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Abstract — In 2012, scientists of Riga Technical Universitliave
developed the regional hydrogeological model (HM) foLatvia
(LAMO). LAMO covers 475kmx300km area. It includes the
territory of Latvia, the Gulf of Riga (active area of the HM) and
border areas of the neighboring countries (presengl passive area
of the HM). Both areas are separated by the bordezone where
outer boundary conditions for the active area mustbe fixed.
LAMO simulates the steady state regime of the active
groundwater zone that contains potable groundwateresources
for Latvia. LAMO includes 25 geological layers and HM plane
approximation step is 500 metres. The active LAMO veoime is
enveloped by its top and bottom surfaces, but theuter vertical
surface of the border zone constitutes the shell dhe HM. For
the HM top and bottom surfaces and for the border mne,
piezometric boundary conditions are arranged. Presee of the
HM passive part makes the shell surface impermeabléor the
transboundary groundwater flow. This distortion of the natural
groundwater regime must be compensated by a propahoice of
boundary conditions that are fixed within the borde zone. On
the LAMO top surface, the digital relief (terrain) map is used as
the boundary condition. The map includes elements othe
hydrographical network (rivers, lakes, sea). The riers are
attached to various geological layers within the HVbody. Special
software has been developed to find the right attéenent of over
200 rivers of Latvia to the HM. Lakes and the sea ar@ined with
the HM through the aeration zone. The zone represesta formal
aquitard that is considered in computing of infiltration flow for
the HM. Because the digital relief is used as theobndary
condition, the HM itself provides feasible infiltration flow
distribution that can be adjusted by its calibration. Due to
original methods of establishing the boundary condiions, LAMO
has been created during a short period of time (2ears).
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. INTRODUCTION

The countries of the world and of the European brace
developing hydrogeological models (HM) where by nseaf
computer modelling the information necessary fore th

groundwater management planning is obtained. In2201,.,,

scientists of Riga Technical University have depeld the
regional HM of Latvia (LAMO). More detailed inforrtian
regarding LAMO is given in publications [1, 2, 3]. &he
present publication is focused on arrangementebtiundary
conditions for LAMO. Due to original methods usedr f
establishing the boundary conditions, it was pdesito
develop LAMO during a short period of time (2 ygars
LAMO covers 475km300km area (Fig.1). It includes
Latvia and border territories of the neighbouriogiatries. For
the current LAMO version, only Latvia and the GoffRiga
constitute the active area of the HM (Fig.2), beeauat

20

present, no agreement exists regarding cross boroeelling.
The active and passive areas are separated bikthewide
border zone that is used for fixing boundary caadg for the
outside of the active area.

Hrs

Tartu ]
1 Area 475km x 300km

Parnu EEStONIA @

Pskov
[

Valmiera
[

Hydrogeological
Latvia ’

.Iel‘g;a va Re¢zekne
Liepdja °

Daugavpils
5 P!

Panevezis
[ ]

Lithuania

)

Fig. 1: Location of Latvia’'s HM
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Fig. 2. Location of the active and passive aredsAdfiO

To consider the problems of arranging boundary itimmg
for LAMO, the basic mathematics of the 3D steadsgtest
model must be introduced. By applying 3D finitefeli€nce
approximation, thex, y, z — grid of the HM is built using
(hxhxm) sized bocksHh(is block plane sizem is the variable
thickness of a geological layer). The model coonwd a
rectangulamp-tiered xy—layer system, where p is the number
of geological layers. For LAM(Qp=25,h=500 metres.
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The modelling program controls the whole area ef It II. THE DIGITAL RELIEF MAP AND THE HEAD DISTRIBUTION
that contains also the passive area that takes amb ip OF THED2PRAQUIFER
simulation. The active HM volume is enveloped by Horder
zone. Its outer vertical surface represents animeable shell
that blocks transboundary groundwater flow. Theiefel
(ground surface) and the lower side of the model its
geometrical top and bottom, accordingly. The —8pace
volume enveloped by the boundary surfaces (toptobmt

shell) constitutes the active body of the HM. Vegtoof the  ;..ount for numerous recharge and discharge aias.

piezometric heaq is. the numerical §0Iution of tmwgry modeller is able to guesswork the right distribution for a
field problem which is approximated in nodes of bty—grid large 3D HM.

by the following algebraic expression:

Appliance of piezometric boundary conditigry (Fig. 3),
on the HM top instead of the conventional rechaagel
discharge (evaporation) flowg ¢ —conditions for infiltration
flow) has considerably reduced the effort of depéig the
HM, especially, of the large regional models whehe
groundwater infiltration distribution is very conepl It must

Ap= ﬁ'Gl//y Aqo\xy"'Az (1)

where A is the symmetric sparse matrix of the geologice
environment which is presented by thg-layer system R
containing horizontal A, - transmissivity) and vertical :
(A, - vertical hydraulic conductivity) elements of theMH =~
grid; w-the boundary head vectoiie, Woo, Wour Wriv - o
subvectors ofy that represent boundary conditions the HN
top, bottom, border zone, and rivers accordingB/;- the
diagonal matrix (part of) assembled by elements, linking the
nodes wherge must be found with the points whayes given
(for Wiop: Yoot Wour these points are nodes of the HM grid);
the boundary flow vector.

The elementsyy, a, of A, A, (0Or gy, g, of G) are computed
as follows: Fig. 3. Isometric image of the digital relief

h? x k
m

%:kxm,azz

)
m=z,-z>0i=12..p

where z,, z are elevations, accordingly, of the top and bottor %
surfaces of the i-th geological layeg, epresents the ground =
surface elevationy,q-map with the hydrographical network ==~
included;k, m are, respectively, elements of digital k-maps
of the computed layer thickness and permeabilftyn lsome
areasm=0, then the-the layer is discontinuous. To prevent
the “division by zero”, in the, calculation of (2)m=0 must
be replaced by small> 0 (for LAMO, ¢=0.02 metres).

For LAMO the most important are boundary conditiong
Wout Wriv - Condition y, makes small impact on the HM, o o
because the thick regional aquitard of D2nrz peadij blocks ~F'9- 4 Isometric image of the D2pr head distribati
vertical groundwater flow through the LAMO bottomrface.

In LAMO, the g —vector is represented only by the withdrawab
rates of well fields. It is not applied for usuainslation for
recharge and evaporation flows on the HM top.

For LAMO outer surfaces, thg —conditions were applied,
instead of theg —flows due to two main reasons:

e they-—conditions shortened the time needed for solving

of (1), because they caused appearance of niateg Qoer = Gaer % rel _(qu) ®)
the diagonal dominance factor &f[5, 6];
e numerical values of they—conditions were known where g, is the computed head (subvector @f for the
much better than the ones of {heflows. aquifer Q,; G (diagonal submatrix ofG) contains the
vertical links g, Of the aeration zone connecting the fixed
wra With the computedpg,. The expression (3) gives the
ordinary result of the HM, whenwcondition is applied. As a

The y,g-map was obtained by using the data of the
eospatial Information Agency of Latvia. Methodsdiso
create the map are described in [7].

If the y,q — Map is used, the flow=0.e passes through
the aeration (vadose) zone:
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rule, even the first run of the HM provides feasibésults for
in-

The vertical links,gar Of the diagonal matrixG,,, are
controlling theg.e distribution. Valueg,e depend om?, Kee
and my, (formula (2)) whereh=500, ke and m,, are,
accordingly, the permeability and thickness of Heration
zone. Initially, ke and m,, are unknown. In nature,
Maer=@ra—0q2 If Gaer>0. If 0aer<O thenm,e ceases to exist, in
the form wheng,,>0. Then the negative infiltration flow is
caused mainly by lowlands, rivers and lakes. Fitbe
following values of the aeratiomone were triedm,,=0.02
[m], ke=10°[m/day] (for recharge areafi;e=10"* [m/day]
(for areas of lakes and se&),=10°[m/day] (for areas of
swamps). To avoid iterative changes of the HM gdome
mM,e=0.02 was kept constant, until the calibrated stafte
O.e—flow was achieved by adjusting thg, — distribution.

The piezometric head distributian,,, of the D2pr aquifer
(Fig. 4) is applied as the boundary condition oa tAMO

aquitard; the D2pr aquifer contains drinking watgr the
North-East part of Latvia.
Ill. DESIGN OFBOUNDARY CONDITIONS FOR THEBORDER
ZONE

Due to the presence of the HM passive area, ther oettical
surface of the boundary zone (shell) is impermedtethe
transboundary groundwater flow. This factor distothe
natural groundwater regime in the close vicinitytloé shell.
Because the border zone width is 4,000 metresdistertion
is considerably smaller on the inner surface ofzihvee. There
exists the flow passing through this surface. Onsstntry to
recover the natural groundwater regime on this d@osdrface.
It can be done by fixing auxiliary piezometrioc bdary
conditionsy,,; on the middle line of the border zone. As the
initial data for obtainingy,, for aquifers of the HM, three data
sources were used that provided linewise informatio the
e —Map; 2.y, for the D2ar aquifer; 3. data extracted from

bottom surface. Theypz-map was obtained by usingthe head distribution map of the prequaternarya®edyeo

information of [8] about the factors that formecde thead
distribution for the D2pr aquifer. Influence @f, is small,
because it is separated from the HM body by thektteégional
D2nr aquitard. There are two reasons for applioatd this
boundary condition: it may be useful if a modebarries out
research regarding the role of tectonic faults lé D2nr

\CITLDARBI\Ehldes\ER‘AELATMOD\HEADS\HeadsJJw 11.2012\Griezums, _LV_LT_rob_ar_1_3_7_19_23.srf
| 1 [

The ¢,q —surface can provide only fragmentsygj; that can
be observed from the bird's eye view. Special safevwas
developed for extracting these data and for progdi
information that was necessary to design the iotatpn tool
that providedy, for all aquifers of the HM. Principles used to
create the tool were reported in [9].
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g. 5. Graphs of boundary conditions gltime frontier of Lithuania / Latvia
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The design of the interpolation tool is based anftitt that k;;,=0.002 was found experimentally. Therefore, asititél
a set of vertical linksa, exists along the middle line of thetry, the formula (5) givesy\=wW,. For LAMO, rivers are
border zone, which join the neighbouring aquifa@isese links presented by their middle lines. The only excepi®ithree
account both for th&k and m parametres of the aquitardsartificial lakes of the Daugava River that haverb&@med by

(formula (2)). If values of these links are consatdy
enlarged (at least 100 times), then this set afsftamed
vertical links behaves like a spatial interpolatidavice. It
automatically provides the unknown componentg£f.

The above mentioned software detected these losatd
the aquitards where they exist#£®). For them=0 areas, no
transformation of the, —values was done.

Therefore, theyy,: boundary condition is obtained by the

HM itself, as follows:
e the components originated from
Pareq—Maps are fixed as the initial ones;

th@’reh

PD2ar»

the Riga, Kegums, Plavinas hydroelectrical powaticts.

In Fig. 6, the set of rivers and lakes included AMO is
shown. To obtain they,q —conditions, the following items
must be prepared:

o the xy—location of a river line;

¢ the long line profile (water levels of a river atpiits

line);

¢ the width of a river along its line;

o the z-attachment of a river line.

The last item accounts for the fact that a river,its run,
may be joined with different geological layers. Feotample

e the other components ot are supported by the spatial(Fig. 7), the River Gauja runs through the Quaternthe

interpolation tool that contains transformegdlinks.
Because the interpolator is not a part of the LAMGIve
volume, it can be used permanently. This featuweig useful

lower and upper Devonian Layers. As about 200 sivefr
Latvia are included in LAMO, no modeller is ablgj# them
properly with a model. It was necessary to devedppcial

during the HM calibration when the —set gets changed and software for preparing all data files that are mekdor
the o, conditions follow these changes. creating they,;, — conditions.

In Fig. 5., graphs of the outer boundary conditiare
shown for the frontier line separating Latvia anithuania. “**F===
There the graphsyoran, Woprea: Wp2ar represent the fixed
conditions, but the conditiongy gy, ¢opaig are computed by
the interpolation tool. The graphs of other comgute
conditions are not shown, in order not to make Bigtoo
complex. Thewo,qn graph represents the slice along the
frontier, for thep.qn distribution. The graph@gyreq, ¥ p2ar are T
slices along the frontier from the head distribnsicof preQ
surface and the D2ar aquifer accordingly. Bothritiistions
have been prepared by skilled hydrogeologists bingus
borehole data.

Wkrajums_2012RobezhnosaciumiLV_upes_ A3_S10.s

Passive zone

IV. RIVERS ASBOUNDARY CONDITIONS

The considered-above boundary conditions, woop , Wou
are fixed on the outer surfaces of the HM and #agt in the
nodes of the HM grid. The conditian;, that represents water
levels of rivers is attached to inner nodes of ki grid via S —
the set of the river bed conductan&g, The flowq,, caused o
by rivers is given by the matrix expression:

150000
300000 [m]

Fig. 6. Set of rivers and lakes included in the HM

775000

GAUJA River
profile
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Griv = Griv (@ - wriv)

where the diagonal matri,, is a partG; ¢y, is subvector
of ¢, ¢ny represents these nodes where the correspondi’
components oy, are attached via the links belongingGg,  «
The vectory,, is the subvector of,, but components o,
belong to a set of points located outside the Hidl.gFhe
value of a single elemerd,, of G, is presented by the -«
formula:

-100

-200-

G = h Way Ky / My ® S

Fig. 7. Vertical cross section along the Gaujarrive

were h=500 (plane steplv;, — the width of the river that is
known and it is applied for computing gf,; k., M, — the
permeability and thickness of the river bed layezcadingly;
these parametres are unknown. Vamg=1 was fixed an

The program also performed the search for the river
z —attachment. Presently, the empirical vakig =0.002 is
d applied for all rivers. In naturdg;, may be different not only
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for each river, but also for their fragments. Tasktof finding
more realistick;;, distributions is very complex, becaus
observed in nature river flows of (4) must be usétbwledge
of these flows provides more exact estimates ofrttezaction
between groundwater and rivers.

V.CONCLUSIONS

Scientists of Riga Technical University have depekb the
regional hydrogeological model of Latvia. Innovatimethods
used for arrangement of the boundary conditiorthisfmodel
enabled to shorten the time and to ease effortsleuedor
creating this complex software tool. Applicationtbé ground
surface (terrain) map as the boundary conditiorthenmodel
top enabled obtaining the infiltration flow distufion (the
most important parameter) automatically,
provided by the model itself. Boundary conditions the
model outer vertical surface were also createchbyntodel by
transforming its outer surface into the interpaatiool that
supported this boundary condition. Boundary coodgi for
rivers enabled to control river flows. Further eféo are
needed to use this feature for more exact estimatb
interaction between groundwater and rivers.
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