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Abstract The regional hydrology of the Kisalfsld area (Hungary) was captured in a GIS
QLWIS), which played a role of cenmal wntegration medium and supported with its
analytical tools the determination of boundary conditions and subregional processes. The
research conceatrated on methodolagical issues, with a basic assumption that it is
possible to sbortcut some difficulties of hydrological model calibration with spatial
analysis in a GI{S environment. Spatia] analysis was used 16 detlermige the characteristics
of hydrological variables: to characterize the continuity of the cover layer, to assess
recharge by various methods and to study the propagation of the effect of the river stages
in the groundwater. Hydrological models (FLOWNET, HYDRUS, MODFLOW) were
used o simulate the subregional processes and the regional groundwater flow sysiem.
The coupling of data bases, spatial analysis, rules and models consttres, i fact, a
hydrofogic information system. The system enables the evaluation of the modelling
results. Methodclogical conclusions are presented about the accuracies and the efTects
of up- and down-scaling in the construction of hydrologic informatian systems.

INTRODUCTION AND BACKGROUND

A study was carTied out to investigate how spatial analysis in a GIS environment improves
the jnsight into the hydrological processes of alluvial regions, where surface waters ana
groundwater are strongly interrelated. The following objectives were formulated:
o To umprove existing methods for obtaining insight into the hydrology of alluvial
areas, onl the basis of analysis (n 2 GIS environment.
o To determine the possibilities and limitations of (GIS-assisted spatial gnalysis in
hydrological spatial process modefling.
o To determineg the possible effects o the changes of the water levels in the main
rivers on the hydrological and ecological sysiems of a setected alluvial rezion, the
Kisalfsid.

The study focused on mainly methodological issues. The Kisalfdld (Smal} Hungarian Plaia.),
was chosen as the study area because a very rich database is available from this region.
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376 Vekerdy Z. el at.

The Kisalfold (s of alluvial origin. It is
focated in the centre of a down-warping
tectonic basin  which was filled up
gradually m the Tertiary by mostly fine-
grained manne and lacusmine deposits.
Sandy and gravelly fluvial deposits
covered them in the Quatemnary, reaching
700 m thickness at the cenmal part of the
basin. This alluvium contains one of the
largest freshwater reserves of Cenwal
Europe {Erdélyi, 1994]. The aquifer is
covered by a thin layer of fluvial deposits
of finer grain size, the ‘cover layer’.

The investigated area of the Kisaifsld,
the Gyor Basin (Figure /) occupies the
right bank side of the alluvial fan of the
Danube and the whole alluvial fan of the
Raba river.

Due to the construction of a
hydropower siation, the largest part of the
discharge of the Danube has been diverted

into an isolated side channel in 1992. Since PEN . 5s hydropower piant with reservoir
the groundwater and the surface waters are —_— Boundary of the modelted area
in sirong contact in the Gydr Basin, the ——— Stale border

present study examined the possible effects

L [ tion of the investigared
of the diversion on the groundwater heads Figure I Location of the investig

and the fluxes between the hydrological region
subsystems. S
TOOLS AND METHODS APPLIED FOR THE ANALYSIS OF THE "‘“:?;
HYDROLOGICAL SYSTEM OF THE KISALFOLD 5

Data from several different sources have been integrated in a GIS egvironment (based on
the [ILWIS GIS/RS package') containing lithological, topographical, land use, soil and
oevelectmical maps and remotely sensed data. The tabular datzbase contained time scrics_ of
river stages and groundwater levels, meteorological parameters and other, time invariant
point-iike data as soil and lithologica] characteristics.

Spalial statistics and remote sensing methods were used in the prepararion of the inpuf
data for the hydrological analysis.

Since the geomerric and hydraulic characteristics of the cover layer srongly affect the )
fluxes across the groundwater table (the recharge and the upward groundwater loss). &

' (LWIS: Integrated Land and Water Information System, product of the Interoationsl
(nstiute for Aerospace Survey and Earth Sciences (ITC, The Netherlands) -

Hydro GIS 796
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spaiinl analysiy was cam=d aut 1o find the oprimal mapping methods of the thicknesy and
the fydravhe conductiviey of thag zyer

Besides ihe cover igpyti, the vepemnon alto has an effect oo the fluves acroys Dag
groufidwater table, due to s ool water uptake. Land use maps copkain the main land e
vpes, buy large differencss may ooror o the aciual ool my depd: withm the land uwe hopes
especially in the arable lands. (n the Kisalfold these differences are emphasized o sprag.
Wi Wimisr cfops ahe groRgly ooveloped Gul ApTing cropd DAV BOE P Smerged. A
separation method ol these heo cuegories wis applied based on dessioy slicing o 4
normalized &ifference vegrmtion Index (NDVI, cakculated from ¢ Landsar MSS aalellis
mare Ths was followed by asalgoning vertical rool distribation values to e séparaied
e tljed

i order o describe e e .‘-'-r|.l_:'l"|.-..'_il precenies of e FEgih m 3 oIS anvirngmens i wa
AETESEry (D partly couple VAo Modsiling doprodcnes and various soffware pickases. T
fnllowing approaches have been used for the determination of the fluxes scrnas the 2xtemal
ind mtemmal coundaries of the Quaernary aquifer of the Eisalfbld:

o The lower boundary condition is formed by the flow between the Quaternany
alluvium with high permenbility and the underlying Pannonian deposits with [ow
permeainiity. 70 seady stite models have been worked oul for varioss sections uting
the computer code FLOWNET [Van Elburg et ul., 1989 The model calibraiions
wene based on the hydrodynamical sectiont by Endéiw (1979 It conld be sigryied
that the flow scross the lower boundasy of the Quaternasy sguifer & insignifican,
being not more than 4% of the annual net Mux at the groundwaner tble.

8 Two methods have been used 10 determine the parameiers which describe the fluxes
across e upper boundary, the groundwater @hie:

* Regonaiganon by a serm-empurical method, which was based on relational
operations becween raster maps o2 G115, using valoes taken Brom literarore
[Tahy, 1991, Miron, [994] and from experience obtamed al hydroiogical
expenmental sited [SimoniTy, 1994] The maps were used as o quick estimate of
the magniude of the Tuxes across the groundwaer mbie

¥ Reciopalizstior based on a fnite clement 1D onspfurated  flow simidlaton
compiter code, HYDRUS, [Kool & Van Genuchizn, [991], Measured soil
mocnse data of monitoniag sites [Vargay, 1985] have been used for the
wenfication of the mode| paramsters. Mappwng units were formed by crossing tne
mide| perarnewr maps {vegedtion, soil characieristics | in the GIS. Then the fow
through the unsamaraced rzone was simulated for every mapping umit. The resulis
were mapped and osed &5 mpul for the 1D groandwater modelimg
o The nvers have profound effect on the propagauion of the bank storage
Regionahzation was comied out 1o g2t an meighl into the extent of the 2onsy effecen
oy the river stage Huciations. In the (semi: jeonfined parts of 1he aguifer the banl
Forage propaganon wa wveshigaied by wsing Leenen's [[994] anabwical islanom
melhod of the normalized 1D semi-confined groundwater flow equation. For phreanic
conditmns the snalytical solution of the phreatc flow equation miroduced o
Edelman | 1927] was ysed. The metheds have been verified plong messyred seclions
perpendicular to the argest nver, the Danube. A map of the regions nfluenced by
the lareest rivers Of the Kisalfild has been caleulated in the GIS. uping the bydraulic
parameter mapt of the Kidalfold mnd measyred tape data of the rivers. The resuln.
wrere compared with calculated lag-comelmions between the rmver smees and e

—— R —
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378 _ Vekerdy Z et al.

groundwater responses in observation wells. The map of the river influenced zones
supported the qualitative reasoning during the calibration of the regional grouidwater
flow model.

o A 3-D groundwater flow model based on the computer code MODFLOW
[McDanald & Harbaugh, 1988: McDonald et al., 1991] provides the framework for
the comprehensive groundwater hydrology of the area. The boundary conditions and
the sarameters of the subregional processes, which had been determined in the
former sieps, were used as wnput. During the calibration the GJS has been used partly
as a user interface for the visualizauon of the model output, and partly {or the
analysis or the discrepancies between the output and the modelling target.

DISCUSSION

The following discussion focuses mainly on the methodological aspects of the
hydrological analysis and modelling in a GIS, and only the most important site
specific results are mentioned here.

Data preprocessing and spatial analysis of hydrological variables in a GIS
environment

Data integration 1s one of the most powerful functions of a GIS. This has been -
lensively used in the construcnion of a raw data set for the Kisalfgld. Data trans-
formations were restricted 10 geometric and sometimes temporal transformations,
and data model transformations of the raw data (such as vector to raster conversion)
were applied onlv when a specific application required it in the later steps.

Flexibility in access to the dara is one of the most important requirement from
a GIS in data preprocessing. There is no need for a complex database structure
because it would result in a data (structure)-driven situation. In fact, a database with
established spatial and structural links can be designed only on the basis of the
comprehensive analysis of the hydrological system. Thus the applicability of the
object-oriented data strucrure — which is 2 popular field of the research in GIS - in
this case is very limited: an object-oriented approach needs the exact determination
of the objects and their refationships, but these may become known only as a resuit
of the hydrological analysis.

Spatial analysis highlights the spatial characteristics of the variables. Statistical
methods were used to qualitatively describe the spatial characteristics of hydrolo-
aical variables. [n the case of the cover layer thickness data of the Gyér Basin, the
sufficiency of the necwork was evaluated by analysing the effect of different obser-
vation nerwork densities on the representation of the subregional spatial variances.
The analysis highlighted differences in the spatial characteristics of the cover lavers
of the Danube and the Raba alluvial fans. The rwo fans were, therefore, treated
separately in the later steps.

Hydro GIS 796 Poster Paper No 90/)2
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Variogram anaiysis (or the analysis of any other spatial continuiry function) is
the best way to describe the sparial continuity of a variable. Moving window
statistics highlights the sparial anomalies of a variable by calculating the local
descriptive statistics, such as the loca! means or the coefficients of variation. These
methods were also used for the analysis of the cover layer of the Gydr Basin.

Qualitative classification of the spatial characteristics of the drainage network
(1.e. drainage density) was also used in the calibration of the groundwater flow
model of the Gyor Basin.

Regionalization is the most complex spatial analysis method. [Lcan be described
as the derivation of one categorical spatial variable from several other spatial
variabies. This has been used for the determination of the boundarv processes.
based on 2 method modified from Simmers 11984]

Hydrological system description, subregional and boundary process analysis

Analytical and visualization functions of GIS were used to deseribe the hydrological
system and 10 analyze the subregional and boundary processes.

The processes of the upper boundary of a phreatic groundwater system are the
surface recharge and upward loss from the groundwater. These fluxes across the
groundwater table cannot be measured directly on a regional scale, therefore they
had 10 be deduced from other variabies.

it is relatively easy to implement empirical rules and transfer functions in a GIS
environment, but their disadvantage is that they are not based on objective laws.
Thas their accuracy depends on subjective factors. {n spite of this fact they were
found to be useful for a preliminary assessment of the magnitude of the fluxes
across the groundwater lable.

Physically-based numerical methods are usually more complex than the
empirical transfer functions. The applied quasi-steady-state simularion of the flow
n the uasaturated zone was more objective than the empirical rules, but it suffers
from the scale effect. Point measurements had to be used for the calibration of the
hydraulic parameters of the flow medium. Such a calibration may reflect the local
variance of the hydraulic parameters, which is then erroneouslty extrapolated o a
large area, e.g. a mapping unit.

[t can be concluded that the recently available methods and transfer functions -
simple or complex makes nc difference — cannot describe the processes in the
unsarurated zone on a regional scale with a high accuracy.

Scaling and representativity problems occurred in the regionalization of the river
effect on the groundwater too.
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Groundwater modelling in a GIS environment

Groundwater modelling is the key to the quantitative description of the hydrological
system of alluvia’ areas. The most important GIS functions which support

groundwater modelling are summarized

in Table 1.

Table | QIS functions in the different sieps of groundwater modelling

Modelling step

GIS function

[Preprocassing i Data collection

L

Data integration: retneval from external
databases: impor from different file formats,
merging maps

| | ldentification of area to be
maodelled (topographic map —
geametric background)

Digilizing; raster—vector and veclor-raster
conversions !

Mesh design (medel code
specific step)

Interactive editing of segment and polygon maps,
coordimate transformation; rastenzation; map
calculahons

Creation of surfaces
{continuous spaliai variables,
e.g. lop and bottom of a layer)

DEM generauon; map calculations;
neighbourhood caleulations

Regionalization {calegorcal
spatial vanables), modelting of
subprocesses

Map calculalions; spatial statislics

Reconstruction of 3D objects
{e.q. aquilers)

Spatial statistics,; creation of and data retreval 1
from 3D data sets; visualization of 3D surfaces,
sections

Transfer of assembled data to
the modgel code (input file
generation)

Automation by pragramming capabilities (batch
files, macros, modelling language) for the geo-
metnc control of input data and file format conver-
ston

Calbration. Evaluation of the resuit
sensvity
analysis, veri-
fication, pre-
dicbon

Visualizalion: overlaying; retnevat of values from
maps: statistics of a whote map: slatistics of
selected areas of one or several maps: map
calculabon; secton editing from 2D and 3D data,
tme senes analysis: animation of the results of
consecutive runs; animation of the results of
consecutive ime steps

todification of paramelers

Visualization; overlaying
Edding of map values
Map calculation

Scenario analysis

The most important point in coupling

Visualizalion; ovenraying: retneval of values {rom i
maps; statistics of a whole map, statistics of
selected areas of one or several maps; ammation
of the resulls of consecutive lime steps

a GIS and a groundwater flow simulauon

cade (or any other hydrological model using spatially distributed parameters) is that
ihe analytical tools of the GIS must have direct access to the input and output data

Hydio GIS 96
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structures of the simulanon code. This can be solved by data transfer programs.
Such a coupiing is more a technical than a scientific 1ssuc: some specific functions
have to be added to a general purpose GIS software to support hvdrological
analysis. These functions may help the determination of the model geometry, and
may provide a framework for routinely repeated operations such as visualization,
statistical calculations etc.

Hydrological system of the Kisalivid

The results of the comprehensive analysis of the hydrological system a1
Kisalfold were the basis for constructing the steady-state groundwater flow mode|
of the region.

The recharge and upward groundwater loss values of the regionalization and the
calibrated model were compared. {1t was found that the regionalization methods
resulted in an overestimate of those parameters, which have an effect on the
simulated upward groundwater loss.

Some discrepancies were also found between the results of the regionalization
of the niver-influenced zones and the calibrated groundwater model.

Subregions — termed as water budget units — were formed to calculate the
subregional fluxes. These units were delineated on the basis of drainage densities
and the widths of the river-influenced zones. This subdivisjon of the Gydr Basin
provided a basis for a detailed analysis of the interactions of the different parts of
the hydrological system.

Two scenarios were analyzed: the ‘initial® scenaric which simulated the mean
annval groundwaler heads and fluxes of the period 1979-89, and the ‘diverted
Danube’ scenario, which simulated the mean annual situation after the diversion of
the Danube. The analysis of the scenarios showed that the rivers play a more
important role in the recharge to the groundwater than the surface recharge,
especially on the Danube alluvial fan. [t was found that a considerable drop of the
annual mean groundwater heads occurs in the northern and middle part of the
Szigetkdz if no artificial recharge measures are applied.

Because of its equidistant grid of 1000 m spacing, the developed modei
describes only the regional processes. This resoiution does not allow the simulation
of the (ocal processes, but this regional mode! may serve as a starting point for
modelling local flow and transport processes in the future.

GENERAL METHODOLOGICAL CONCLUSIONS

On the one hand, evidence has been provided :n this study of the important
etfects of local variations ot the hydrological variabies. =.a. hvdraulic properties of

Hydro IS 26 Poster Puper No 90112
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sediment types, cover layer thickness. A part of these local variations cannot be
described because of practical and theoretical limitations:

o [ncreasing the number of observations within a practicafly manageable range
does not necessarily improve the accuracy of the representation of some
variables, as was shown in the case of the cover layer thickness.

o Deterministic simulation models involve simplifications, which neglect soms=
locat effects. Another source of problems is that the point measurements
which are used for model calibration cannot describe all the spatial variations
or the variable. therefore, exirapolation from them may cause errors.

The conclusion is that determinisuc up-scaling is not a2 proper approach for the
modelling of regional hvdrological processes.

On the other hand, it was demonstrated that it is possible to simulate rezional
hydroiogical processes by deterministic groundwater flow models in alluvial areas.
The effects of the unknown local variations can be eliminated by the calibration of
the model. Approaching hydrological processes from regional to local scale is the
most appropriate way, i.e. down-scaling is the best approach in hydrological
analysis.

On a more general level, it can be concluded that protocols for hydrological
analysis — like the one suggested by Simmers [1984] for regionalization — help us
1o understand the information flow through the steps of the procedure in general,
but do not provide a robust guide to solve each problem. Instead of suggesting
another protocol, the existing methods may be ymproved by identifying the “botle
necks’ of the information flow. It was found that such a bottle neck occurs in the
first steps of the analysis, namely in the reconstruction of the spatial hydrological
variables from the measured data. The spatial characteristics of the variables,
therefore, have 1o be analyzed and the optimal representation method has to be
determined. This is the field where GIS technology can have the most important
contribution 10 hydrologicai analysis.

ACKNOWLEDGEMENTS

The present article is the summary of the Ph.D. research of the first author
[Vekerdy, 1996] under the supervision of the other two authors. The research was
financed by the Intermational Institute for Aerospace Survey and Earth Sciences
(ITC), Enschede, The Netherlands, with the support of the Water Resources
Research Centre (VITUKI), Budapest, Hungary and the Cartography Department
of the E6tvds Universiry, Budapest, Hungary. The authors would like to express
their gratitude to Professor Dr. [stvan Klinghammer for his support.

Hydro GIS 96

Poster Paper No. 90712

—4




Gis-bused Hydrological Model of the Kisalfold Area (Hungary) 383

REFERENCES

Edelman, J.H., 1947: Over de berekening van grondwaterstroomingen (About the calculation
of groundwater flow), Ph.D. thesis, Delft University of Technology, The Netherlands

Erdélyi M., 1979: Hydrodynamics of the Hungarian Basin, VITUKI Proceedings nr. 18.
VITUKI, Budapest, Hungary. 82 p.

Erdélyi M., 1994: Hydrogeology of the Hungarian upper Danube section (before and atter
damming the river), Natwral History Museum, Budapest, Hungary, 115 p.

S

"o ra

s

Marton T., 1994: Telitetlen zénas szivargasi modell kalibrélasa észlelési adatok alapjan a
Duna-Tisza-kézén (The calibration of an unsaturated zone flow model based on 3
measurements for the Duna-Tisza-kéze), (internal report, manuscript), VITUKIL 1
Budapest, Hungary, 17 p.

McDonald, M.G., A.W. Harbaugh, 1988: A modular three-dimensional finite-difference
ground-waterflow model, Modelling techniques, book 6, USGS

McDonald, M.G., A.W. Harbaugh, B.R. Orr, D.J. Ackerman, 1991: A method of converting
no-flow cells to variable-head cells for the U.S. Geological Survey modular
finite-difference ground-water flow model, USGS Open file report 91-536, USGS, USA,
99 p.

Kool, J.B., M.Th. Van Genuchten, 1990: HYDRUS - One-dimensional variably saturated
flow and transport model, including hysteresis and root water uptake (software manual),
HydroGeoLogic Inc., Herndon, Virginia, USA

Leenen, J.D., 1994: Voortplanting van grondwaterstadsfluctuaties, met het effect van een
hoogwatergolf als bijzondere toepassing (Migration of ground water fluctuation as a
special application to the effect of a high water wave), H,0, vol. 27. or. 5, pp. 128-131

Simmers, [., 1984: A systematic problem-oriented approach to hydrological data
regionalization, Journal of Hydrology, 73, pp.71-87

Simonffy Z., 1994: Personal communication at the Water Resources Research Centre
(VITUKI), Budapest

Tahy A., 1993: Evaluation of the recharge and the discharge conditions in the Danube-Tisza
Interfluvial using geographical information system, (M.Sc. thesis), European master
degree course in environmental science and engineering (TEMPUS Programme),
Budapest, Hungary, 30 p.

Van Elburg, H., G.B. Engelen, C.J. Hemker, 1989: FLOWNET version 5.1 - User's manual,
Manuscript, Free University, Amsterdam, The Netherlands

Vargay Z., 1985: GNV szigetkozi fedoréteg vizsgdlat — Nedvességmérd hadlozat
iizemeltetése a Szigetkozben, adatfeldolgozas (Gabcikovo-Nagymaros barrage system,
Examination of the properties of the cover layer — Soil moisture measurements and the
processing of the data) Research report, No. 7623/1/9-11, VITUKI, Budapest, Hungarv,
10 p.

Vekerdy Z., 1996: GIS based hydrological modelling of alluvial regions, using the example
of the Kisalfold (Hungary), Ph.D. Thesis, E6tvds University, Budapest, Hungary, 180 p.

Hydro GIS 96 Poster Paper No. 90112



