univ. of Kiel 
Ivan  Ivanov (Bulgaria) Technical Univ. of Sofia - Electrical Power Department 
Jiin-Yuh Jang (Taiwan) National Cheng-Kung Univ. - Department of Mechanical Engineering 
Heuy-Dong Kim (Korea) Andong National Univ. - School of Mechanical Engineering 
Marta Kurutz (Hungary) Technical Univ. of Budapest 
Baoding Liu (China) Tsinghua Univ. - Department of Mathematical Sciences 
Pascal  Lorenz (France) Univ. de Haute Alsace IUT de Colmar  
Josua P. Meyer (South Africa) Univ. of Pretoria - Dept.of Mechanical & Aeronautical Engineering  
Bijan Mohammadi (France) Institut de Mathématiques et de Modélisation de Montpellier 
Pradipta Kumar Panigrahi (India) Indian Institute of Technology, Kanpur - Mechanical Engineering  
Adrian Traian Pleşca (Romania) "Gh. Asachi" Technical University of Iasi 
Ľubomír Šooš (Slovak Republic) Slovak Univ. of Technology - Faculty of Mechanical Engineering 
Lazarus Tenek (Greece) Aristotle Univ. of Thessaloniki 
Lixin Tian (China) Jiangsu Univ. - Department of Mathematics 
Yoshihiro Tomita (Japan) Kobe Univ. - Division of Mechanical Engineering  
George Tsatsaronis (Germany) Technische Univ. Berlin - Institute for Energy Engineering 
Ahmed F. Zobaa (U.K.) Brunel University - School of Engineering and Design 
 
 

The International Review on Modelling and Simulations (IREMOS) is a publication of the Praise Worthy Prize S.r.l.. 
The Review is published bimonthly, appearing on the last day of February, April, June, August, October, December. 
 
Published and Printed in Italy by Praise Worthy Prize S.r.l., Naples, April 30, 2015. 
Copyright © 2015 Praise Worthy Prize S.r.l. - All rights reserved. 
 
This journal and the individual contributions contained in it are protected under copyright by Praise Worthy Prize S.r.l. and the 
following terms and conditions apply to their use: 
Single photocopies of single articles may be made for personal use as allowed by national copyright laws. 
Permission of the Publisher and payment of a fee is required for all other photocopying, including multiple or systematic copying, 
copying for advertising or promotional purposes, resale and all forms of document delivery. Permission may be sought directly 
from Praise Worthy Prize S.r.l. at the e-mail address:  
administration@praiseworthyprize.com 
 
Permission of the Publisher is required to store or use electronically any material contained in this journal, including any article or 
part of an article. Except as outlined above, no part of this publication may be reproduced, stored in a retrieval system or 
transmitted in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, without prior written 
permission of the Publisher. E-mail address permission request: 
administration@praiseworthyprize.com 
 
Responsibility for the contents rests upon the authors and not upon the Praise Worthy Prize S.r.l.. 
Statement and opinions expressed in the articles and communications are those of the individual contributors and not the 
statements and opinions of Praise Worthy Prize S.r.l.. Praise Worthy Prize S.r.l. assumes no responsibility or liability for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods or ideas contained herein. 
Praise Worthy Prize S.r.l. expressly disclaims any implied warranties of merchantability or fitness for a particular purpose. If 
expert assistance is required, the service of a competent professional person should be sought. 



  
International Review on Modelling and Simulations (I.RE.MO.S.), Vol. 8, N. 2 
ISSN 1974-9821  April 2015 

Copyright © 2015 Praise Worthy Prize S.r.l. - All rights reserved 

265 

Improvement of Hydrogeological Models: a Case Study 
 
 

A. Spalvins, J. Slangens, I. Lace, O. Aleksans, K. Krauklis 
 
 
Abstract – A case study on improvement of hydrogeological models (HM) is reported where HM 
of Latvia LAMO is considered. HM has been developed in 2010 – 2012 by scientists of Riga 
Technical University (RTU). LAMO has generalized geological and hydrogeological information 
that has been accumulated by the Latvian Environment, Geology and Meteorology Centre 
(LEGMC). 
In 2013 – 2014, LAMO has been considerably upgraded. Due to these upgrades, large amount of 
real hydrogeological and geological data has been added that have increased credibility of LAMO 
results. Essence of the main innovations is described and the next improvements of HM are 
considered. The case of LAMO improvement may be of interest for developers of large and 
complex hydrogeological models. Copyright © 2015 Praise Worthy Prize S.r.l. - All rights 
reserved. 
 
Keywords: Hydrogeological Model, Hydrographical Network, Numerical Interpolation, 

Transmissivity of Aquifers, Latvia 
 

 

Nomenclature 
x, y, z Cartesian coordinates  

for 3-dimensional space 
h Plane step used by the finite difference 

approximation on HM grid 
u Number of layers in HM grid 
i Number in turn of i-th layer 
m Thickness of geological layer 
mi Thickness of i-th layer 
k Permeability of geological layer 
ki Permeability of i-th layer 
zi-1, zi Elevations of i-th layer top and bottom surfaces 
zi-0.5 Elevation of surface where HM elementary 

block centers of i-th layer are located 
z0 Elevation of HM top surface 
φ Vector of piezometric head which components 

are found in nodes of HM grid 
φi Vector of piezometric head (part of φ) of i-th 

layer 
ψ Vector of boundary conditions for piezometric 

head 
ψriver , 
ψlakes 

Vectors of boundary conditions (part of ψ) for 
rivers and lakes 

β Vector of boundary conditions for flows 
A Matrix of hydraulic conductivities for links of 

HM grid 
Axy, Az Matrixes (part of A) that represent horizontal 

and vertical links of HM grid 
axy, az Elements of Axy and Az 
G Matrix (part of A) that assembles links 

connecting nodes of HM grid with boundary 
conditions ψ 

  

Griver, 
Glakes 

Matrixes (part of G) that assemble links 
connecting nodes of HM grid with boundary 
conditions ψriver and ψlakes 

q Vector of groundwater flow 
qriver, 
qlakes 

Vectors (part of q) of river and lake flows 

qinflow Vector of inflow for flow balance module 
qborder, 
qwells 

Vectors of flows for outer boundaries and 
discharge wells of flow balance module 

S Drawdown of groundwater head 
T Transmissivity of geological layer 
R, r Radiuses of well depression cone and its screen 
l Length of well screen 
B Leakage factor of aquifer 
L Area of layer 
n Number of grid nodes in m>0 area of a layer 
σ Interpolated value of pointwise data 
τi Weight of pointwise data σi 
d0i Distance between grid node 0 and data locus of 

σi 
p Weighting power for interpolation method 

“inverse distance to power” 
 
Units 
meter m, mi, l, S, R, r, B, d0i, h, x, y 
meter2 L 
meters above sea 
level 

φ, ψ, ψriver , ψlakes , z, zi-1, zi, zi-0.5 z0 

meter/day k, ki 
meter2/day T, A, Axy, Az, G, Griver, Glakes, axy, az 
meter3/day Q, β, q, qriver , qlakes, , qborder , qwells 
mm/year γ, γi,i+1 
litre/(sec meter) ν 
no dimension u, ξ, , n, τi, p, i 



 
A. Spalvins, J. Slangens, I. Lace, O. Aleksans, K. Krauklis 

Copyright © 2015 Praise Worthy Prize S.r.l. - All rights reserved                                International Review on Modelling and Simulations, Vol. 8, N. 2 

266 

I. Introduction 
The European Union (EU) countries are developing 

HM where, by means of computer modelling, the 
information is obtained for water resources management 
that must implement the EU aims defined in the Water 
Framework Directive 2000 [1]. In Latvia, the LEGMC 
team is preparing and updating the water resources 
management plans for cross-border type river basins 
districts: those of Venta, Lielupe, Daugava and Gauja 
rivers. In 2010-2012, HM LAMO has been established 
by scientists of RTU. LAMO simulates steady state 
average hydrogeological situation of Latvia. The land 
territory of Latvia and the area of the Gulf of Riga 
constitute the HM active area (Fig. 1). LAMO simulates 
27 geological layers (Fig. 2). The commercial program 
Groundwater Vistas (GV) is used for running LAMO [2]. 

In [3], methods used to create LAMO have been 
explained and they are not described in this paper. In 
2013, by using results of LAMO, scientists of RTU have 
prepared materials that are being applied by specialists of 
LEGMC. The main items of these materials are 
summarized in [4]. In 2013-2014, LAMO has been 
considerably updated [5]. Due to these innovations, at 
present, four successive versions of LAMO can be 
marked (Table I). These HM versions materialize the 
following LAMO upgrading plan that has been caused by 
analysis of the first incomplete results of LAMO [6] and 
by insight into the art of HM perfecting: 
1. to correct HM for the northern part of Latvia, the 

thick united D2ar# aquifer must be split into smaller 
layers that in nature compose this aquifer; 

2. to improve modelling of riversides and of the river 
flow regimes, valleys of rivers have to be fully 
incised into the HM body; 

3.  to reduce uncertainty of the HM results, the 
transmissivity maps of aquifers must be refined by 
using field data that can be provided by well pumping 
tests; 

4. to ensure plausible modelling of groundwater 
interaction with rivers and lakes, their number in HM 
must be increased; 

5. to simulate more exactly the much denser 
hydrographic network (rivers, lakes), the HM plane 
approximation step must be reduced from 500 meters 
to 250 meters; 

6. to finalize the HM development, measurements of the 
river flows must be accounted for, because then the 
interaction between groundwater bodies and the 
rivers will be modelled more reliantly.  

These six upgrades are focused on installing into HM 
as much real data, as possible, in order to increase its 
credibility. Each next improvement is more complex than 
the previous one. In 2013, the first very necessary 
upgrades (1 and 2) were applied, to alter the base version 
LAMO1 into LAMO2. At present, its results are used in 
practice. In 2014, the more complex innovations (3 and 
4) have turned LAMO2 into LAMO3. 

The version is transitory, hence it only prepares HM 
for implementing the last two decisive upgrades.  

 
 

Fig. 1. Location of LAMO 
 

 
 

Fig. 2. Vertical schematization of LAMO 
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TABLE I 
VERSIONS OF LAMO 

Name of 
version 

Year of 
dispose 

Approximation grid Rivers in model Lakes 
Plane step 

[meter] 
Number of 
grid planes 

Number of 
cells [106] Number Valleys 

incised 
Flow data 

used Number 

LAMO1 2012 500 25 14.25 199 no no 67 
LAMO2 2013 500 27 15.43 199 yes no 67 
LAMO3 2014 500 27 15.43 469 yes no 127 
LAMO4 2015 250 27 61.56 469 yes yes 127 

 
In 2015, the final upgrades (5 and 6) will create the 

most advanced LAMO4 version that will include the all 
applied upgrades. For LAMO, the residual (difference 
between monitored and simulated piezometric head 
values) does not exceed 1.7 meter (quadratic error) and 
2% (relative error). Reliance of HM depends not only on 
the excellent residuals, but mainly on feasible modelling 
of groundwater flows and of their interaction with the 
hydrographical network. By putting into effect the 
upgrades 4, 5, 6 these processes for Latvia will be 
simulated more trustworthy. 

For LAMO4, the tools MODPATH and MT3D of the 
GV system [2] will be applied, accordingly, for particle 
tracking and for modelling content of groundwater 
ingredients. Geochemical processes will be investigated 
and extra calibration of HM will be possible. 

In the paper, mainly the LAMO2 and LAMO3 
versions are described and compared, because they differ 
significantly in density of their hydrographical networks.  

II. Mathematical Formulations 
To describe upgrades of LAMO, some mathematical 

knowledge must be applied. By using the 3D-finite 
difference approximation, the x, y, z – grid of HM is 
built. The grid consists of (hhm) sized blocks (h is the 
block plane step, m is the variable thickness of a 
geological layer). For LAMO, h = 500 meters. 

The model constitutes a rectangular u-tiered xy-layer 
system where u is the number of geological layers. For 
LAMO, u = 27 (Fig. 2). It is shown in Fig. 3 and Fig. 4 
that most of the primary layers are outcropping. After 
emerging at the surface, such layers have the zero 
thickness m = 0. To avoid in GV calculations “the 
division by zero”, m = 0 must replaced by small   > 0 
(for LAMO,   = 0.02 meter). 

 

 
 

Fig. 3. Boundaries of primary geological strata 

 
 

Fig. 4. Geological cross section 
 

LAMO provides the 3D-distribution of piezometric 
head vector φ as the numerical solution of the boundary 
field problem which is approximated in nodes of the HM 
xyzgrid by the following algebraic expression: 
 

Aφ = - Gψ,     A = Axy+Az (1) 
 
where A is the geological environment matrix which 
contains horizontal (Axy – transmissivity T) and vertical 
(Az  vertical hydraulic conductivity) elements of the HM 
grid; ψ  and   are the boundary head and flow vectors, 
respectively; G is the diagonal matrix (part of A) 
assembled by elements linking the nodes where φ must 
be found with the nodes and points where ψ is given. 

The vectors ψ and  represent the boundary conditions 
of the first and the second kind, respectively. For LAMO, 
the  flow vector is presented only by discharges of 
water supply wells. To accelerate convergence of 
iterative solution process of the very large system (1), the 
ψ type boundary conditions are applied on the exterior 
surfaces (top, bottom, sides) of the HM active body.  

The boundary conditions ψriver and ψlakes for rivers and 
lakes, accordingly, also enlarge the elements of G that 
ensure faster solution process of (1) [7]. The flows qriv 
and qlakes for rivers and lakes, accordingly, are simulated 
by the GV system, as follows: 

 
qriv = Griv (φ - ψriv ),  qlakes = Glakes (φ – ψlakes ) (2) 

 
where Griv and Glakes are diagonal matrixes (part of G) 
that assemble elements linking the boundary conditions 
ψriv and ψlakes with nodes of the HM grid. These elements 
control interaction of groundwater bodies with the rivers 
and lakes. To calibrate the interaction, the elements of 
Griv and Glakes must be adjusted. 
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The flows qriv and qlakes are interdependent with the 
groundwater head φ, their real values are not known.  

Rough estimates for qriv may provide measurements of 
river flows. Sometimes, it is assumed that qriv represents 
the minimal observed river flow. 

Because of the uncertainty of parameters that control 
the flows qriv and qlakes , the task of finding the true links 
Griv and Glakes is very complex. The elements axy, az of 
Axy, Az (or gxy, gz of G) are computed as follows: 
 

axy = k m =T,       az = h2 ki / (mi+mi+1 ki / ki+1) 
mi = zi-1-zi ≥ 0,      i=1, 2,  …, u 

(3) 

 
where zi-1, zi are elevations, accordingly, of the top and 
bottom surfaces of the i-th geological layer; z0 represents 
the ground surface elevation ψrel-map; mi, ki are elements 
of digital mi, ki-maps of thickness and permeability of the 
i-th layer, accordingly; mi+1, ki+1 are parameters of the 
next underlying plane of the HM grid. The set of z-maps 
describes the full geometry (stratification) of LAMO. 

For the i-th layer, the HM grid block centres are 
located on the surface zi-0.5: 
 

zi-0.5 = 0.5(zi-1 + zi ),        i =1, 2,  …u (4) 
 

The vector φi  and the vertical infiltration flow γi,i+1 are 
spatially related to this surface. The flow γi,i+1 [mm/year] 
can be computed by using the formula: 
 

γi,i+1 = 0.73106(φi - φi+1) ki / (mi + mi+1 ki / ki+1 ) (5) 
 
where the i-th and (i+1)-th layers are an aquitard and 
aquifer, respectively; ki+1 >> ki; the units φ [meter asl], 
k [meter/day], m [meter] are applied. 

The above section contains information that is 
important for the HM upgrades and it does not describe 
the methods used for creating of LAMO [3]. 

III. LAMO2 Upgrades 
The concepts that turned LAMO1 into LAMO2 were 

initiated by knowledge provided by geological sections. 

III.1. Geological Sections 

The geological section map assembles the xy-type data 
φ and γ from the zi-0.5 surfaces into the λz-picture that is 
projected on the geological stratification formation. 

The map for a section provides worthy information of 
the φ and γ distributions that cannot easily deducted from 
their xy-type data. To create the φ or γ–map of a section , 
their interpolated data located on the middle lines zi-0.5 of 
aquitards and aquifers, must be applied as the boundary 
conditions of the first kind for the Laplace’s equation [8].  

Its finite – difference solution on the λz–grid plane of 
the section represents its φ or γ –map. This method was 
developed by scientists of RTU. As an example of its 
apply, obtaining of the φmap for a section of Fig. 5 is 
explained.  

The arbitrary λz–grid of the size 200600 was used; 
the grid steps hλ =1000 meters, hz =1.0 meter were 
applied to approximate the section longitude λ and its 
height z, respectively. The solution of this subsidiary 
problem (φmap of Fig. 5) was provided by the GV 
system and drawn by SURFER [9]. In Fig. 5, any 
φisoline within an aquifer is vertical. This effect is due 
to smallness of the head difference between the top and 
bottom of an aquifer.  

The head difference φiφi+1 = ∆i,i+1 = ∆I + ∆i+1 divides 
between the vertical conductances ai and ai+1 of an 
aquitard and aquifer, if ai+1 >> ai  then: 
 
∆i = ∆i,i+1 ai,i+1/ai → ∆i,i+1,  ∆i+1 = ∆i,i+1 ai,i+1/ai+1 → 0 

 
ai,i+1 = ai ai+1 / (ai +ai+1) 

(6) 

 
where ai,i+1 are the az –links (mean harmonic of ai and 
ai+1 ) that connect the nodes of the neighbouring HM grid 
planes. It follows from (6) that, to keep ∆i+1 =0, the top 
and bottom surfaces zi and zi+1 of the (i+1)-th aquifer, 
must be used for fixing the conditions φi+1. 

To ensure verticality of isolines, in the λz-grid nodes 
that are located between these two surfaces, the 
conditions φi+1  must also be fixed. 

It is not necessary to use any special boundary 
conditions for the i-th aquitard, because on its top and 
bottom surfaces, the conditions for the neighbouring 
aquifers are set. Only the φ–distributions for the 
aquitards must be found, hence the aquifers carry the 
boundary conditions that keep the isolines vertical. . 

In [6] that was based on results of LAMO1, the 
customary 2D xydistributions for heads φ and flows γ 
appeared doubtless. 

Review of the φmaps of λz – cross sections revealed 
deficiencies of LAMO1 that needed to be corrected. As 
an example, the φmap of Fig. 5 can be used. It 
suggested improvements that turned LAMO1 into 
LAMO2: 
 to divert the unlikely even φdistribution within the 

23-th thick united aquifer D2ar#, the one was split 
into its natural parts: the aquifers D2brt, D2ar and the 
aquitard D2arz (Fig. 2); the number of LAMO planes 
increased from 25 to 27; 

 to simulate the reversides and flows of rivers more 
correctly, valleys of rivers were fully incised into the 
HM body; for the early LAMO1 version, the valleys 
were immersed only into the Quaternary strata (see 
the river Gauja in Fig. 5). 

In Fig. 6, the LAMO2 φmap for the section 2W-2E is 
shown. It is obvious that the splitting of the united thick 
D2ar# aquifer was required, to improve HM for the 
northern part of Latvia. There only this aquifer represents 
the active groundwater zone of the primary layers and its 
top reaches the Quaternary strata (Fig. 3 and Fig. 4). 

Due to presence of the D2arz aquitard, the 
φdistributions for the D2brt and D2ar aquifers are quite 
different and more feasible, especially, for the recharge 
areas and for the discharge zone of the Gauja river. 
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It was also found in 2013, how the infiltration γmaps 
for sections could be created by using the method that 
was applied for obtaining of the φmaps.  

To create the γmaps for the sections, one have to 
assume that, within aquitards, the isolines of infiltration 
must be verticals and the infiltration redistributes within 
aquifers. To confirm practical applicability of these 
suppositions, one must estimate the ratio ρ = qxy/qz  of 
flows for the grid nodes of aquitards and aquifers: 
 

ρ = (m0 / h )2 – for aquitards, 
 

ρ = ( k / k0 ) ( m m0 / h2 )  - for aquifers 
(7) 

 
where k0, m0; and k, m; k >> k0 are parameters of 
aquitards and aquifers, accordingly. It follows from (7) 
that the ratio ρ is very small for aquitards and its value 
may be considerable for aquifers. Therefore, within 
aquitards for the section of the γflows, the isolines must 
be vertical, because there change of the flow qz is 
insignificant, hence the lateral qxy –flow is much smaller. 

Therefore, the conditions for the γ isoline verticality 
must be fixed within the aquitards and the γdistribution 
must be found for aquifers. 

In Fig. 7, γmap for the section 2W-2E is shown. 
Together with the isolines, the SURFER color fill mode 
is applied.  

The γmaps are very useful as tools for finding 
various faults of linking rivers and lakes with the HM 
body. 

The ground surface ψrel controls the γflow on the HM 
top. Rivers and lowlands cause groundwater discharges, 
but the hilly areas are the recharge sources. 

On the section, the both φ and γmaps can be 
projected simultaneously [5]. 

III.2.    Incisions of River Valleys 

The weighty effect of river valley incisions can be 
partially observed for the river Gauja in Fig. 5 and Fig. 6.  

In Figs. 8, the more complex case for the river Gauja 
and its tributary Vildoga is shown. In Fig. 8(a), the 
incomplete incisions of LAMO1 are presented. 

At the place of incisions, the thickness of the Q2 
aquifer is 1.0 meter and 0.02 meter for each of fifteen 
layers which are present above Q2 (relh, aer) and 
between the Q2 and D3am layers (gQ2z, Q1#, gQ1#z,  
…,D3pl, D3amz). The task of arranging the z-maps even 
for the incomplete incisions was complex and the effect 
of the full incisions of river valleys was still unknown.  

Therefore, only the Quaternary layers Q2 and gQ2z 
were cut out by river valleys for the LAMO1 version. 
It was necessary to develop more advanced software that 
could rearrange the z-surfaces at locations of the 
complete incisions [5]. 

 

 
 

Fig. 5. Groundwater head isolines of the section 2W-2E for LAMO1 
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Fig. 6. Groundwater head isolines of the section 2W-2E for LAMO2 
 

 
 

Fig. 7. Map for infiltration flow of the section 2W-2E of LAMO2
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      (a) LAMO1                                  (b)LAMO2 

 
Figs. 8. Incisions of valleys for the Gauja river and its tributary Vildoga 

 
In Fig. 8(b), the complete incisions of the river valleys 

are shown. There the geometry of the primary geological 
layers D3am, D3gj2z, D3gj2, D3gj1z is also changed and 
the ground surface of river valleys is simulated much 
more correctly. 

IV. LAMO3 Upgrades 
In 2014, LAMO2 has been turned into LAMO3: the 

transmissivity maps of primary aquifers were refined; the 
density of the HM hydrographical network was 
increased.  

IV.1. Refinement of Transmissivity Maps 

The transmissivity T for aquifers is very important, 
because it controls the groundwater motion there. For 
aquitards, T = axy ~ 0, because their permeability k is very 
small. 

The transmissivity of aquifers can be measured in a 
variety of ways: field tests, laboratory tests, methods 
based on grain size distributions [10]. Inverse problem 
solving methods can also be applied [11]. However, the 
field tests where one pumping well is used are commonly 
applied. They permit the testing of large volumes of rock 
and they provide rather reliable data for finding 
transmissivity of aquifers. To improve the T-maps of 
LAMO3, well pumping data were applied. 

The single well pumping test of the confined aquifer 
uses the discharge rate Q and the drawdown S of the 
groundwater head is observed. The test is presented by 
the expression [12]: 
 

   
2
QS ln R / r T k m

T
 


     (8) 

where R and r are radiuses, accordingly, of the well 
depression cone and its screen; ξ and  are additional 
hydraulic resistances that account for the partial 
penetrating factor of a well and for the quality of the well 
screen, respectively. 

For a new well,  = 0. For old wells, the screen 
resistance  increases and  is unknown. For this reason, 
only pumping data of the new wells can provide reliable 
results and then  = 0 should be used in (8). 

From (8), one can obtain: 
 

    = Q/S 
2

T ln R / r , v



   (9) 

 
where ν is the well specific capacity. If ν and T have the 
dimensions [litre/(s.meter)] and [(meter)2/day], 
respectively then: 
 
   13 75T . ln R / r    (10) 
 

Primary aquifers of LAMO are leaky and confined. 
Then R = 1.12B [12]: 
 

 
1 1 2 2

kmB
k / m k / m




 (11) 

 
where B is the leakage factor, T = k m - transmissivity of 
the aquifer, k1, m1, and k2, m2 are permeability and 
thickness of the leaky confining aquitards, accordingly, 
located above and below the aquifer. In Table II, values 
of B, R and ln(R/r) are given for a typical aquifer of 
LAMO when r = (0.05 – 0.1) meter; k [meter/day]; 
B, R, m [meter]. 

 
TABLE II 

 COMPUTED VALUES OF B, R, ln(R/r) 
km k1,k2 m1,m2 B R r ln(R/r) 
200 10-4 10 3162 3542 0.1 10.47 
200 10-4 5 2236 2504 0.1 10.12 
200 10-4 10 3162 3542 0.05 11.17 
200 10-4 5 2236 2504 0.05 10.82 

 
By exploiting the fact that in Table II ln(R/r)~10.5, 

one can approximate (10). If ξ = 0 then the following 
formula roughly provides the minimal value Tmin of 
transmissivity for the confined aquifer: 
 
 144minT   (12) 
 

In [13], the following formula is presented for 
computing of ξ: 

 
ξ = (1/a-1)(ln1.47ab-2.65a),   a = l/m,   b = m/r (13) 

 
where m is the thickness of an aquifer and l and r are, 
accordingly, the length and radius of the well screen. The 
formula can be used if m/r > 100, l/m ≥ 0.1. In Table III, 
the results given by (13) are presented. 
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TABLE III 
VALUES OF WELL HYDRAULIC RESISTANCE  

l/m m/r 
100 200 500 1000 

0.1 21.80 28.04 36.29 42.53 
0.2 11.40 14.18 17.84 20.61 
0.3 6.98 8.60 10.73 12.35 
0.4 4.52 5.56 6.93 7.98 
0.5 2.97 3.66 4.58 5.27 
0.6 1.92 2.41 3.00 3.46 
0.7 1.19 1.49 1.88 2.17 
0.8 0.63 0.83 1.06 1.24 
0.9 0.28 0.35 0.46 0.53 
1.0 0.00 0.00 0.00 0.00 

 
The resistance  can be applied, to refine the 

transmissivity T, as follows: 
 
  1 10 5min minT T / . cT    (14) 
 

For LAMO, the typical values of l/m and m/r are 
within the limits: 0.5 > l/m > 0.2; 500 > m/r > 100. Then, 
as it follows from Table III, the correction c may be 
within the limits: 2.8 > c > 1.3. 

IV.2. Obtaining of Permeability Maps 

The k-maps of permeability must be used to control 
the T-maps that are prepared by the GV system: 
 

k = T/m (15) 
 
where the transmissivity T is derived from the well 
pumping data; m is the aquifer thickness which is used in 
(3) by the GV system. 

By using the EXCEL program [14], the set of the 
specific capacity ν [litre/(s.meter)] must be extracted 
from the well pumping data. As a the rule, the ν-set 
contains very low and also very high improbable values.  

In order to normalize the set, minimal and maximal 
values of ν are fixed (for LAMO3, νmin =0.3 and νmax =5). 

The ν-set contains n pointwise data. For LAMO, 
n > 1000 for all aquifers. Due to large n, the fast gridding 
method of “inverse distance to power” is applied by the 
SURFER program. This method computes the 
interpolated value σo at the node by using the available 
pointwise data σi  = 144 νi ,  i = 1,…, n, as follows [15]: 
 

 
 

   
1 1

2 2
0

1
n n

p
o i i i i oi

i i

oi o i i

/ , / d

d x x y y

    
 

 
   
 

   

 
 (16) 

 
where τi – the weight of σi; di – the distance between the 
grid node o and the σi point; p - the weighting power; 
xo, yo; xi, yi are coordinates, respectively, of the o-th grid 
node and the i-th point. The value p = 2 was used, to 
prepare σ0 for LAMO3. 

The interpolation result of (16) was rather rough and, 
to smooth it, the moving digital “inverse distance” 

low-pass filter of the size 1111 (5km5km area) was 
used [16]: 

 

oo ij ij ij
i , j i , j

/    
 
 
   

 1
p

ij ij/ D  ,        2 2
ijD i j   

(17) 

 
where τij – the filter weight; p - the power (p = 0.5 was 
applied); i and j were the grid row and column local 
indices for the neighboring nodes with respect to the 
central node oo of the filter; Dij - the distance between 
the nodes oo and ij. In Table IV, the first quadrant of the 
τij matrix of the filter (17) is shown. The filter contains 
four symmetrical quadrants, because negative i and j 
indices are also applied. 

One can conclude from the values of τij in Table IV 
that smoothing of the filter is moderate in comparison 
with the corresponding averaging filter where all weights 
τij = 1.0. To preserve the data provided by wells, only one 
filtering pass was done. 

The “inverse distance” interpolation and filtering do 
not account for discontinuity of aquifers that include the 
m = 0 areas. Thus, for all nodes of the 601  751 size 
grid of LAMO, values of Tij are computed. 

 
TABLE IV 

WEIGHTS τij  FOR THE FIRST QUADRANT OF THE 1111 SIZE FILTER 
j        

5 0.444 0.443 0.431 0.414 0.395 0.376  
4 0.500 0.492 0.473 0.447 0.420 0.395  
3 0.577 0.562 0.527 0.485 0.447 0.414  
2 0.707 0.669 0.595 0.527 0.473 0.431  
1 1.000 0.841 0.669 0.562 0.432 0.443  
0 2.000 1.000 0.707 0.577 0.500 0.444  
 0 1 2 3 4 5 i 
 

To obtain the k-map from the T-grid, the formula (15) 
must be used where the m-map of thickness is the 
divider. Only at the aquifer m > 0 area, reasonable k 
values can appear. 

The extreme values of k that are caused by the 
dividers   = 0.02 have to be replaced by the largest value 
kmax that can be found within the m > 0 area. The final 
k-map is obtained by applying the filter of (17). 

IV.3. Increased Density of Hydrographical Network 

In the versions LAMO1 and LAMO2, the 199 main 
rivers and the 67 largest lakes (area > 2.5km2) of Latvia 
were included. However, the network of rivers of the 
country is much denser. To account for this feature, 469 
rivers are simulated by LAMO3. The 270 “new” rivers 
are mostly tributaries of the “old” rivers (see Fig. 9). 

The complemented set of rivers covers the land area 
of Latvia more evenly. Extra 60 small lakes (area > 
1km2) were also accounted for. 

It was shown in [5] and in the next section, how the 
HM groundwater flows changed due to appliance of the 
much denser hydrographical network. 
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Fig. 9. Rivers and lakes of LAMO2 (blue color) 
and the new ones of LAMO3 (red color) 

 
This network has also caused the necessity for 

appliance of the smaller plane approximation step h of 
HM: 
 the bodies of rivers/lakes are somewhere located so 

close that their areas are touching; 
 the HM area that are joined with rivers 

(~10 thous.km2) is too large (the land area of Latvia is 
64.5thous.km2); the area decreases twofold when h = 
500 → 250.  

The both drawbacks will be eased in the next LAMO4 
version.  

V. Comparison of LAMO2 with LAMO3 
The permeability maps and the groundwater flows of 

the both HM versions are compared. 

V.1. Permeability Maps 

For LAMO1 and LAMO2, constant values of k were 
used to compute the T-maps of primary aquifers. For this 
reason, T is in the direct proportion to the thickness m of 
an aquifer. For LAMO, the k-map is presented as the 
following product: 
 

 

1

        norm mean norm mean
n

mean i
i

k k k , k k / k

k k / n


 

  (18) 

 
where knorm – the normalized kmap; kmean and n - the  
mean value of k and the number of grid nodes at the 
m > 0 area, accordingly. For LAMO2, knorm =1.0.  

In Table V, the summary on features of  the LAMO2 
primary aquifers is presented. The aquifers differ in their 
areas, mean thickneses mmean and values of k. The mean 
transmissivity Tmean = k mmean. 

In Table VI, the main features of the LAMO3 primary 
aquifers are summarized. Their k-maps are variable 
(kmax /kmin >1). Minimal values of T are presented, 
because the resistances ξ are not accounted for.  

The mean values of (l/m)mean are given for each 
aquifer. These values are smaller for the united aquifers 
D3ktl#, D3zg#, D3krs#, D3dg#. 

TABLE V 
SUMMARY ON FEATURES OF LAMO2 PRIMARY AQUIFERS 

Aquifer 
code 

Area 
[thous.km2

] 

mmean 
[meter

] 

Tmean 
[meter2/ 

day] 

mmax/mmin 
=Tmax/Tmin 

k 
[meter/day

] 

kmax 
/kmin 

D3ktl# 5.44 62.89 188.67 7772.5 3.0 1.00 
D3zg# 7.53 50.43 151.29 4382.0 3.0 1.00 
D3krs# 9.34 22.71 45.42 2253.0 2.0 1.00 
D3dg# 32.84 30.76 307.60 4437.5 10.0 1.00 
D3pl 44.10 22.98 229.80 2840.5 10.0 1.00 
D3am 46.52 22.11 221.10 2269.0 10.0 1.00 
D3gj2 51.17 26.55 265.50 2924.0 10.0 1.00 
D3gj1 56.66 31.79 445.06 4287.5 14.0 1.00 
D2brt 68.96 45.30 226.50 5520.5 5.0 1.00 
D2ar 68.96 41.00 205.00 4904.0 5.0 1.00 

 
It follows from Table V and Table VI that the kmean 

and Tmean values of the deeper aquifers D3pl, D2gj2, 
D3gj1, D2brt, D2ar are considerably smaller for 
LAMO3. This resulted in decrease of groundwater flows 
there [5].  

The ratio Tmax/Tmin is much larger for LAMO2, 
because there the ratio depends only on the m-maps. 

In the next LAMO4 version, the research on 
improving the T-maps will continue. The effect of the 
resistance ξ will be accounted for individual wells, the 
initial data will be checked more carefully in order to 
exclude the faulty ones. The method that accounts for the 
m=0 areas will be improved. 

 
TABLE VI 

SUMMARY ON FEATURES OF LAMO3 PRIMARY AQUIFERS 

Aquifer 
code 

Tmean 
[meter2

/day] 

Tmax 
/Tmin 

kmean 
[meter/

day] 

kmin 
[meter/

day] 

kmax 
[meter/

day] 
kmax /kmin (l/m)mean 

D3ktl# 82.66 2675.0 2.12 0.50 4.50 9.00 0.15 
D3zg# 125.38 2062.5 3.64 1.50 8.00 5.33 0.24 
D3krs# 121.17 1315.0 5.95 2.30 10.00 4.35 0.36 
D3dg# 127.82 2370.0 5.58 0.70 10.00 14.38 0.34 
D3pl 156.11 1158.0 6.11 1.78 15.15 8.51 0.55 
D3am 94.87 1247.0 4.69 1.50 8.50 5.67 0.53 
D3gj2 136.00 1410.0 5.58 2.20 10.00 4.55 0.49 
D3gj1 145.62 1220.0 5.24 1.60 10.00 6.25 0.51 
D2brt 79.03 1843.0 1.91 0.60 3.50 5.83 0.40 
D2ar 80.64 1662.5 2.13 0.65 4.00 6.15 0.50 

V.2. Flows of LAMO2 and LAMO3 

To compare the groundwater flow regimes of LAMO2 
with LAMO3, Table VII, Table VIII, Table IX and Table 
X were prepared. Table VII and Table VIII contain the 
groundwater flow balances of Latvia that were obtained 
by LAMO2 and LAMO3. 

For an aquifer, the GV system computes the flows 
qtopin, qtopout, qbotin, qbotout. Their sum is the inflow qinflow: 

 
qinflow = qtopin + qtopout + qbotin + qbotout (19) 

 
The flow qinflow exists only for the m > 0 area of a 

layer. The GV system also finds the flows qriver, qlakes, 
qborder and qwells, accordingly, for rivers, lakes, external 
boundaries and exploitation wells.  

The sum of these flows must be in balance with qinflow: 
 

qinflow+qriver+qlakes+qborder+qwells =0 (20) 
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The graphical scheme for the expressions (19) and 
(20) is given by Fig. 10(a) and Fig. 10(b), 
correspondingly. There a “module” represents any part of 
the geological environment which flow balance is under 
consideration. 

 

 
(a) sources of inflow                     (b) local balance 

 
Figs. 10. Scheme for explanation of flow balance 

 
TABLE VII  

LATVIA GROUNDWATER FLOWS [THOUS. M3/DAY] FOR LAMO2 
Aquifer 

code qinflow qrivers qlakes qborder qwells 

Q2 3888 -3288 -426 -118 -56 
Q1# 25 -7 0 -18 0 

D3ktl# 173 -192 0 20 -1 
D3zg# 63 -41 0 -18 -4 
D3krs# 23 -11 0 -8 -4 
D3dg# 599 -569 -10 -15 -5 
D3pl 516 -446 8 -70 -8 
D3am 144 -93 0 -50 -1 
D3gj2 365 -244 0 -96 -25 
D3gj1 505 -327 0 -154 -24 
D2brt 689 -462 0 -214 -13 
D2ar 209 0 0 -195 -14 

Model 7199 -5680 -428 -936 -155 
Q1+Q2 3913 -3295 -426 -136 -56 
Primary 
aquifers 3286 -2385 -2 -800 -99 

 
An aquifer is the smallest module, but any HM or its 

parts can also be modules (Fig. 11 and Fig. 12). 
In Table VII and Table VIII, the local flow balance is 

given for any aquifer, for whole HM, for the Quaternary 
and Primary strata systems.  In Fig. 11, the last three 
rows of Table VIII are exposed. In Table IX, the flow 
difference of LAMO3 and LAMO2 are shown (Table VII 
was subtracted from Table VIII). The last three rows of 
Table IX are exposed by Fig. 12.  
 

 
 

Fig. 11. Mass balances [thous. m3/day] for LAMO3 

It follows from Table IX that the total inflow for 
LAMO3 has increased by 3564 thous.m3/day, the flows 
of rivers and lakes have the enlargements 
3756 thous.m3/day and 171 thous.m3/day, accordingly. 

The LAMO2 version was calibrated to match the total 
river flow ~ 6000 thous.m3/day given in [17]. For 
LAMO3, the total river flow is much larger than for 
LAMO2 (9436 > 5680). 

This difference is mostly due to the Quaternary system 
(6627 > 3295) where nearly all “new rivers” of LAMO3 
are joined. 

 
TABLE VIII 

LATVIA GROUNDWATER FLOWS [THOUS. M3/DAY] FOR LAMO3 
Aquifer 

code qinflow qrivers qlakes qborder qwells 

Q2 7223 -6596 -487 -84 -56 
Q1# 47 -31 0 -16 0 
D3ktl# 261 -277 0 17 -1 
D3zg# 82 -64 -3 -11 -4 
D3krs# 94 -80 0 -10 -4 
D3dg# 800 -692 -90 -13 -5 
D3pl 474 -361 -8 -97 -8 
D3am 262 -237 0 -24 -1 
D3gj2 527 -443 0 -59 -25 
D3gj1 322 -213 -5 -80 -24 
D2brt 557 -442 -6 -96 -13 
D2ar 114 0 0 -100 -14 
Model 10763 -9436 -599 -499 -155 
Q1+Q2 7270 -6627 -487 -100 -56 
Primary 
aquifers 3493 -2809 -112 -399 -99 

 
At present, it is not clear if the simulated river flows in 

LAMO3 are not much larger than in nature. The right 
answer will be possible when the measurements of river 
flows will be accounted for by the next LAMO4 version. 

The effect of the “new” lakes is little, because their 
areas are small (1km2-2.5km2). The 110 thous.m3/day 
increase for the Primary system is caused mainly by the 
artificial lakes of hydroelectric-power stations of the 
Daugava river. These lakes are joined with the D3dg# 
and D3pl aquifers (Table VIII and Table IX). 

In Table X, the infiltration flows γ [mm/year] are 
computed for LAMO2 and LAMO3, if the m > 0 areas of 
aquifers are accounted for: 
 

γ =0.365 qinflow / L (21) 
 
where L [thous.km2], qinflow [thous.m3/day], accordingly, 
are the area of an aquifer (Table V) and its inflow qinflow 
which is taken from Tables VII and VIII for LAMO2 and 
LAMO3, respectively. 

For LAMO3, the flow through boundaries was smaller 
by 363=(936499) thous.m3/day. This decrease was 
caused mainly by the Primary strata system 
(327 thous.m3/day), because there, for the deeper D3gj2, 
D3gj1, D2brt, D2ar aquifers, the kmean values were 
smaller than the ones of LAMO2 (Table V and Table 
VI). It follows from Table X that for LAMO3, the mean 
infiltrations (L = 64.5 thous.km2) on the HM top and of 
the Quaternary system are larger (60.91 > 40.73) and 
(41.14 > 22.14) mm/year, correspondingly. 
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TABLE IX  
GROUNDWATER FLOW [THOUS. M3/DAY] DIFFERENCE BETWEEN 

LAMO3 AND LAMO2 
Aquifer 

code ∆qinflow ∆qrivers ∆qlakes ∆qborder ∆qwells 

Q2 3335 -3308 -61 34 0 
Q1# 22 -24 0 2 0 

D3ktl# 88 -85 0 -3 0 
D3zg# 19 -23 -3 7 0 
D3krs 71 -69 0 -2 0 
D3dg# 201 -123 -80 2 0 
D3pl -42 85 -16 -27 0 
D3am 118 -144 0 26 0 
D3gj2 162 -199 0 37 0 
D3gj1 -183 114 -5 74 0 
D2brt -132 20 -6 118 0 
D2ar -95 0 0 95 0 

Model 3564 -3756 -171 363 0 
Q1+Q2 3357 -3332 -61 36 0 
Primary 
aquifers 207 -424 -110 327 0 

 

 
 

Fig. 12. Flow difference [thous. m3/day] between LAMO3 
and LAMO2 

 
TABLE X 

INFILTRATION FLOW FOR LAMO2 AND LAMO3 

Aquifer code Area 
[thous.km2] 

γ [mm/year] 
LAMO2 LAMO3 

D3ktl# 5.44 11.61 17.71 
D3zg# 7,53 3.05 3.97 
D3krs 9.34 0.90 3.67 
D3dg# 32.84 6.66 8.89 
D3pl 44.10 4.27 3.92 
D3am 46.52 1.13 2.05 
D3gj2 51.17 2.60 3.76 
D3gj1 56.66 3.25 2.07 
D2brt 63.40 3.96 3.20 
D2ar 63.40 1.20 0.66 
Primary Total - 38.63 49.90 
Model 64.50 40.73 60.91 
Q1+Q2 64.50 22.14 41.14 
Primary aquifers 64.50 18.59 19.76 
 

For the Primary strata, if the real areas are used, the 
flows are larger than the mean ones: for LAMO2 (38.63 
> 18.59) and for LAMO3 (49.90 > 19.76) mm/year. The 
mean infiltration of LAMO3 is only slightly larger 
(49.90 > 19.76) mm/year than the one for LAMO2. 

VI. Next Upgrades 
In 2015, LAMO3 will be converted into LAMO4 

where the plane approximation step will be reduced from 

500 meters to 250 meters. In LAMO3, bodies of 
rivers/lakes are somewhere touching. In LAMO4, due to 
use of the smaller approximation step, this problem will 
be eased, hence the ground surface will be simulated 
with the higher accuracy.  

Rivers will be joined with the HM body more 
trustworthy, because the data of the river flows will be 
accounted for. The research on improving the T-maps 
will continue. In the near future, LAMO4 may also be 
used for complex geochemical studies, because the GV 
system can simulate migration of various groundwater 
ingredients in space and time as described in [18], [19] 
where HM of Lithuania has been used. LAMO is in close 
relationship with this model, because the RTU team has 
participated in its development [20]. Methods and results 
described in [18], [19] are very instructive for users of 
LAMO. 

VII.   Conclusion 
The case of improving the hydrogeological model of 

Latvia LAMO has been considered. 
The upgrades have improved credibility of the main 

LAMO results: the groundwater head and flow 
distributions, geological stratigraphy data, permeability 
of geological layers and etc. The next LAMO4 version 
will be applied for updating information that is necessary 
for water management planning, as the base for creating 
detailed local models and for investigation of complex 
geochemical processes. 
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