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PREFACE

The Regional Water Policies project of IIASA focuses on intensively
developed regions where both groundwater and surface water are integrat-
ing elements of the environment. Our research is directed towards the
development of methods and models to support the resolution of conflicts
within such socio-economic environmental systems. For that reason complex
decision support model systems are under development for important test
areas. One of these test areas is an open-pit lignite mining area in the GDR.
A fundamental presumption for the development of such systems are
appropriate submodels of the basic environmental processe$ to be con-
sidered. These submodels have to reflect the processes sufficiently accu-
rately but should be on the other hand simple enough for their integration
in complex model systems.

The paper deals with groundwater and surface water flow processes. It
presents a methodology for the development of simplified reduced submo-
. dels based on computations with comprehensive flow models. The research
has been done within the framework of a collaborative agreement between
IIASA and the Institute for Water Management in Berlin. Besides the Insti-
tute for Water Management, the Institute for Lignite Mining, Grossraschen,
GDR, took part in this research. This paper is the final report for the
second stage of collaboration.

Although the methodology has been devéloped with special regard to
open-pit lignite mining areas the given approaches and models are intended
to be more generally applicable.

Sergei Orlovski

Project Leader
Regional Water Policies Project
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ABSTRACT

The development of complex decision support model systems for the
analysis of regional water policies for regions with intense socio-economic
deveiopment affecting and being affected by the water resources system is
of increasing importance. One of the most illustrative examples are regions
with open-pit lignite mining.

Such model systems have to be based on appropriate submodels, e.g.
for water quantity processes. The paper describes submodels for ground-
water and surface water flow with special regard to open-pit lignite mining
regions. Starting with a problem definition in Section 2 the methodological
background is given. The state-of-the-art of comprehensive models of
regional water flow processes based on groundwater flow models and of sto-
chastic long-term management modeling are described in details.

Section 3 gives the methodological approach for model reduction. The
application of this approach is illustrated in Section 4 for the modeling of
mine drainage and groundwate tables, for the modeling of remaining pit
management and of groundwater-surface water interactions.

In the appendix computer programs of some submodels are given being
suitable for a more general application.
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DEVELOPMENT OF STMPLIFIED MODELS OF REGIONAL
GROUNDWATER AND SURFACE WATER FLOW PROCESSES
BASED ON COMPUTATIONAL EXPERIMENTS WITH
COMPREHENSIVE MODELS

S. Kadenl, D. Lauterbachz. D. Peukerta, M. Schr‘amm2 and K. 'I'iemer'2

1. Problem Definition

Due to the compiex interrelations between society and water resources, and
the rapidly increasing intensity of water resources use in many countries a higher
level in water resources systems pilanning and control has to be achieved. This
necessitates both, advanced techniques (methods and models), and “"advanced”
trained decision makers. Consequently, a more comprehensive and detailed
anaiysis has to be done of the availability of water resources in their spatial and
time variability, as well as of water demands. Such an analysis has to investigate
all conditions and effects of appropriate measures initiated for a rationai use and
a sufficient protection of water resources considering all demands of the society
and also their expected developments.

Figure 1 demonstrates the typical decision process in water resources planning
and control. The decision making procedure in its full complexity has to take into
account the following elements:

- the objectives of water management with regard to its main tasks
water supply for the society and nationai economy
protection of the society against damages caused by water
protection of the water resources against depletion and poliution,

%ternat.lonal Institute for Applied Systems Analysis

f(Inst.it.ut.e for Water Management, Berlin, GDR

“'Research Group for Open-Pit Dewatering Problems of the Grossrischen Institute for Lig-
nite Mining and the Dresden University of Technology, Water Sciences Division
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Figure 1: Schematized water management process

the time horizon of the decision making directed towards

conceptional long-term planning
aspects of management and operationai control,

the existing and expected condiiions for water management as

the hydrological regime determining the available water resources

the effects (in space and time, water quantity and quality) of applied
measures for water use, management, protection, etc.

the consequences of other influences and impacts (human, industrial,
agricultural etc.) on the water resources and demands

the requirements of the society upon water resources, depending on pol-
itical, economical and social conditions, and objectives,

possible measures to be applied in water management, e.g.

legislative means as laws, standards
economical rules, for example prices, fines

technical means (e.g. reservoirs, treatment plants) and techniques (e.g.
reservoir operation rules).

Obviously a complex decision problem is given if the water management system
under consideration comprises the entity of the water resources system and of the
control and utilization facilities in the whole basin. Thus the task of water manage-
ment includes the solution of the following three main problems:
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- to elaborate development plans for the water resources and management sys-
tem in river basins,

- to derive rational long-term management strategies for existing and/or
planned water management systems,

- to provide a basis for the integration of short-term (real-time) operation pol-
icies into those systems.

In general because of this complexity a universal solution with a single method or
model is impossible. Rather, separated investigations of the three main probiems
by means of adequate methods becomes more and more the general practice:

- application of »nlanning models , being based on a high abstraction of the
water management system, putting particular emphasis on socio-economic
aspects,

- application of management modeis with detailed consideration of the
optimum long-term water supply probiem,

- application of operational models reflecting in detail the real-time
behaviour of the water management system and considering extreme hydroio-
gic or water quality situations.

There is, of course, a hierarchy

- pianning
- management
- real-time operation.

For a number of years it had been assumed that for long-term planning and manage-~
ment modern mathematical programming techniques could provide an unique
optimal solution for a given water resources system. It was neglected that the deci-
sion making process, generally being characterized by multiple criteria and fre-
quently by multiple decision makers, cannot be totally formalized and modeled, in
opposition to many technical and technological processes.

Nowadays it is evident that methods are required which reflect the complex,
interactive, and subjective character of the decision making process. They should ’
support an objective decision making by mathematical megans, but without neglect-
ing the subjective and more quaiitative experiences of the decision makers.

Regarding to these requirements an advanced system of decision aids is
needed which allows

- to consider the controversy among different water users and interest groups,
- to include multiple criteria some of which cannot be evaluated quantitatively,

- to take into account the uncertainty and the stochastic character of the sys-
tem inputs, as well as the limited possibilities to anaiyze all the decisive
natural and socio-economic processes and impacts,

- to offer a set of decision alternatives, demonstrating the necessary trade-offs
between different water users and interest groups.

The main objective therefore is to develop relatively simple policy-oriented and
computerized procedures that can assist in addressing the above mentioned gen-
eric issues, or in other words to develop a policy-oriented Decision Support
Model System (DSMS). The research within the Regional Water Policies Project
at IIASA is directed towards this aim, see Orlovski and van Walsum 1984, Kaden et
al. 1985a, b.
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To be generaly applicable such a DSMS has to integrate submodeis of all sub-
systems and sub-processes which are important for the analysis of regional water
policies. Undoubtless this resuits in new requirements to the submodeis. Whereas
in earlier water resources modeling periods the primary interest had been
directed towards the development of rather detailed submodels, considered as
being appropriate for an adequate process simuiation, it is now more important to
develop submodels as simple as possible with regard to the complex problems and
soiution concepts.

A typical example for a complicated decision making process in water manage-
ment represents open-pit mining areas. On the one hand the dewatering of lignite
mines is an unavoidable part of the mining technology. Cn the other hand this
dewatering results in a regional cone of groundwater depression and consequently
in extensive changes of the hydrological regime and of the conditions for water
resources use and mangement, also in downstream river basins.

A detailed analysis of the water management problems related to open-pit lig-
nite mining is given by Kaden 1983, Kaden et al. 1985b. The foliowing informations
shall illustrate the integrated effects and influences of various hydrological
processes in lignite mining areas:

(1) Infiltration losses of surface water caused by mine dewatering reduce the
water supply for downstream water users and increase the groundwater pumpage
necessary for dewatering the lignite mines.

(2) Essential changes in groundwater recharge are caused by the extensive
changes of geographical and ecological conditions in open-pit mining areas, e.g.

- changes in land use, in soil-geological and biological conditions due to devas-
tation and recultivation,

- changes of the groundwater level in connection with the disappearance of sur-
face water or, in some cases, rising of surface water levels.

For example, the natural groundwater recharge of a wooded area with sandy soils
is changing under the climatic conditions of the GDR from about 100 mm-a ! up to
350-400 mm -a ! after devastation (see Figure 2).

(3) The rate of water pumped from the mining area into the surface water system
amounts up to 30 - 30 % of the total river discharge (70 % under low flow condi-"
tions).

Obviously all these interacting processes have to be taken into account for
water management and planning in lignite mining areas. In collaboration between
ITASA and research institutes in the GDR and Poland a DSMS for the analysis of
regional water policies in open-pit lignite mining areas is under development,
Kaden et al. 1985a,b. The scientific work being documented in our collaborative
paper is a part of this study. To specify the problem a short summary of the
methodological approach for the DSMS shall be given.

In general, dynamic problems of long-term regional water management are
approached by time-discrete dynamic systems models. The step size depends on the
variability in time of the processes to be considered, on the required criteria and
their reliability, and on the frequency of decisions (control actions) effecting the
systems development. Taking into account the policy-making reality related to
long-term regional water management and planning two different step-sizes discre-
tizing the planning horizon T (of about 50 years) are of major interest:
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Figure 2: Variation of groundwater recharge in time in lignite mining areas

J
- the planning periods AT;,j =1,...,J (T = ) AT;) as the time step for
i=1 .
principal management/technological decisions, (e.g. water allocation from
mines, water treatment, drainage technology)

- the management periods of one month for management decisions within the
year related to short-term criteria as the satisfaction of monthly water
demand (the classical criteria for long-term water resources planning).

The discretization of the planning horizon into a restricted number of planning
periods enables principally to apply optimization techniques for multi-criteria
analysis. Small time steps (for instance, ATj =1 year) for the planning periods
are favorable from the point of view of the evidence and accuracy of model
results. Otherwise the number of planning periods should be minimized with
respect to the available methods for multi-criteria analysis, computational facili-
ties, and budget as well as time for analysis. As a compromise variable planning
periods should be used, starting with one year and increasing with time. Taking
into the account the uncertainties of long-term predictions of model inputs as the
water demand and the required accuracy, decreasing with time, this approach is
quite reasonable.

For monthly time steps (600 for a planning horizon of 50 years) the applica-
tion of any optimization technique becomes unrealistic. To study monthly systems
behaviour systems simulation is the only appiicable tool. Furthermore this simula-
tion opens an easy way to consider stochastic inputs (hydrological data, water
demand etc.) applying the Monte Carlo method for stochastic simulation (see



below).

Based on these assumptions a heuristic two-level model system is proposed,
consisting of

- planning model for dynamic multi-criteria analysis for all planning periods
in the planning horizon,

- management model for the stochastic simulation of monthly systems
behaviour in the planning horizon.

Appropriate submodels have to be developed for both levels of the DSMS - the
planning model and the management model. The requirement for the compatibil-
ity of the submodels for investigations at both levels can be expressed as follows:
The results received from a computation with monthly time steps (management
model) should be approximately the same as received from a computation with time
steps of 1 year or more (according to the planning periods of the planning model).

The submodels for a DSMS should simulate the natural processes adequately,
but they should be at the same time as simple as possible. This paper deals with
water quantity models of surface water and groundwater systems and of their
interrelations. [t gives a methodology to develop simplified flow models based on
comprehensive models for lowland regions with interrelated groundwater and
surface water resources. Special concern is given to open-pit lignite mining areas,
characterized by significant variations in the groundwater regime.

2. Methodological Background

2.1. Model Philosophy

Mathematical models found wide propagation in the GDR for the simulation of
practical groundwater and surface water flow processes since the end of the six-
tys. They replaced step by step the empirical methods used before, which con-
sidered the effects of selected input variables and boundary conditions on the
investigated phenomenon, system outputs etc., analogously as later the black-box-
models (see Section 3.).

In surface waler hydrology the investigations were oriented from the begin-
ning in two directions, that is the application of

- deterministic modeling techniques (with relatively short time increments of
one day or less) for short term control problems,

- stochastic simulation techniques (usually with time increments of 1 month or
more, according to the objectives) for long-term management and pianning.

In groundwater Aydrology only deterministic techniques were applied, in general
with larger time increments, e.g. 1 month, taking into the account the dampened
groundwater flow processes. Thus the application of stochastic simulation tech-
niques was limited to surface water hydrology. ’

The analysis of long-term regional water policies, especially in lignite mining
areas, requires an integration of the traditional modeling methods. In both fields,
groundwater resources management and surface water management, there are a
profound scientific background and manifoid practical experiences in the GDR,

The title of our paper includes the terms comprehensive model and simpli-
Sfied model . It seems to be necessary to explain in what sense these terms are used
in the following.
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Generally, models of natural processes give a more or less simplified image of
the reality. Abstraction and schematization are typical steps in the development
of mathematical models. In a physical strong way, mathematical modeling of
groundwater and surface water flow processes is based on the fundamental dif-
ferential equations of fluid mechanics. Of course, this point of view is a highly
theoretical one. In engineering practice these fundamental equations are used only
in an integrated form. The principle of continuity is referred to volumes of practi-
cally relevant dimensions and the dynamic flow equations are substituted by
integrated and/or simplified relations founded on empirical knowledge. In the field
of hydrology the equations of DARCY and SAINT-VENANT give typical examples of
this type of basic relations.

In lowland catchment areas with sandy aquifers the groundwater system is the
integrating element in the complex hydrological system. Starting from the funda-
mental role of groundwater in the water balance, a comprehensive model of
regional groundwater flow coupled with flow models of the main surface water
bodies forms the prototype of a comprehensive model of the regional water flow
processes. Regarding to the level of abstraction, both types of coupled models are
adequate: groundwater flow is simulated as a horizontal-plane (two-dimensional)
process, surface water flow is characterized by the surface water level and the
discharge, summarized over cross-sections (one-dimensional). The comprehensive
models constructed in such a way guarantee the complete utilization of all avail-
able data in practice. The abstractions inherent to the mathematical model are
adequate to the quality of the data base acquired by the help of hydroiogical
observations, hydrogeological research and exploration, etc.. From this point of
view, the simplifications of the mathematical model are reasonable, at the same
time they are necessary due to practical requirements. Applied to engineering
problems, such comprehensive models give a sufficiently accurate image of the
natural processes and represent the maximum justifiable effort for model develop-
ment and application in practice.

Comprehensive regional groundwaler flow models have been developed in
the GDR in the last 10 years for essential objects of water supply and mining
regions. For an overview see Kaden 1984. Details about the methodological level
of these models and their application are given in Section 2.2. Generally, the
mathematical model of horizontal-plane groundwater flow is used. In this case, the
DUPUIT equation and the GIRINSKIJ potential are basic elements of the model
development (Luckner and Schestakov 1975). The aquifer is assumed to be horizon-
tally layered, hydrogeological parameters may be taken into account as variables
in space and time. All types of boundary conditions (first, second and third kind)
occur in the subterranean flow process and are included in the model concept. In
principle, the model is deterministic, stochastic elements may be involved by sto-
chastic boundary conditions. The effort for data acquisition, model calibration and
application is high in consequence of the necessary discretization according to the
applied finite difference or finite elements methods.

Due to the high computational effort such comprehensive models are gen-
erally applicable for a small number of simulations only. They are not usable both,
for stochastic simulation, and for mathematical programming as it is required for
the analysis of regional water policies. Methods for the integrated long-term
analysis of regional water policies have to be based on simplified modeils.

Long-term management models to optimize surface water management are
available for the important rivers in the GDR, see Schramm 1981. The theoretical
base of the approach is given by the Monte-Carlo method. Using this method it is
possible to create a realistic image of the management variants relevant for the
water policies under consideration. As it has been discussed above, the concept of
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these models forms the basis for the management model of the DSMS.

The utilization of the Monte-Carlo method requires strong restrictions con-
cerning the modeling of the water flow processes. Because of the high number of
computational variants, the model concept has to be extremely simple to guarantee
acceptable computer times. The same requirement holds for submodels to be
included in mathematical programming problems. In difference to the groundwater
flow models described above in the case of long-term management models the model
of the surface water flow process is already reduced to the simplest form, that
means the continuity equation. The high methodological level of these models,
characterized in the following sections of the paper, gives an excellent basis for
the development of the required DSMS submodels.

Frequently the term simplified model is used in the context of the so-called
model reduction. A decisive model reduction is necessary for the submodels of
the groundwater flow and the groundwater/surface water interactions, as it will be
discussed in Sections 3 and 4. Concerning the mathematical apparatus, similar
methods are used in model reduction as they are usual in the field of real-time
processes surface water hydrology for modeling runoff formation in catchment
areas.

From the methodological point of view of water management sciences, the
incorporation of these reduced models into the management model forms an essen-
tial step forward. The model concept becomes more complicated, but principle
mathematical problems do not arise. More important are the questions resulting
from the interrelations between the planning model and the management model (see
Section 1.). The results of the multi-criteria analysis using the planning model pro-
vide long-term oriented goal functions for the operational measures (operation
rules) to be simulated in the management model.

2.2. Comprehensive Models of Regional Water Flow Processes

2.2.1. Simulation Models for Regional Groundwater Management

In the GDR in the last decade a system of highly sophisticated conceptual
models for groundwater management has been elaborated, see Kaden 1984, For
modeling of groundwater quantity a set of models is available, based on finite
difference and finite elements methods. These models are formulated for the sys-
tem descriptive mathematical model of saturated flow in porous media with distri-
buted parameters.

Especially for the solution of mine dewatering problems by consideration of
mining specific boundary conditions multilayer horizontal-plane flow models have
been designed. They consider steady and nonsteady groundwater flow problems in
confined and unconfined aquifers. Such models are availablie both, for orthogonal
and for triangular finite elements grids. The following models found the widest
application. Although all models are highly universal designed, nevertheless
everyone of these models has a special sphere of application.

The HOREGO-model (Gutt 1984) is based on a discretization of the flow field in
orthogonal elements. At maximum two hydrogeological coupled aquifers may be
simulated. The consideration of an inhomogeneity of the underground (and under
special conditions of anisotrophy too) is possible. To realize practical inner and
outer boundary conditions time- or potential-dependent boundary conditions first,
second and third kind are applicable.
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The model HY 75 (Hennig et al. 1979) has been developed for triangular finite
elements and considers up to 5 aquifers. Generaily all practical mining specific
boundary conditions and hydrogeological situations may be simulated.

The choice of the model depends on the aim of model application, but also on
subjective positions of the model user, and above all on the robustness, universal-
ity, and reliability of the model.

Although partly subjective is the selection of a type of discretization. Gen-
erally, triangular grids permit a better adaptation to complicated inner and outer
boundaries. But this advantage gets partly lost, if the location of boundaries
changes in time, e.g. open-pit mine edges due to mining operation. Especially for
regional groundwater flow models in areas with numerous mines the application of
orthogonal grids seams to be advantageously, because later grid focusing and grid
corrections are easier to realize in most cases than by the triangular grids. In this
case detailed solutions concerning operations of single dewatering elements are
not of interest. '

The triangular grid discretization is mainly applied for open-pit mine models
(see below), because more detailed informations about the operations of dewater-
ing elements are necessary. The problem of modeling the advance of open-pit
slopes can be solved by consideration of a corresponding operation time of dewa-
tering wells.

Especially for the design and the control of mine drainage systems with a
favored flow direction the multilayer one-dimensional horizontal-plane flow model
TAFEGA (Kaden et al. 1976) has been elaborated. It is a stream-pipe model for
solving of all groundwater flow simulation probiems in open-pit mines and their
immediate surrounding with a sufficient accuracy and justifiable computational
effort. All boundary conditions (first, second and third kind) can be realized time-
dependent and space-variable.

Finally a powerful three-dimensional model exists. The model AQUA 78 (Sames
et al., see n.n. 1980) is based on an orthogonal finite elements grid. It can be used
for the simulation of complicated geohydraulic conditions, as dewatering problems
in spoils and flow through and under sheet-piling walls etc. Boundary conditions
first and second kind can be reaiized, and the consideration of time-dependent
changes of the geometry of percolated bodies is possible.

For regional flow problems the last mentioned models are of minor impor-
tance. All models, characterized before, are in principal suitable to be coupled
with surface water models (see below) and groundwater quality models. They have
been developed for the computers ES 1040/1055 (similar to IBM/360, IBM/370) and
BESM 6. Detailed application informations are available. Generally, the programs
are written in FORTRAN in order to realize a sufficient portability.

2.2.2. The Methodology of Continuousiy Working Models

Simulation models of environmental processes as groundwater flow form only
an image of the reality with a certain accuracy. The accuracy of simulation results
depends on the abstractions needed for model structuring and on the completeness
and quality of input data. The lack of knowledge of processes and data in prelim-
inary steps of analysis or in general requires the step by step improvement of the
models and their data. For groundwater systems with their strong dampening and
phase shifting between impact on the system and observable system response this
can well be done by comparing simulation results with real systems responses.
Based on that in the GDR the methodology of Continuously Working Models has been
developed organizing information processing according to cybernetical principles
(see Luckner 1973, Peukert 19739, Peukert et al. 1982).



-10 -

As a so-called Continucusly Working Model (CWM) we understand a metho-
dology and a model system for monitoring and controlling of long-term man-made
impacts on groundwater resources. Generally the model system consists of two
main-parts:

- a specific data bank for information storing, and
- a simulation model for information processing.

By means of simulation the influence of feasible control measures can be simulated
before their implementation in practice. The sequence of data acquisition, data
processing and simulation includes the feedback of information being active either
already during the simulation run or in the phase of implementation. In such a way,
the simulation is guaranteed to be based on the latest available data situation.

The model system is operating parallel in time, but discontinuously with the
running original mining process. The steps of its operation depend on size and
importance of the model.

Usually a hierarchical system of models is needed to meet different require-
ments in the spatial and temporal resolution. It is not possible to simulate both the
regional groundwater flow process and the operation of single dewatering wells
inclusive the frequency of submersible motor pumps during the whole dewatering
time.

For groundwater management in lignite mining areas a 3-level hierarchy has
proven to be suitable, as shown in Figure 3. Generally, this hierarchical system is
structured in

- regional models (3rd level),
- open-pit mine models (2nd level) and
- operational models (1st level).

Regional models are mainly used for medium- and long-term predictions for
regional planning, water management and mine drainage. In principle regional
models enclose the influence areas of a number of different impacts on the ground-
water system as open-pit mines, water works, etc. For the simulation in general
two-dimensional horizontal-plan flow models are used, e.g. HOREGO based on an
orthogonal grid. Regional models should be actualized and applied in time intervals
between 2 and 5 years. As simulation results detailed forecasts are obtained of the
prognostic systems behavior of the whole regional groundwater flow process
(groundwater lowering or/and rebound). Besides the mentioned application for
medium- and long-term planning these results are used to estimate boundary condi-
tions for lower level models in the hierarchy of continuously working models as
open-pit mine models. Furthermore the regional models help to improve systemati-
cal information acquisition in the considered region, e.g. hydrogeological explora-
tion.

Open-pit mine models in the second level are mainly used for medium-term
predictions for planning and design of mine drainage systems and for water
management measures in some cases. A second level model encloses the area influ-
enced by the dewalering system of one mine or the catchment area of a groundwa-
ter work. For the simulation in most cases two-dimensional models as HY75 are
used based on triangular grids. The results of the simulation, e.g. the local
development of groundwater tables, are the basis for the project of detailed dewa-
tering measures of one mine including the design of the monitoring system (moni-
toring wells, gauges, etc).
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Figure 3: Hierarchy of Continuously Working Models

By means of the information feedback based on measurements of groundwater
levels and water pumpage as well as by information acquisition from higher or
lower level models a permanent actualization of open-pit mine models is done. The
actualized results are useful to optimize the drainage and monitoring system during
their operation, and to improve the forecast for future systems design. For that
reason the interval between model applications should not be longer than 1 to 2
years.

Operalional models are used for short-term predictions for operational con-
trol of especially important parts of mine drainage systems. In most cases a one-
dimensional model (TAFEGA) is used for simulation, but for special conditions it is
necessary to apply two-dimensional models. The aim of investigations is, to get
exact predictions for the operation and control of dewatering systems during the
operation time and to estimate the groundwater table at the slopes of the open-pit
mine, as well as the outflow from these siopes in order to satisfy their geomechani-
cal stability. These models are applied in monthly time intervals, yearly at max-
imum.
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The models of all three levels are embedded in the hierarchical process of
policy-making. In analyzing critically the features and application of continuously
working models it has to be emphasized that the continuously working models are a
helpful tool in medium-term planning and design as well as short-term control, but
their applicability for long-term planning as an integrated part of the regional
policy-making process is restricted.

The main obstacles to their use in the long-term policy-making process are as
follow, Kaden and Luckner 1984.

(1) The continuously working models are tools to analyze an environmental system
without considering socio-economic aspects. Economic modeling of groundwater
management in mining areas is not done or economic models are not coupled with
continuously working models. The key role of the interactions between the socio-~
economic development and the environmental processes is not considered impli-
citly.

(R) There is a gap between the complicated sophisticated models and the existence
and quality of the relevant data, the latter being uncertain. Unreliable results may
discredit models with the policy makers.

(3) Frequently the available time and budget for model structuring is incompatible
to the necessary effort of collecting and verifying of the required data. This
incompatibility is especially apparent when one considers groundwater quality and
groundwater-surface water interactions.

(4) Mangement/technological alternatives have to be fixed exogenously for the
simulation models. In the case of multiple objectives and decision makers that we
have to deal with concerning the mining regions, the manual selection of efficient
scenarios is very difficult and time as well as money consuming, or even impossible.
Continuously working models are purely environmental models, not directiy
answering all questions asked in the reality by the decision makers. Systems
analysts are needed to mediate.

Summarizing, there is an apparent need for the analysis of long-term, regional
water policies in mining areas, to reconcile the conflicting interests within such
socio~economic environmental systems. Scientifically sound but practically simple
policy-oriented methods and computerized procedures have to be developed which
can assist in addressing the above mentioned topics in water resources policy
design. Such a system could be interpreted as a fourth level above the model
-hierarchy of continuously working models (see Figure 3). It will be applied to
decision making of central and regional planning authorities. The lower level
models are used for more detailed and specific investigations.

2.2.3. Specifiic Boundary Conditions for Regional Flow ¥Modeling

As stated in Section 2.1 regional groundwater flow models form the basis for a
comprehensive regional flow model. This requires the consideration of boundary
conditions in the groundwater model being specific for regional flow problems.
Generally these problems include:

- natural groundwater recharge,
- infiltration/exfiltration from/in surface water systems, that means
groundwater-surface water interactions.

Additionally in areas with open-pit mining activities we have to deal with substan-
tial boundary conditions for groundwater:
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- moving open-pit mine slopes during operation of mines,

- remaining pits after abandoning of mines being filled by natural groundwater
flow, in case with artificial surface water inflow.

The character of the boundary condition groundwaier recharge strongly depends
on the distance between earth surface and groundwater table, with other words on
the depth of the unsaturated zone. If the unsaturated zone is larger than 2 m, the
natural groundwater recharge practically does not depend on the groundwater
table.

For the determination of long-term mean wvalues of groundwater recharge
(precipitation minus real evapotranspiration) the program RASTER has been
developed (Glugla et al. 1976, Enderlein et al. 1980). Based on long-term mean
values of precipitation and potential evapotranspiration the real evapotranspira-
tion is estimated using the BAGROV-approximation.

Above others the following input data for the RASTER-model are needed: pre-
cipitation, main form of land use (agricultural areas, forestry, water bodies ...),
agricultural yield, soil type, groundwater level below earth’s surface.

Natural groundwater recharge in mining areas is subject to strong temporal
alterations, caused by the necessary process of devastation and
reclaiming/recultiviation of large areas. Changes in soil exploitation and morpho-
logical and soil geolocical conditions are caused by the process of mining and
overburden disposal coupled with the following recultivation. Furthermore,
changes of groundwater and surface water tables due to mine drainage have to be
considered. Size and duration of these alterations depend on the intensity of the
changes due to the mining process in comparison with the original existing condi-
tions and on its lapse of time.

The program RASTER is used to consider all these aspects, neglecting sea-
sonal variations of groundwater recharge. The simulated values of groundwater
recharge for the mostly uncovered glacial aquifers, we find in the test region,
coincide in general with the long-term mean values of the natural groundwater
recharge, used for simulation of regional groundwater flow processes.

In Figure 2 (see Section 1.) an example is depicted for the variation of local
natural groundwater recharge caused by mining activities for typical conditions in
the test area. Generally groundwater recharge increases in mining areas up to
about 10 I /s km? on former forestral areas and about 5. /s km? on agricultural
areas.

In general, surface water/groundwater interactions can be found in all
natural catchment areas. However, in mining areas the extensive cone-shaped
groundwater depressions influence these interactions especially strong resulting
in runoff balance variations of whole regions.

A common method for modeling regional water resources systems is to model
the essential subsystem (groundwater or surface water) and to consider the other
system by means of boundary conditions. This method is based on the assumption
that the flow process of the subsystem being considered as boundary condition
does not depend on the flow process of the modeled subsystems. In this case for the
groundwater flow model the surface water systems are modeled via inner boundary
conditions third kind. For details see Section 4.5.2. In systems with strong interac-
tions between the subsystems as in mining areas this assumption does not hold for
short-term variations. For that reason sometimes in mining regions surface water
and groundwater interactions have to be considered explicitely in coupling the
models of the subsystems.
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As it has been mentioned in Section 2.1 two different model concepts are to
consider. In surface water management hydrological one-dimensional flow models
are used. In groundwater management system-descriptive deterministic models of
quasi horizontal-plane flow processes are typically.

The essential systems variables for coupling are the water tables (groundwa-
ter and surface water) and the flux between surface- and groundwater. Principally
the models may be coupled over the grid nodes (groundwater flow model) and bal-
ance segments (surface water flow model). Therefore a large number of grid nodes
is required, resulting in relatively high expenses for data aqquisition and computa-
tion. It is reasonably to substitute each balance segment of the surface water flow
system by a fictive well (point-source, -sink, respectively) situated in the centre of
this segment. In doing this, the surface water system is transformed in a well con-
tour system (or well plane systems), Luckner 1978. The parameters of the interac-
tions between both systems depend on the geometric parameters of the space-
discretized segment of the surface water model, on the distance between the cen-
tre of the surface water segment and the neighbored nodal point element of the
groundwater flow model, on the transmissivity of the aquifer and on existing
parameters of colmation of the surface water beds (see Rechenberger 1984). The
coupled model system is solved either solving the entire system of equations or by
iteration.

The main problem of modeling in mining areas is to realize the hydraulic
effect of the mining position, varying in time, caused by the movement of the
open-pit mine slopes. In this case the groundwater flow process is characterized
by lowering the groundwater table down to the bottom of the lignite seam, to be
exploited, at the date of mining of this seam. This can be realized by the help of
boundary conditions of first kind. This hydraulic boundary condition becomes com-
plicated due to the movement of the mine and consequently the movement of the
boundary condition in time. Related to a nodal point of an element in the finite ele-
ments grid this means the following: If the moving slope reaches the node, the
dewatering aim (given groundwater table) has to be satisfied there. Therefore the
boundary condition at this node has to be considered as many years earlier as the
dewatering requires and it has to operate till overburden disposal begins on this
location.

In Figure 4 it is shown how the process of the passage of a moving slope over
a node can be modeled by means of an additional hydraulic resistance.
As the simulation result we obtain the amount of drainage water at the node as
function in time.

Generally, this approach is sufficiently accurately for regional models. But by
investigations with lower level models as strip mine models more detailed informa-
tions concerning the amount of water pumpage of all dewatering wells are required
for the proper design of the dewatering system.

Appropriate solutions for the consideration of dewatering wells as inner
boundary conditions are e.g given by Knapik et al. 1977 for an orthogonal element
grid.

Water bodies as lakes or remaining pits being in direct interaction with the
groundwater system can be considered as boundary conditions 3rd kind. The water
body and the aquifer are coupled by the help of a hydraulic resistance, taking into
the account the area of the water body belonging to the finite element under con-
sideration as well as an additional hydraulic resistance for the transformation of
vertical flow into horizontal ones, see Figure 5. The water body is modeled as a
nonlinear function between water table and storage volume.

The solution is done iteratively. First, the water table of the water body is
estimated taking into the account the previous water table and the inflow/outflow
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Figure 5: Interaction between water bodies and aquifer

during the studied time step. Second, the groundwater model is applied to estimate
the flow between water body and aquifer via the hydraulic resistance. This flow is
used to correct the water table of the water body according the first step.

This approach is especially helpful for the modeling of remaining pits in min-

ing areas.
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2.3. Stochastic Long-term Management Modeling

2.3.1. Place and Task of Stochastic Management Modeling

As it has been discussed in Section 1. for water management modeling a
hierarchical model system for

- planning
- management
- real-time operation

has to be used. The goal figures for water management given by the respective
management level of higher priority are relatively rough. Their assessment by
more detailed investigations is done in the respective lower level of the above
model hierarchy. Some aspects of this hierarchy are illustrated in Figure 6.

PLANNING MODEL

DECISIONS: ASSESSMENT;

Location and capacity
for planned reservoirs,
waterworks, waste water
treatment plants,

waste buffer facilities

Location and average
requirements of users
to be established

Cost function of
water supply

DECISIONS:
Capacities for a defined
planning horizon

Estimated future anthro—
pogenic effects

Detailed water supply
requirements

General management rules
for the control facilities

\/

Security of water supply

Probability of water
quality conditions

Average water balance

Average economic
consequences

Average degree of
utilization of reser—
voirs, waterworks,
waste water treatment
plants, waste buffer
facilities

MANAGEMENT MODEL

/\

ASSESSMENT:

Practicability of the
management rules in
real—time operation

Effectivity of planned
control facilities

REAL-TIME OPERATION MODEL

Figure 6: Hierarchy in water management
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Obviously the management model has a key position herein. Its two highly
interconnected main tasks to derive an effective long-term management strategy
from the goal figures given by the planning model and to assess that strategy can
reliably be solved only, if the following preconditions are fulfilled:

(1) The real water management system in a river basin and its essential processes
must be reflected by the management model without systematic errors.

(2) The stochastic character of the natural processes taken as input variables of
the model must adequately be reflected.

It turned out, that even in relatively small river basins analytical methods failed to
meet these requirements. Therefore in the G.D.R. in the last fifteen years sto-
chastic management models on the basis of the Monte Carlo method have been
developed and applied (see Schramm 1981). Originally they have been designed to
simulate the surface water management processes in river basins with respect to
water quantity only. However during the last years first investigations have been
carried out to integrate groundwater flow processes and water quality factors. In
these investigations the basic principles of the management model, i. e. the Monte
Carlo simulation of the surface water processes, remained unchanged.

2.3.2. The Basic Model for Stochastic Water Management Simulation

2.3.2.1. Modeling principle

According to the probability theory main meteorological factors such as pre-
cipitation, gross radiation, air temperature etc. can be considered to be stochas-
tic processes. Hence, both groundwater- and surface water runoff processes
governed by the above mentioned factors must inevitably more or less strong
reflect that stochastic behaviour. Furthermore, the demand of some of the water
users within a river basin - e.g. municipal water supply or irrigation - highly
depend on the actual, partly stochastic meteorological situation. So the problem to
find a rational long-term water management strategy (as outlined in the previous
Section) may be defined as a stochastic optimization problem. The state-of-the-art
in this field does not allow for a comprehensive analytical solution of those kinds
of problems. However, by applying the Monte Carlo method an "experimental”
approach to the problem is provided. In Figure 7 the main steps of this approach
are depicted. The model time step is selected with regard to the length of the
available observation series for the input variables, to the diversity of water
demands and their combined impacts. Usually a monthly discretization is con-
sidered to be adequate.

Thus, the basic model for stochastic water managemerit. simulation - which cov-
ers surface runoff balancing only - can be characterized as follows:

- ‘by using stochastically generated runoff series the stochastic management
model can be reduced to a deterministic balance (or allocation) scheme;

- owing to the rough monthly time step the runoff processes in the river net-
work can be described by simple continuity equations rather than by complex
hydrodynamic models;

- thus, analoguously to the time series approach, the deterministic balance
model is able to reflect the manifold water allocation and utilization processes
in a illustrative way; '

- the statistical registration of simulated state variables and events combined
with final frequency representation provides for a high versatility in assess-
ing a given management strategy;
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Figure 7: Monte Carlo method for water management

- a rational (approximate optimum) management strategy can be found by suc-
cessive simulation runs with varying parameters.

2.3.2.2. Subdivision of the river basin area

As in most cases large scale river basins are to be investigated, the area to

be considered is usually subdivided. At first, the description of the natural runoff
process calls for a subdivision into so-called 'simulation subareas” (German
abbreviation STG). That partition is mainly determined by the location of long-
term observed river gages, of tributary and water transfer junctions as well as of
reservoirs and important water users (see Figure 8).
The subdivision of the basin into STG is generally rather rough. For a more
detailed specification of user locations a further subdivision by additional balance
profiles (BP) is required. Then, if for each of the balance profiles the next down-
stream one is specified, obviously the configuration of the entire river network is
uniquely defined.

2.3.2.3. Stochastic simulation of the natural runciff process

A comprehensive analysis of several long duration time series showed for the
climatic conditions of the GDR and with the monthly time step, that the runoff in
rivers approximately posses the following properties, see Schramm 1975, Dyck
1980:
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Figure 8: Subdivision of a river basin for water management modeling

- it is nonstationary and cyclic with the period being one year:;

- its monthly one-dimensional distribution function can sufficiently well be
approximated by a transformed normal distribution, e.g. by

three-parametric log-normal distribution (LN3-distribution) with the
transformation
ln(Q—Q()) "6

X=F@)=—( (2.1)
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or four-parametric JOHNSON distribution with the transformation

@ —-a -

In —-q
b —
X =F(Q) = —UQ (2.2)
with
@ - mean monthly runoff
X - transformed, N (0,1)-distributed runoff
@,b6,9,¢0,0- parameters of the distribution function;

- its sharp decreasing autocorrelation function for small time lags indicates its
Markovian character.

Starting from the special transformation 7 of the runoff and the estimates of the
distribution and correlation functions, a multidimensional runoff process is
appropriately simulated in the following two steps:

(1) Simulation of the transformed process in the defined month £(£=1,2, - - - ,12)
by means of an autoregressive scheme

m
T = ZA;,_g-zk_¢ +5p 2 +Ci &g (2.3)
{=1

where the coefficients contained in the matrices are least-square calculated
from the auto- and cross correlation estimates of the transformed process.
The symbols denote:

A B - regression matrices

Ce - diagonal matrix of the residual standard deviations
Ek - N(0,1) distributed random vector

m - order of the model.

() Simulation of the runoff process by inversion of the transformation:
g =FI1 (z). (2.4)

The time series analysis including the estimation of parameters and matrix coeffi-
cients is done by means of the computer program SIKO. For the runoff generation
itself and the transfer of the generated data to external storage units the program
SIMO is used. The two programs are described in the Appendices Al and AZ2.

2.3.2.4. Modeling of water users and flow control facilities

For the purpose of management modeling in a river basin all of the water sup-
ply requirements are represented by "users”. Fach user is specified as follows
(see Figure 9):

- a decimal user identification code,

- assignment of water diversion and intake points of the river to balance pro-
files,

- the seasonal (monthly) water demand in dependency of the planning horizon,
of the runoff or other model variables,

- the amount of target return flow,
- a rank number, which determines the priority of water supply among all users.
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Figure 9: Location of water users with respect to the balance profiles

The model allows for more than one user to be defined at one balance point. It is as
well possible to split up a single water supply requirement into a number of "user
elements” with different priority (multistage supply scheme).

To define a reservoir in the model a decimal identifier, its location, capacity
and seasonal varying usable storage volume must be specified. The simulation of
reservoir operation is based on the principle "water release according to user
requirements’ with due consideration to given upper and lower storage limits.
Furthermore, the model enables to reserve particular storage zones and to assign
them primarily to certain users or user groups. User elements can also be applied
to describe the transfer of water from one river section to other parts of the
basin.
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In general by the above specifications the long term strategy of a river basin
management system may be sufficiently described.

2.3.2.5. Deterministic simulation of the water management processes

Based on the above mentioned runoff simulation and description of the
management strategy a deterministic simulation of the monthly water allocation and
reservoir operation activities can be performed, i.e. water management balance
and reservoir release computations. Within the model the water allocation pro-
cedures (allocation of the available water resources either in space or in time)
are represented by the following state variables:

D) - actual runoff at balance point {

DS(l) - saved portion of the actual runoff D({l)
at balance point I, that reflects the amount of water
already assigned to users of higher priority

SI(s) - actual storage in reservoir s

AE(n) - actual water supply to user n.

In opposition to the real water utilization processes which simultaneously occur at
the respective user sites, in the model the users are balanced successively
according to the given ranking sequence. Based on the reservoir operation pro-
cedures the reservoir release is inserted into the sequence of user balancing. As
a result of each of the users balancing and supply or reservoir operation activi-
ties the values of the respective state variables are immediately estimated. Thus
the entity of the state variable values reflects at any intermediate simulation step
all water consumptions, minimum flow requirements and reservoir operation steps
already being considered. This principle allows a simple and illustrative formula-
tion of the actual constraints for the balancing of a distinct user.

Rather simplified, the overall simulation procedure within a certain month
can be described as follows:

(1) Define the initial systems state.

- Read in the generated runoff values for all simulation subareas (STG) for
the current month.

- Allocate the respective runoff portions to the balance profiles (accord-
ing to the area percentage).

- Cumulate the runoff contributions downstream to establish the initial run-
off state.

- Establish the initial reservoir state by setting the according variables to
the resulting values of the previous month.

(2) Compute the balance of all users according to their rank\ing with considera-
tion of reservoir releases at the proper place of the rank list.

- Compute the actual water demand for the user to be balanced.

- Set up the users balance for the respective balance profiles considering
of the saved runoff portions IS at all downstream balance profiles,

in case of positive balance: full supply,

in case of negative balance: reduced supply (potential reservoir
releases are already contained in runoff variables D).

- Compute actual consumption and return flow values and carry out the
resulting runoff state corrections (decreasing D). '
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(3) Compute the final reservoir state. According to the reservoir operation prin-
ciple a final check has to be made: What portion of the (maximum) release was
actually necessary to meelt the users’ requirements? Then the free runoff
(i.e. the amount of water not required) is taken from the river and (with due
regard to the upper storage limits) 'filled back” to the respective reservoirs.

2.3.2.6. Registration and analysis of the systems state and critical events

In order to complete the monthly balance calculations a statistic counting
procedure is called for registration of:

- state variables, e.g. runoff at selected balance profiles, actual users water
supply and related quantities (such as extra costs, losses etc.), actual reser-
voir release and storage values,

- selected events, e.g. beginning and duration of user supply deficit periods.
Besides this, informations are stored to provide for final computations of water
supply reliablities. There are three different types of reliability values:

1. Reliability of frequency Py

P = number of nonfailure years 2.5)
# = total number of simulaled years )

2. Reliability of duration Pp

_ number of nonfailure months

= total number of months (2.6)

3. Reliability of amount Py for a fixed time period

Py = accumulated actual waler supply @.7)
4 accumulated water demand )

The frequency distribution tables or the single frequency figures obtained from
the monthly registrations converge to probability distribution tables or reliability
values respectively, provided the runoff simulation model is fairly reliable. In
practise, a reasonable accuracy is achieved with simulation runs over 1000 to 2000
years.

2.3.2.7. The program system GRM

The current level of stochastic management modeling is represented by the
program system GRM implemented on a BESM-6 computer, see Kozerski 1881. The
GRM model is a generalized program system which has entirely been developed
according to the principle "automatic model setting by input data instead of writing
an individual program’”. The user-oriented data representation scheme allows a
direct model application by Lthe local water management authorities.

All specifications needed to adapt the generalized GRM model to the basin to
be investigated are classified into seven input data groups (DIC = data group iden-
tification code), see Table 1.

Data groups 1 - 4 and 9 have already been described in previous Sections.
Group 8 is a numerical data modification option facilitating the formulation and
running of series of typical alternatives for the estimation of rational management
strategies. The so-called "dynamic elements” can optionally be applied, when spe-
cial management activities are to be inserted into the simulation procedure, which
cannot be described by standard model elements (standard user balancing and
reservoir operation algorithms). Dynamic elements are free programmable sec-
tions, that consists of single statements and/or calls of external subroutines or
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Table 1: Input data groups for the model system GRM

DIC specified model cbject

balance profiles (river network configuration)

basic runoff values (parameters for setting up the initial state)

user elements

reservoirs

dynamic elements

data modification option

[CoR oo BN B I OV T B AV I I o]

registration

procedures. By an internal generating module they are inserted into the standard
computation sequence. They can be applied for a large variety of model functions,
e.g. tests and/or settings of state variables or state-dependent parameter manipu-
lations of standard elements. That option of the model essentially contributes to
the model’s flexibility and its capability to cover even unusual strategies as well as
to be coupled with complete external models (e.g. for economic assessment etc.).

With the configuration and the management strategy of the system under
investigation being specified by input data according to the above mentioned data
groups and, if the standard functions of the program need to be altered, the selec-
tion of the respective model options, all further steps of the computer run are
automatically controlled. That includes: setting up the internal configuration,
definition of the required arrays and their dimensions, input of the numerical
parameters, generating the individual sequence of management simulation algo-
rithms, start of the simulation run and final output of the results.

2.3.3. Extensions of the Basic Management Model

2.3.3.1. Disadvantages of the basic stochastic management model

Since the program system GRM has been put into regular practical applica-
tion, the basic stochastic management model has become a powerful and versatile
tool in long-term management of surface water resources in river basins. Obviously
this is a consequence of its simple and illustrative input data representation and
the capability to reflect the stochastic character of the runoff process. The latter
aspect is of increasing importance in groundwater management and water quality
investigations. These advantages of the basic model could be achieved owing to
some heavy simplifications, which however cannot be accepted generally:

(1) The basic model assumes a fixed system configuration and defined management
strategy for one simulation run, that reflects either the present conditions or
a future balance horizon. A model extension is possible covering balance
periods (planning periods) with varying system configuration and strategy
instead of fixed time horizons. This kind of extension is necessary, if there
are trends in the runoff formation processes due to men’s activity (e.g. in
large scale open-cast mining areas) or if the filling process of very large
reservoirs has to be considered. Those variations affect data input and
registration only while the modeling principle is left unchanged.
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(2) With the time step of one month the actual runoff variations are smoothed out.
It is particularly impossible therefore to integrate flood management directly
into the model. This disadvantage can be remedied: If high values of monthly
runoff occur, stochastically generated flood hydrographs are used to replace
the constant monthly mean value, and the management algorithm is switched
over to a flood procedure with a suitable time step (e.g. 1 day), see Thiele
1981.

(3) For the basic model it is assumed, that there is no coupling between groundwa-
ter and surface water management. However this is valid for hilly regions
only, while in plain river basins this cannot be assumed because of the inten-
sive water exchange between the components of the water resources system.
The following two chapters deal with possibilities to remedy this disadvantage.

(4) The basic model does not allow for water quality management problems to be
investigated. Only a few water quality parameters (conservative tracers, e.g.
salt) can easily be integrated into the model. Such parameters depend
directly on the runoff and can be controlled by means of reservoir releases
or buffer pools. However most of the water quality processes - due to their
complexity and internal interdependences as well as the dependence on the
water quantity process - are often causing serious modeling problems, even if
a relatively detailed model is applied. Therefore the issue of an adequate
representation of water quality aspects within the stochastic management
model is far from being solved in the next future.

2.3.3.2. Application of reduced groundwater flow models

A possible approach to the integration of groundwater management into com-
plex system models is shown in Section 4. Based on computer runs of different
alternatives with the comprehensive groundwater flow model reduced submodels
can be derived. In principle these models fulfill most of the requirements for their
integration in the GRM model. For the GDR test area e.g. the following series of
annual mean values have been estimated:

- inflow of mine drainage water into the river system,
- water level rise in the remaining pits due to refilling from the aquifer,

- water exchange rate between groundwater and surface water in the river sys-
tem (infiltration/exfiltration).

The essential precondition for the calculations with the "comprehensive groundwa-
ter flow model” is - besides the heavy simplifications of the river system in the
model - the assumption that the natural groundwater recharge is constant over the
entire planning period. The spatial variability of the groundwater recharge condi-
tions is considered in the individual elements and is updated for each planning
period. This procedure is based on the assumption that the time-dependency of the
groundwater recharge is almost entirely smoothed out by the subsurface flow pro-
cess and that the significant factors are the local conditions governed by lignite
mining activities. A higher temporal resolution in the above mentioned submodels
is necessary to simulate the effects of certain management activities:

- The utilization of the remaining pits as water reservoirs results in variations
of the natural refilling process.

- Significant runoff changes in the river system caused by management activi-
ties (water diversion or water intake) lead to water level changes which in
turn influence the exchange rates between groundwater and surface water.
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For the purpose of regional modeling these processes are considered to be local
as a preposition for the desired simplification of the model. The requirement put
on thereby are fulfilled by the methodology of model reduction developed in Sec-
tions 3. and 4.

2.3.3.3. Application of deterministic catchment models

In opposition to the direct runoff simulation scheme described above a second
approach to the integration of groundwater management issues is the indirect run-
off generation based on meteorological factors. For this purposes advantage may
be taken of the deterministic catchment models being well-known in surface water
hydrology, which are mainly applied for flood forecasting, in an increasing degree
also for continuous flow simulation.

Based on the long-term experience in the application of the conceptual catch-
ment model EGMO (Becker 1975) some advanced versions of this model have been
developed recently, above others:

- the model EGMOF for continuous flow simulation and forecasting on a daily
basis (Becker 1983) and

- the model EGMOD for long-term flow simulation with time increments of 10 days
or 1 month.

The model EGMOD is a reduced modified version of EGMOF. It is designed to
transform the input variables precipitation (monthly sum), potential evaporation
(monthly mean) and air temperature (monthly mean) into the mean monthly runoff
of the catchment under consideration. Hence for the indirect runoff generation a
stochastic simulation of the above three meteorological processes is required. It
turned out, that the simulation technique described in Section 2.3.2.3. can be
applied to these processes, too.

For the purpose of the model it is assumed, that the basin is horizontally clas-
sified into three hydrographic types (deep groundwater level, shallow groundwater
level and water tables, see Figure 11) with the first two types having an additional
vertical subdivision into three or two layers respectively (see Figure 10).

The model cutput consists of three runoff components:

- overland flow (surface runoff),
- interflow (hypodermic runoff),
- base flow (groundwater runoff).

By modifying the respective portions of the above classified areas (see Figure 11)
subsurface water exchange with neighboring basins can be simulated.

Thus in a simple way time-dependent groundwater depression cones can be
included into the model. In the EGMOD-model these depression areas do not pro-
vide a significant natural contribution to the river runoff, rather their runoff is
considered as a portion of the water extraction from the cone of depression.

The EGMOD-model is adapted to an individual basin by specifying 6 hydro-
graphic parameters which are obtained from special hydrographic maps as well as
9 system model parameters estimated from runoff series of at least five year
length. In applying the EGMOD-model in extended groundwater depression areas
‘for the runoff simulation some additional data are necessary, which can only be
obtained by means of comprehensive or reduced groundwater flow models. Those
data are (with respect to a defined balance horizon):
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Figure 10: Schematic representation of the EGMOD catchment model

- local extension of the depression cones,
- infiltration rate from the river system to the cone,
- inflow of mine drainage water into the river system.

3. Methodology of Model Reduction

3.1. Principle Working Steps

Discussions in the previous sections demonstrate an apparent need for the
development of reduced models of regional flow processes. The demand for such
models results from the concept of complex Decision Support Model Systems
(DSMS). Furthermore, the need for reduced models may be interpreted as a modi-
fied form of the requirement to apply problem-adequate models. The integration
of a comprehensive regional model as an element into a DSMS is not only a com-
puter problem, but primary a question of reasonable means. The effort for the
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development of a submodel has to be in accordance to the importance of the pro-
cess under consideration.

Generally, there are two different approaches for model reduction:

(1) Simplification of the mathematical model of the flow process, which is sup-
posed to be a comprehensive model in the sense of Section 2.1, in such a
manner that the simplified model can be used as an element of the DSMS.

() Utilization of the comprehensive model as an analogue of the natural
processes for synthetic data generation. Reduced models are derived by fit-
ting to these synthetic data.

Both procedures have advantages and disadvantages. Obviously, the type of the
required submodel and the way for model reduction depends on the model level
under consideration.

The first approach results in general applicable solutions supposed it does
not include empirical object-specific data. The latter is the case for typical hydro-
logical applications. For the model development especially in the operational
hydrology the completeness and reliability of observed time series become funda-
mental. An adequate approach has been discussed in Section 2.3.

The second approach is directed towards a rational storage and processing
of computational results of the comprehensive regional model. It is aspired to real-
ize a similar accuracy as with the comprehensive model. This is possible if the
results of the model can be processed as a time series, see Sections 3.2, 4.2. Such
an approach is reasonable above all for the planning model based on the planning
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periods as time steps Aft=1 year. The state of the hydrological system is
described by discrete time functions (state descriptive functions), in many cases
depending on only a few parameters. Typical examples of such submodels are given
in Section 4.2. Fluctuations of infiltration/exfiltration during the year and even
between years depending on the river flow are negligible. The natural groundwater
recharge is considered to be constant in time over the planning period, but vari-
able in space due to the recharge conditions effected by open-pit mining.

The management model is based on monthly time steps. With respect to the
interannual water balance situation it is necessary to consider all
groundwater/surface water interaction processes as systems variables. Therefore,
adequate submodels involving the history of the process are needed. The reduced
model has to be not only an effective means for storage of computed data, but it
has to simulate the functional relationships for defined parts of the comprehensive
model. In most cases for that a linearization becomes necessary.

Only box-models may be used as reduced models in this sense, conceptual or
black-box type. With regard to the transition function box-models may be deter-
ministic or stochastic. In the field of groundwater management deterministic box-
models are dominant.

Another point of view is the way for obtaining the transition function. In the
case of conceptual box-models the transition function is derived from special
analytical solutions of the system descriptive model. Therefore, the parameters of
this type of models allow for a clear physical interpretation. Such models have the
advantage that they may be derived for regions even if no comprehensive model is
available.

A physical interpretation is not possible and not necessary for black-box
models. The parameters of transition functions are obtained by fitting empirical or
theoretical formulas to observation data or calculations using the comprehensive
model. With respect to the compatibility of the planning model and the management
model, however, it is helpful, if the coefficients of the black-box model are given
as explicite functions of the time step under consideration.

Grey-box models are a compromise between conceptgal box-models and
black-box models, see Section 3.2.3.

In Figure 12 an overview on the possibilities of model reduction is given.

Examples for the different ways of model reduction are described in Section
4. In the following, some mathematical approaches for model reduction are dis-
cussed.

3.2. Types of Reduced Hodels

3.2.1. Time Series of Systems Descriptive Values

It is out of question that a comprehensive regional flow model is not suitable
as a submodel for a complex DSMS. But, in many cases computational resuits of
regional models, prepared as time series, are an adequate form for the quantita-
tive description of the relevant subprocesses. Such types of reduced models may
be called parameter-free models.

This approach is above all well suited for the systems descriptive values
within a planning model. The small number of time steps (about 10 planning periods)
enables to process the results of the comprehensive groundwater flow model even
in off-line mode. Variable influence values (decision variables) can be considered
by interpolation between the computational results for different variants. This
interpolation is done purly formal without analyizing the physical contents of the
flow model. '
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The following approach is proposed (Kaden et.al. 1585a):

In a first step the comprehensive regional flow model is used for the simula-
tion of an average systems behavior § in each planning period j, caused by mean
expected inputs I and decisions D, considering the nonlinearity of the groundwater
flow in the entire region. As a result we get expectation values for groundwater
tables A (1), groundwater pumpage ¢ ¢ (t) etc. as functions in time. It is assumed that
the actual inputs 7 and decisions D are close to the mean expected values I and D.

In a second step the comprehensive regional groundwater flow model is used
for the estimation of the consequences on the systems development AS, caused by
changes of inputs Al or decisions AD. E.g. for the GDR Test Area we studied
separately the consequences of the changes in the filling process of the remaining
pit as well as changes of the predewatering process in one of the mines on the
development of the groundwater tables in an agricultural area Ah.a,

By means of superposition of the average systems behavior S and the
separately studied consequences AS in a third step a usable model of the systems
behavior S is obtained, assuming that the error due to the nonlinearity would be
small. This can be checked by the comprehensive regional flow model.

This type of model reduction fits well to the mode of work and output of com-
plex regional models. In Section 4.2 examples for the GDR Test Area are given. Its
bounds of possibilities are exceeded if systems descriptive values have to be
modeled. In such case functional relationships have to be derived. Then the
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computational results of the regional flow model form the data base for the
development of reduced models.

3.2.2. Recursive Difference Equations

From the computational point of view recursive difference equations are a
particular advantageous form of reduced models. As a simple example let us exam-
ine the case of one systems descriptive value vy (t) depending on one influence
value (decision variable) w (). The time dependency of w(f) is approximated as a
step function

w(t) =w; for (1-1)Af<i<i-At . (3.1)
For the function values vy, = vy (¥-At) the following statement is given:
: m n
Ve = ‘2 QY + 3 byrwe— . (3.2)
=1 1=0

The parameters m and n, which characterize the "memory" of the investigated
process, have to be estimated in the framework of model adaption. Our investiga-
tions did result in the conclusion that the parameters m =2 and n =1 are practi-
cally most important. It can be proven analytically that the recursion equation

Ve T Q1 Ye-1 T ApYg-2 T bowe + by wi—y (3.3)

may be interpreted as an analogue of a linear differential equation second order
with constant coefficients. The coefficients ay, a3, by, &, have to satisfy certain
consistency conditions (see Section 4.3.3).

This interpretation is methodological important because it enables us to
comprehend the dependency between the coefficients and the time steps At in a
mathematical expression. And this is the solution for the problem of compatibility
between the planning model and the management model formulated in Section 1. In
both model levels submodels of the form (3.3) are used. Their coefficients resuit
from different Af values.

The estimation of the coefficients ay, b; based on simulation results is a typi-
cal approximation problem to be solved e.g. by the last sgquare method. Some addi-
tional possibilities result if the function y () is described by an analytical transi-
tion function. Then a discrete weighting function can be derived:

k-1
Ve TVYo+ 3, GeerWe— - (3.4)
i=0
Inserting Eq. (3.4) into (3.2) results in conditional equations for the coefficients b,
of the influence values wg_; and a; of the systems descriptive values y,. These
equations form an overdetermined system of equations. It may be solved approxi-
mately with common methods. Another approach is to satisfy the equations for the
actual influence values (Wg , Wg_;, W _3,...) and to realize the exact stationary value
of the transition process (w = const.).

In Section 4.5 an example is explained.

3.2.3. Grey-Box Models

Another powerful approach for the development of reduced models is the
application of simplified mathematical models (differential equations) of the inves-
tigated processes. In difference to the black-box models the model parameters
may be interpreted physically, but their optimal values are generally adapted to
given simulated or observed data.
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This intuitive way of model reduction plays the dominant role in modeling
water quality subprocesses, see Luckner et.al. 1985.

Here it is applied for modeling the interdependencies remaining pit - ground-
water, see Sections 4.3 and 4.4. Formal the same results are obtained as inter-
preting the recursive Eq. (3.3) as a differential equation. The submodels are well
suited both for the planning model and for the management model.

4. Examples for the Development of Reduced Models

In the following several types of submodels are discussed which are needed
both, for a planning model with time steps of one year and larger, and/or for a
management model for monthly simulation of the essential hydrological processes.
All examples refer to the GDR test area being considered in the [IASA case-study,
see Kaden et al. 1985a,b.

A short description of the test area is given in the following Section 4.1. In
Section 4.2 the estimation of submodels for the planning model is described, based
on the regional groundwater flow model developed by Peukert 1979. In Sections
4.3.-4.5. typical variants of the proposed methodology of model reduction are
presented especially for the management model.

4.1. The GDR Test Area

The selected test area is located in the south-eastern part of the German
Democratic Republic in the so called Lusatian Lignite District, the most important
and eldest lignite mining centre of our country. Since the middle of the 19-th cen-
tury open-pit lignite mines are in operation there. The test region depicted in Fig-
ure 13 is an about 500 km? large part of the mining area.

The aquifer system of the test area can be schematized in tree aquifers (the
first being unconfined), separated by aquitards (lignite). The boundary of the test
area is not identically with the subsurface catchment area. Groundwater inflow,
outflow respectively have toc be considered. The region is crossed by a stream and
some tributaries.

Due to mine drainage the groundwater flow is strong influenced. The cone-
shaped groundwater depressions caused by the dewatering meassures of these
mines superimpose each other. This superposition-state is permanently changing in
space and time due to the progress of mining. Consequently municipal and indus-
trial water supply plants as well as agricultural and environmental valuable areas
are influenced. The groundwater and surface water resources are closely interre-
lated (baseflow into surface waters under natural conditions, infiltration (percola-
tion) of surface water into the aquifer in the course of groundwater lowering due
to mine drainage).

After closing lignite mining (in the test area mine A), resulting from the aban-
doning of dewatering measures the regional groundwater lowering process is addi-
tionally superimposed by the groundwater rebound. This groundwater rebound
process is forced by a newly formed remaining pit, used as a water reservoir and
for flood regulation by the water management authority. The rise of the water
table in the remaining pit up to the planned final water levels increases the amount
of water pumpage of drainage wells operating in the vicinity of these remaining
pits.

The inflows into the region from the stream and the tributaries are natural
ones depending on the hydro-meteorological situation in the upstream catchment
areas.
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Figure 13: Overview of the test area
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In the test regions all important impacts on the water resources system being
typical for mining areas are considered.

4.2. Modeling Mine Drainage and Groundwatier Tables in Selected Areas

In order to analyse the impact.s of lignite mining on groundwater flow it was
necessary to use a comprehensive regional groundwater flow model.

For the whole area a regional continuously working model is already existent.
This model is in operation in its third stage of improvement and complementation.
For the simulation the two-dimensional non-steady model HOREGO was chosen, see
Section 2.2. The finite elements grid consists of about 1000 elements with an area
between 1 and 4 km? (see Peukert 1979 and Peukert et al. 1982).

The model was calibrated for a period of 8 years. The groundwater flow pro-
cess in the test region was well known for this period due to sufficient measure-
ments of the groundwater table and of water pumpage in the individual open-pit
mines. The calibration of the groundwater flow model was done by trial-and-error.
Especially the transmissivity of the aquifer system and boundary conditions of the
model have been varied. :

In the following some results of the simulation for the development of submo-
dels and for the estimation of the consequences of varying inputs and decisions
(control variables) by use of the existing comprehensive regional groundwater
flow model are demonstrated, see also Kaden et al. 1985a,b, especially Figure 1 in
Kaden et al. 1985b.

In the upper part of Figure 14 the development of the groundwater table in an
agricultural area is shown. We see that in general the groundwater table is lower-
ing with the movement of mines closer to the agricultural area. The main influence
results from mine D in this case. The process of groundwater rebound in this area
is postponed due to the drainage measures of mine B. This can be recognized in the
curve after the 25th year. At this time mine D is already far away from the agri-
cultural area, but the dewatering systems of mine B are still operating and the
groundwater rebound process is delayed.

Curve 1 shows the development of the groundwater table at normal predewa-
tering conditions in mine D, that means 3 years in advance. Curve 2 holds if the
start of the dewatering measures is two years earlier and curve 3 if this start is
two years later. The coincidence of all three lines after the simulation year 25
elucidates the decreasing influence of mine D at the groundwater table in this
area.

In the lower part of this figure the development of the groundwater table in
an environmental protection area is shown influenced by the filling process in the
neighboring remaining pit. At the beginning the groundwater table development is
influenced by the dewatering measures of the mines C and A. In the year 10 of
simulation mine C is located in the closest distance from the environmental protec-
tion area. At the same time the drainage of mine A is getting out of operation. The
groundwater rebound in this region begins. In the 17th year of investigation starts
the filling process in the newly formed remaining pit situated in the area of the
former mine A. Curve 4 shows the development of the groundwater table if the
remaining pit will be filled with water from the river (100 Mill. m3/annum) and
curve 5 shows this development if the remaining pit will be filled only by inflow of
natural groundwater. The impact of the filling process of the remaining pit on the
development of the groundwater table in the environmental protection area is
strongly dampened because the distance is about 6 &m.
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Figure 14: Influence functions for groundwater tables

In the lower part of Figure 14 the time period is marked for which an artifi-
cial groundwater recharge is necessary in the influenced area in order to prevent
changes in the environmental protection area.

In the upper part of the Figure 15, the development of the
exfiltration/infiltration behaviour of a river section is shown influenced by the fil-
ling process of the remaining pit. The exfiltration in this section is decreasing to
about the 13th simulation year due to the drainage of the neighbouring mines A and
B. Because of closed dewatering of mine A near the year 10 a short-term increas-
ing of the exfiltration rate can be recognized. In the year 15, the influence of
mine B becomes significant resulting in infiltration in this river section. From the
20th year the influence of the filling process in the remaining pit is obviously
superimposed by the slowly reduced influence of mine B.

In - the lower part of this figure the development of the
exfiltration/infiltration behaviour of another river section is shown influenced by
the changing dewatering process of mine D.

In Figure 16 the development of a simplified model for the groundwater pum-
page in mine D is demonstrated, according to the approach in Section 3.2.1.
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As mentioned above, three functions are shown, curve 1 for common dewater-
ing time, curve 2 for dewatering two years later (Atmg = +2) and curve 3 for two
years earlier (Atmgq = —2). We recognize that the consequences of maximum values
of water pumpage, caused by drastic changes of dewatering measures are dam-
pened more or less depending on the size of the cone-shaped groundwater depres-
sion. It is evident that a longer dewatering time causes a larger cone-shaped
groundwater depression than a shorter dewatering time and therefore the dampen-
ing is more or less strong.

In the lower part of this figure an analytic function is given, characterizing
the development of water pumpage in mine D sufficiently accurately. The coeffi-
cients a, to a3 can be taken from the table for each planning period ;.

Altogether for the GDR test area the following submodels (system descriptive
functions) were derived from the comprehensive groundwater flow model, using the
same methodology:

- development of the groundwater level in an agricultural area,
- development of the groundwater level in an environmental protection area,
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Figure 16: Submodel for groundwater pumpage

- development of the groundwater level in the vicinity of wells for municipal
water use,

- groundwater pumpage of all mines,
- raising process of the water level in the remaining pit (see Section 4.3.),

- increasing of pumpage of mine B due to the filling process in the remaining pit
(see Section 4.4.),

- development of infiltration/exfiltration behavior for all river sections (see
Section 4.5).

The proposed methodology should be generally applicable. Nevertheless, results
of modeling using such strongly simplified models, should be verified using
comprehensive flow models.
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4.3. Remaining Pit Management

4.3.1. Analysis of the Problem

In previous sections it has already been explained which impacts on the pro-
cess of runoff formation are caused by the large-area drawdown of groundwater
during the drainage of open-pit mines. These problems are not immediatly elim-
inated at the end of the mine drainage after closing mines. On the contrary, after
abandoning of mine-drainage significant water balance deficits in the streams will
occur temporary because the aquifer has to be recharged by precipitation and in
the streams a balance compensation is no longer ensured by the inflow of mine
drainage water.

An effective compensation of deficits can only be realized by the help of water
reservoirs being included into the management of the surface water system. The
hydrological utilization of the remaining pits in mining areas is the most prefer-
able solution for a reasonable recultivation of the mining areas, to avoid water
deficits, and to satisfy flood protection.

The use of remaining pits as reservoirs requires a considerable investment.
Therefor its effectivity and its management strategy has to be estimated in
advance. Two major stages have to be distinguished, the stage of recharging the
remaining pit, and the management stage for its utilization in water management.

Recharge stage

The management of remaining pits takes place within a "usable storage layer’.
In order to get the water table of the remaining pit within this layer it is necessary
to recharge the remaining pit after abandoning the drainage wells around the
open-pit mine. This can either be done by natural groundwater inflow or addition-
ally by artificial surface water or mine water inflow. The latter results in water
losses by infiltration from the remaining pit into the aquifer.

Altogether the following problems arise in this stage:
- to determine the usable storage layer for management and for flood protec-
tion,

- to determine the water table of the remaining pit in time for the case of the
natural recharge process up to the usable storage layer,

- to estimate a rational strategy for artificial recharge (refill).

Management stage

After reaching the usable storage layer the remaining pit can be used as a
water reservoir. In such a case, the management is analogously to reservoir
management including flood protection. One difference is that the storage basin is
located in the by-pass of the stream. Due to this, a pumping station can be included
in the management to transfer water between the remaining pit and the stream
especially for flow augmentation.

Within the framework of a time-variable management (on monthly basis) the
following problems have to be solved:

- to estimate the response of the remaining pit on variable monthly discharge
and intake;

- to determine the water intake needed for compensation of infiltration losses;
- to investigate an effective management strategy;



-39 -

- to estimate the consequences of the management on the surroundings (e.g.
increased mine drainage for neighbored mines).

4.3.2. Approach for Model Reduction

For model reduction the comprehensive groundwater flow model described in
Section 4.2 has been used, especially the facilities for modeling water bodies.
Detailed computations of variants of the recharge and management stage has been
done with the comprehensive flow model in order to get comprehensive synthetical
data about the nonlinear process of remaining pit management as a base for model
reduction.

In Figures 19 and 22 computational results for management variants with the
comprehensive groundwater flow (and reduced models) are depicted. As the dom-
inant input, the difference between the inflow into and the discharge from the
remaining pit was varied over an interval being realistic from the hydrological
point of view. These model results serve further on to quantify and/or to evaluate
the model precision of the reduced models. .

In Figure 17 the principle way of model reduction is depicted.

Application of the
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Deduction of a
Black-Box-Model
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Detailed computa- | Computations
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Figure 17: Steps for model reduction of remaining pit management

As a first step of model reduction, a black-box model in terms of a difference equa-
tion considering a history of 2 years was found to be the best suited model.
According to Section 3.2.2., this type of model is considered as analogue of a dif-
ferential equation second order. In the following Section 4.3.3. a physical
interpretation of this model is given. Simultaneously a conceptual box-model of
the remaining pit management has been developed, see Section 4.3.4.

All models are designed to describe the dynamic behavior of the water table in
the remaining pit in dependence on its management.
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4.3.3. Grey-Box Model

The model structure is derived by the help of a block concept subdividing the
area under consideration into three blocks:

- the remaining pit,

- the aquifer around the remaining pit (GWL1) which is directly influenced by
the remaining pit,

- the neighbored part of the aquifer (GWL2) which is undisturbed by the other
blocks (see Figure 18).

The water table in the remaining pit and the groundwater table are the state vari-
ables, assumed to be constant within their blocks. The blocks are connected by the
continuity equation and a kinetic equation. In order to get a simple model structure
two assumptions have been formulated which enable an approximate linearization
of the problem:

(1) The horizontal area of the remaining pit at any water level is proportional to
the corresponding area of exchange between the remaining pit and the GWL1.
Such an assumption permits the linearization of the dynamic behavior if the
reaction of the storage GWL1 on the remaining pit is negligible.

(2) The influence of the remaining pit management on the dynamic systems
behavior is small and is assumed to be approximately linear. For example this
holds true if the variation of the exchange area of the remaining pit is small
in relation to its water table.

Especially within the usable storage layer (from 108 m <k, < 118m ) both assump-
tions are justified. Possible influences of external boundary conditions on the
dynamic systems behavior are separated by subtraction of two different manage-
ment variants with the same external boundary conditions.

Based on the assumptions above we obtain for the dynamic behaviour of the
water table for two interacting storages (Kindler 1972):

D,'D LD +(D, +Dy) dhy +h, =K (4.1

1 Da =5 1+D2) — » =K 1)

with

time constants

K - proportionality constant

%p - constant inflow into ( > 0 ) or discharge
from ( < 0 ) the remaining pit

hy - difference between the actual water table
and that for natural recharge.

5
5
i

The homogeneous solution of the differential equation (4.1) can be given as a homo-
geneous recurrence equation of second-order:

hp(t;) =(Py+Pg)  hp(ty-1) =Py Pz hy(tj-z) (4.2)
- 25 - 55
with: Py=e !  Pp=e "2 K At=t;—t;,
After integration of the differential equation (4.1) with the initial conditions
dh,(0) _ At
dt D, D,

we get the transition function S(At) in the following form:

hy(0)=0, K qp (4.3)
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p
.. . Groundwater level is not influenced
’ Remaining pit by GWL1 and remaining pit

\ |

GwL2

r
r——-‘——" —
__._i.....

Figure 18: Block structure of the grey-box model

At —Dl

S(At)=1_C1'P1 —cz* Pz, with Cl:DT
2 1

.Cz=1—01 . (4.4)
Through superposition of the discrete time-dependent inflow into or discharge
from the remaining pit we obtain based on the homogeneous solution:
hp(i)=hX(i) +(Py+Pg) hy(i —1) =P, Py hy (i —2) + (4.5)
+ (1 —Cl'Pl _CZ'Pz)'K'qp(i)+(P1'P2'_CZ'P1 _cl'Pz)'K'qp(i_l)

with
i - time step in years
hp"(i) - water table in the remaining pit for natural recharge
at the end of the year i (see Appendix B)
hy (i) - water table in the remaining pit at the end
of the year i
g, (1) - inflow into or discharge from the remaining pit
oy .. Mill. m3
within the year i in ———.
year

This inhomogeneous recurrence equation of second-order has three parameters -
the two time constants D,, Dy and the proportionality constant X. These parame-
ters are quantified by adaptation of Eq. (4.5) to discrete annual values of the
water level in the remaining pit (calculated by means of the comprehensive grund-
water flow model, see Section 4.2) for different management variants. The follow-
ing parameters have been estimated for water tables within the usable storage
layer:

D, =4.21400 [years] , D,=0.66234 [years] . K =0.31276 [L25%].
m
To apply the Eq. (4.5) also for water tables below the usable storage layer it was
empirically modified with the arbitrary function y(i) .

2.22 —0.004" ¢, (i) for i< ip +1
7(1) ={1.45 —0.003 g, () fori=ip +2 (4.6)
1 for i >ip +2

with ip - year of opening the remaining pit.



-42 -

Based on that the grey-box model for yearly time steps gets the following form:
Annwal model
hy(i)=hP(i) +a Ap(i—1) +ag hp(i—2) + 4.7)
+0o  7(1) gp(B) + by y(i —1)-gp (i —1)
with
hp (i) =hp (i) —hy (i)
a; =1.00971 , a;=-0.17428 , 54=0.08295 , &;=-0.03150

Through modification of the time interval in the annual model (modification of
parameters P, and P; in Eq. (4.2) we get the following monthly model:

Monthly model
hy(i,k)=h(i,k) +a, Ry(i .k —1) +ay Ay (i .k —2) + (4.8)
+bg 7(1) (. k) +b, (i 1) gy (i.k-1)

hp(i.k)=h,(i.k) —hL(3i,k)

ho(i k) = hR(i =1, 12)+(hy (i , 12) —h (1 -1, 12)) - % (4.9)
with
a,;=1.86218 , a,=-0.86451 , b,=0.00906 , b;=-0.00833

k - number of month, & =1,...,12

hpo(i , 12) - water level in the remaining pit for natural recharge
at the end of the year ¢ in meters

hy(i.k) - water level in the remaining pit at the end
of month & in the year i in meters

g, (i ,k) - constant inflow into or discharge from the remaining pit

Mill. m?®

within the month k& in the year'i in
year

In Figure 19 the water table in the remaining pit is depicted for different manage-
ment variants comparing the results of the reduced model and of the comprehen-
sive groundwater flow model. The standard deviation between the results of both
models is 0.56 m for a range of 36.85 m.

4.3.4. Conceptual Block-Model

4.3.4.1. Derivation of the fundamental solution

In simplifying its geometry, a remaining pit can be considered as a well with a
large diameter. Consequently it is possible to use analytical solutions of the well
hydraulics as a transition function. The inner boundary condition of the classical
THEISS-solution (= - 0) has to be replaced by an adequately modified one since the
storage effect of the "well” (remaining pit) is not negligible (see Figure 20).
According to Cooper et al. 1967 we get the following approach applying the
Laplace-transformation:

Differential equation:
6*h 1 &h _ S Sh

+—r—_=— .
é6ré¢ r &r T &t (4.10)
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hy [m]
A
120
1167
1104
-105 {
100 1
95 . 50 Inflow into or discharge (—) from
ho the remaining pit in Mill. m3/year
P .
{) Number of management variant
a0 1 h0 Water table in the remaining pit
P in the case of its natural rise
85 T — Comprehensive groundwater flow model

= = Grey-box model

80 + + -+ + + + + + + 4 >
18 20 22 24 26 . Years

Figure 19: Water table in the remaining pit for different management variants
- grey-box model

Boundary and inital conditions:

h(rg,t)=H({) , h(et)=0 , A(r,0)=0 (4.11)
H(0) =— (4.12)
T
(Shirst) . SH()
2nry T 57 =nr, 3t (4.13)

Solution of Laplace-transformed differential equation:

S:ryH(O) Ky(ar)

h(r.p)= oT [oryKy(or,) +2a K (o 1r,)] (4.14)
with
Ky Ky - Bessel-functions
r - space coordinate [m]
t - time [sec.]
oy Ty - see Figure 20

a - geohydraulic time constant [sec/mz
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Figure 20: Idealized representation of a finite-diameter well

S - storage coefficient -]
2
r —
a=—%§ 0=\/p-;=~/57. (4.15)
Te

Solution of the problem by inverse Laplace-transformation:
H{)=h(r,,t)=F-H(0) =L‘1(E(r,.p)]-H(o) (4.16)

The factor F results from the inverse Laplace-transformation. From the analyti-
cal inverse transformation we get according to Carslaw, Jaeger 1859:

= -, Uz a
F=8a/ nzja“;;—(;)-du (4.17)
with
Tt ry
8= e ‘S (4.18)
Auw)=[u Jo(u) =2aJ(w)B+[u Yy(u) -2aY,(u)]? (4.19)

and J,,/,,Y,,Y, - generalized Bessel-functions.

4.3.4.2. Modification of the fundamental solution

For management modeling of the remaining pit the solution (Eq. 4.16) is in the
given form not yet applicable because a few typical conditions have not been con-
sidered:
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Variations of groundwater dynamics due to external boundary conditions;

The influence of external boundary conditions is eliminated by the help of
separation calculations. The actual variation of the storage volume v, of the
remaining pit results on the one hand from the inflow/outflow due to external
boundary conditions (natural recharge qp° ) and on the other hand from
intakes/discharges Ag, and exfiltrations/infiltrations ¢i, resulting therefrom
(see Figure 21). The following balance equation holds for a planning horizon
from time {5 to tg:

tg
v (tg) = [ (g2 + Agp =i, ) dt + v, (t5) (4.20)
‘g
with
hp(tp) =fh'p ('Up(tp)) . (4.21)

i
[
1
i
|
|
|

[ .
UL e

Figure 21: Separation of balance components

(2)

3

(4)

Differing geometry of the remaining pit from the cylindrical well form (non-
linear dependency between storage water table and volume);

The geometrical deviation of the remaining pit from a cylindrical form is
characterized by the relationship 7, =f (h,). This nonlinearity is eliminated
updating the radius r, by step (step by step linearization).

Unconfined flow conditions;

The unconfined flow condition ( transmissivity T =f(h;) ) is simplified intro-
ducing a mean constant transmissivity.

Time-variable management (artificial inflow);
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The consideration of the time-variable management is possible on the basis of
the superposition principle by the use of the convolution operation.

(5) Consideration of an additional hydraulic resistance refiecting the transforma-
tion of flow from vertical to horizontal direction.

Within the comprehensive groundwater flow model the remaining pit is modelied
in the form of an inner boundary condition of third kind. In orcer to consider
this in the block-model, the relevant radius for the exchange area, 7,44 . is
reduced at the recommendation in Busch, Luckner 1972:

Ts.0ld
Tsnew =" Fnrp— (4.22)
e 2 TR’\W

The reciprocal value of R4, results as a sum of the reciprocal additional
hydraulic resistances (parallel circuit) used in the boundary condition in the
comprehensive flow model, see Section 2.2.3.

Based on all mentioned modifications we obtain the following time-discrete algo-
rithm with ¢ =k At, kg < ks kjg:

M o N
v, (tg) =vp (t5) +k2 |V (te) +Avp (t) —vi, (tk)J (4.23)
=kg

The individual components are determined as follows:

v (tr) =SUp (R (Le+1) —fUp (RL(E:)) (4.24)
Aup () = Agp (tg+1) - At (4.25)

. 2
vip (e) =qi () At (4.26)

with

k
qt (L) =IZ; Jup(Rp () + By () —Fup (Rp () +F (L g —t) - ARy (£)) (4.27)
=kp

S reyKp(ary)

F(tg—t))=L"! 2 (4.28)
aoT (aryKy(or,)+2 r; Ki(ary)]
c.i
g= \/p % = Vp-a . (4.29)
_ -—A‘Up (tl)
rc,l - T Ahp (t;) (4.30)
Ahg (4) =Shp (up (8) + Bup (8)) —hp (81) . (4.31)

h.,° is the water level in the remaining pit for natural recharge, see Appendix B for
the Test Area.

The program for this algorithm is given in Appendix A3. The inverse
Laplace-transformation is done numerically. On the basis of the numerical integra-
tion the computing time is reduced by a factor of about 15 as compared with the
computation of ' in Eq. (4.17).
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4.3.4.3. Simulation of management variants

The developed program has been lested for the remaining pit management in
the GDR test area. For the system-descriptive parameters the set of parameters
of the comprehensive groundwater flow model has been used. The discrete geohy-
draulic parameters of that model (permeability coefficient, storage coefficient)
have been transformed by arithmetic averaging into the integrated form needed.

The mean gechydraulic time constant has been estimated by @ =a(r,,tz) see
Busch, Luckner 1972. The undisturbed mean groundwater level for the area is
about 118 meters. For the computations monthly time steps have been used in
accordance with the requirements of the management model.

By computations with the comprehensive groundwater flow model the results
obtained for natural recharge (hy =f(t)) have been used to separate influences
due to external boundary conditions.

In Figure 22 the computational results for different managemeht variants are
compared with those of the comprehensive model.

h, {m]
1\
1204 2
1151
(V)
"ot S (1V)
= (1
1057 —_
-7
100+
%1 .0 50 Inflow into or discharge (—) from
hp the remaining pit in Mill. m3/year
{) Number of management variant
% h0 Water table in the remaini'ng pit
P in the case of its natural rise
851 7 Caomprehensive groundwater flow model
y — — Conceptual box model
80+ — ’ . . . , . ' ' R
18 20 22 24 26 Years

Figure 22: Water table in the remaining pit for different management variants
- conceptional block-model

The modeling of the remaining pit management with the comprehensive flow
model practically does not permit the simulation of monthly responses on
corresponding management variants (monthly constant or variable). The reason for
that is above all a significantly increased computing time. With the given model
concept it is possible, for instance, to provide computational results for monthly
time steps without any growth of computing time or to enabie a simulation of the
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monthly varying management with small additional effort.

Because the response of the conceptional block-model agrees well with that of
the comprehensive flow model for monthly constant management, we conclude from
these results at the reliability of the conceptional model in the case of monthly
varying management. Figure 23 shows the comparison between computing results
executed in different ways for monthly managements.

— == Grey-box-model

h [m] = Conceptual box-model
z — -— Comprehensive model
50 Inflow into the remaining pit

in Mill. m3/year

T
v

22 23 24 Years

Figure 23: Computational results for monthly management

With the computational results it is possible both, to detect that different
management on a monthly base has a strong influence on the annual values, and to
test the monthly values of other more simplified models as the black-box-model
being described in Kaden et al. 1985 and used for the planning model of the DSMS
for the GDR test area.

4.4. Impact of Remaining Pit Management on Mine Drainage

If a remaining pit is located close to an operating open-pit mine, the drainage
of this mine may be affected. This is the case for the mine B in the GDR test region,
see Kaden et.al. 1985a.

Basis of the reduced model are computations with the comprehensive ground-
water flow model. Analogously to the submodel remaining pit management” (Sec-
tion 4.3.3) for the model reduction the system is simplified into a few blocks. Com-
bining the mathematical models of the blocks results in a grey-box model. The fol-
lowing blocks are considered:

- open-pit mine,
- remaining pit,
- aquifer being directly affected by the mine and the remaining pit,
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- aquifer not directly affected.

The objective of the modeling is to estimate the increased mine drainage due to the
management of the remaining pit. As the state variable the water level, groundwa-
ter table respectively is considered. Impacts of external boundary conditions on
the mine drainage are separated by subtraction of the results for differing
management alternatives with the same external boundary conditions.

The dynamics of increased mine drainage is for the given block concept
described as a linear reservoir (Kindler 1972):

dqgs (1) . .
D'T + g0y (L) = ~Kqy, () (4.32)
with

q0s (t) = qgy (t) —qge’(t) . qgs(0) =0 (4.33)
t - time
qg (t) - actual amount of mine drainage
a9 (t) - amount of mine drainage in the case of

natural recharge of the remaining pit (see Appendix B1)
D - time constant
K - proportionality constant
qgp (t) - difference of groundwater inflow into the managed

remaining pit to the inflow for natural recharge.
The value ¢g,(¢) is for annual mean values approximated by the following function:
qop (1) = A (Ap (i) = Ap (i —1)) ~ gy (%) (4.34)

with
i - time in years
constant inflow/outflow of the remaining pit
for the year i
difference of the water table in the managed
remaining pit to the water table for natural recharge
at the end of the year ¢
A - average horizontal area of the remaining pit.

o
Fan)
.
A4
[]

‘D‘
~~
.
4

)

Assuming linearity we obtain based on the superposition principle the following
grey-box model for annual mean values of the increased mine drainage depending
on the management of the remaining pit:

@98 (i) = ayqgs (i —1) + bggp (i) + b1 (Rp(i) = Ap (i —1)) (4.35)
with
gy (i) =0 for isip +2 , h,(i) =h, (i) —hy (i)
a; =0.45928 , by =0.02245 , b; = —0.31948
ip - year of opening the remaining pit
hp (i) - water table in the remaining pit at the end of the year <
Qo (1) - increased mine drainage due to management of the

Mill. m3

remaining pit for the year i in
year

The model parameter are estimated adapting Eq. (4.35) to results of the
comprehensive groundwater flow model. Only such data of the comprehensive model
have been selected which are characterized by water levels in the remaining pit
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within the usable storage layer.

In Figure 24 the results of the reduced model and the comprehensive model
are depicted for two management variants. The water level in the remaining pit has
been estimated with the submodel "remaining pit", see Section 4.3.3.

&g, (t) [Mill, m3/year]

34
2 -
T 100 100
. o
1 —t +— + —t + -+ —P Years
17 18 19 20 @ 21 22 23 24 25
* Comprehensive groundwater flow modei
— == Grey box model
3t 50
24
14
100 100
e y — 4 + ~t — — —-Years
17 18 19 20 21 22 23 24 25

50 — Inflow into or discharge from the
remaining pit in Mill. m3/year

Figure 24: Increased mine drainage due to remaining pit management

4.5. Simulation of Exchange Processes between a Siream and Groundwater

4.5.1. Analysis of the Problem

In the water balance of lowland areas, the balance component
infiltration/exfiltration is of similar magnitude as the other balance components
(discharge, inflow, natural groundwater recharge etc.). Especially in areas with
significant man-made impacts on the water resources system the importance of this
balance element is severe increasing. A characteristic example in this connection
is the infiltration from the stream into the aquifer in large-area groundwater
depression zones as they are typically for open-pit mining regions.

For the estimation of long-term mean values of the infiltration/exfiltration
(yearly and larger time intervals) the spatial and temporal changes of groundwater
tables are the primary independent influence parameter. Changes of the water
level in the stream in this case can be neglected because they are assessed to be
minimal in comparison with the changes of ground water tables and are not subject
to trends. In this case computations with the comprehensive groundwater flow
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model give detailed informations about the development of infiltration/exfiltration
behavior within the test area, see Section 4.2., Figure 16. Such results are well
_ suited for the planning model.

For the management model shorter time intervals have to be considered, i.e.
monthly mean values. In this case the exfiltration/infiltration conditions are dif-
ferent. Processes with shorter time constants become essential, such as the varia-
tion of exfiltration/infiltration due to changes of the water level in the stream. In
the areas of groundwater depression this process practically represents the only
natural and rapid component which influences the runoff in the stream. Hypo-
dermic and groundwater runoffs do not occur and surface runoff is in lowland
areas almost negligible.

Consequently, only two subprocesses have to be simulated in order to model
the exfiltration/infiltration processes in mining regions sufficiently accuratly. Due
to the fact that the time constants differ between each subprocess by magnitudes it
is possible to consider them separately in mathematical submodels. The results of
both submodels have to be superimposed to get the appropriate balance values,
see Figure 25 and Eq. (4.36).

A < qifi)

A
u(k)

hs(k) | hs(i)
S;T

7777777777 7777 7777777777777 *

Figure 25: Exfiltration/infiltration process between stream and groundwater

qi(k) = Aqi(k) +qi (i) (4.36)
with
Agi(k) - exfiltration/infiltration due to change of water level
Qi (%) - exfiltration/infiltration for mean water level in the stream

The component ¢i (i) can be estimated as time series directly by computations with
the comprehensive groundwater flow model (see Section 4.2). This is sufficiently
to describe the exchange process in the planning model. A different situation is
given for the component Agi (k) which cannot directly be obtained from that model
(work effort, computing time). For this reason, the comprehensive groundwater
flow model can only be used as an aid for the estimation of reduced models. The fol-
lowing approach of model reduction has been applied:
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(1) Execution of test calculations with the comprenensive groundwater flow
model;

(2) Derivation of a deterministic conceptional dlock model;

(3) Calculations of step-response functions with the reduced model and actual
geohydraulic data;

(4) Derivation of a deterministic dlack-box model.

4.5.2. Test Calculations with the Comprehensive Groundwater Flow Model

The test calculations executed on a small range have been focused on two
points:

- to support the selection of a model concept for a conceptional block-model;

- to use the computational results for a qualitative evaluation of the concep-
tional block-model.

In the comprehensive groundwater flow model (see Sections 2.2.3 and 4.2) the
stream is considered via inner boundary conditions of third kind. The water level
in the stream is in this case the independent variable. In addition to the geohy-
draulic variables of the corresponding finite element, a hydraulic resistance is
considered. It represents on the one hand the colmation resistance of the bottom
of the stream and on the other hand the transformation of the line-shaped boun-
dary condition into the nodal points of the finite element model.

The corresponding equations are:

d
Baydr = Rpyar cv + Brydr k¥ Fpydr Gy = '7% v Bpyde x = ﬁ; (4.37)
with
Riyar - additional hydraulic resistance [sec. / m?
Ky - hydraulic conductivity of the colmated layer [m / sec. ]
dx - depth of the layer (m]
L - length of the stream in the finite element [m]
B - width of the stream in the finite element (m]
AL - mean distance between stream and nodal point [m].

Special finite elements of the comprehensive groundwater flow model have been
selected. First, the groundwater tables and the exfiltration/infiltration have been
estimated monthly for a mean stream water table for a selected year. Second, the
same computations have been carried out for monthly variable water levels. The
resulting differences represent the effect of fluctuating water leveis in the
stream.

Figure 26 shows the effects on the groundwater table as a function of the dis-
tance to the stream, and Figure 28 represents the derivations of the
exfiltration/infiltration from those for mean stream water level.

The results of the test computations can be summerized by the following state-
ments:

- The variation of exfiltration/infiltration due to the change of the water level
in the stream is a relevant balance component for the stream segments under
consideration;

- The effects of variations of the water level in the stream on the gréundwat.er
tables are locally limited and do not effect the external boundary conditions
of the flow field.
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Figure 26: Groundwater table as a function of the stream distance
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For the model concept of the deterministic conceptional block-model we obtain the
following requirements or simplifications respectively:

- Groundwater process modeling as one-dimensional horizontal-plan groundwa-
ter flow;

- Formulation of the external boundary condition at infinity;

- Consideration of a potential-dependent resistance formulating the inner boun-
dary condition (colmation).

4.5.3. Deterministic Conceptual Block-HModel

Based on the above mentioned assumptions the process of
exfiltration/infiltration is described by the linear differential equation of one-
dimensional horizontal-plan groundwater flow to a channel:

Differential equation

5%h _ SR _S
F =a T a = T (4.38)
Boundary and initial condilions
h(ot)=0 , h(x,0)=0 (4.39)
R©t) =a2P) _ gy g =K g, (4.40)
) dx KK
with (see also above Eq.(4.37))
h - variation of groundwater table [m]
z - space coordinate [m]
t - time [sec]
K - hydraulic conductivity of the aquifer [m / sec.]
AH - variation of the water level in the stream (step) [m]
S - storage coefficient el |
T - transmissivity [m2/ sec.].

The solution of the differential equation is obtained by means of Laplace-
transformation:

Differential equation
5%R

e a'ph —h(z,0) (4.41)

Boundary conditions
dh (0.p) _ AH(0)

h(op)=0 , A(0Op)-4 iz > (4.42)
with » -time coordinate [1/ sec.].
The solution is:
h(z,p) = a4(0) -Vep 2 (4.43)

e
2 (1+4 Va'p)
For the actual volumetric flux we obtain with

q(z.t) = —2T-Li’%‘;—'tl : (4.44)

2T-L-MOYVED a5 »
p(1+4 Va'p) '

g(z.p) = (4.45)
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The total exfiltration/infiltration for £ =0 is:

t
Q(t)= [ q(0,t)dt =L [%-G(O.p)} (4.46)
0

2T-L-AH(0) Va B } (aam

-7 -1 {A e |
oy =i |-

The inverse Laplace-transformation is performed by an efficient numerical algo-
rithm applying the residue theorem.

For the monthly mean values of exfiltration/infiltration needed for the
management model we get with Af = 2.625-10% sec. ¥ 1 month:

1 [ 1=, 1 1=, 1 ]
gs(te) = = [LTHR()-LTHR () (4.48)
At i, tp_q
To consider a time-variable step function the superposition principl of the indivi-
dual step is used by the helps of the convolution operation (k = ;).

k
Agi (k) = XX 4 S ok +1-1)S (1) (4.49)
hydr i=1

u(k) =hs(ke) ~hs(i) , wk)=uk) —uc—1)

with
k - actual month
i - actual year
S() - step response function [m?/ sec.]
hs - surface water level above its bottom [m]
ﬁhw, - hydraulic resistance for free percolation [sec. / m?

For the hydraulic resistance holds:

~ M 1
ledr= 1/ 2 R
=1 hydr.{

(50)

with M - number of finite elements of the comprehensive groundwater flow model
per balance segment with free percolation.

The step-response function of a balance segment in the management model
results from:

N
Sk) =Y gs (k) (4.51)
{=1

with N - number of finite elements of the comprehensive groundwater flow model
per balance segment (without free percolation).

The gs (k);-values have been estimated with the program CHANGE (see Appen-
dix A4) for each element with a step w(0) =1 m and superimposed. In Figure 27
the results are depicted for three balance segments.
TFigure 28 compares for a finite element the computational results from the concep-
tional block-model and those of the comprehensive groundwater flow model.
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4.5 4. Black-Box Model

To compute the actual variation of exfiltration/infiltration per balance seg-
ment the computation with CHANGE has been proved to be too expensive as a sub-
model for the management model. That is why the step-response function is approx-
imated by a pulse-response function based on a difference equation with a history
of two time steps (see Kaden et.al., 1985):

Agi(k) = ayAgi(k 1) + ayAgi(k —2) + (by +co)u(k) + (4.52)
o+ byrule-1) +bgu(k-2)

The conditions for the approximation have been selected in such a way that the
first four values and the stationary value of the step-response function are
reflected exactly. The resulis of the black-box model (recursive equation) are
also depicted in Figure 28.
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APPENDIX A

Computer Programs of Submodels

Appendix Al

SIKO - Mathematical and statistical analysis of hydrologic and meteorologic
time series
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mathematical and statistical analysis ot hydrolingicaiand metmaralogical monthly time series

controt data

I Ha) 3 2 5
2 2
t ¢
sarize 1
1 2 3 4 S 5 7 2 £ 10 11 12
7.1200 1.8400 0.3400 3d.s29a0 g.4700 0.5100 0.1100 g.17CC 0.1200 0.970n 3.15%0 2.44C0
0.7500 1.2400 J.2400 Q0.9100 0.:1400 0.28aQ0 0.:1800 0.1000 0.gs00 0.0%00 0.20509 0.2r0C
. 3.3300 3.2ZC 3.3:00 0.49C0 g.1900 0.2Z00 C.1400 0.3600 0.2600 0.3s00 0.4800 0. 11200
0.1100 0.1s00 0.1700 0.3700 0.4700 0.1503 J.C700 0.0430 0.0400 0.0800 0.3400 0.30C3
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Appendix A2

SIMO - Stochastic simulation of monthly time series
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Appendix A4

CHANGE Infiltration/exfiltration in a river caused by water tatle variations



testexampie for ol laborative paser

B s o

zanditions tor program control:
B T

1.gechydraulic vaiues

storage <oetticient
mydrauiic conductivity
sgrTom aivitude
mean sw-tabie

* exchange area

= hydraulic resistance

x*

85

program rempit
HONHR

exchanoe throwgm bottom of remaining pit
hydraul ic resistance is consicered

ineut data control print
FERHACHE RN

Z.dimensioning and control ot comeutations

Time step

numper ot nooes

+uater tacie/storage voiume

+ratural recharge (w.tabie)
+arzitiziai recrarge (fiux)
reomputing times

S = (0.250e+00

k = (0.4800e=03 m/s

hg = &3.000 m abgue: nn
= 118.000 m above nn
as = 12.325 kmnZ

e = 0, 203e+d1 sHe2/m

dr = 0.287Se+(7 s

gt = 30.4 davs

ni = =]

2= 11

n3 = 3

N = id

3..00Ce+d7 » me#3) as tunczion of water tabie (in m acove an)

J.storase voiume (in
- : vih)
&3,08 c. e+00
JC.330 S.1000e+G2
118.08 3. 1275e+3

4, intivence 0f outer boundary conditioms (in om

= vin)

70.3C 0. 1400erdl
1085.353 J.2800e+12
127.30 C.2000e+(S

abgve nn) as func=icn in zime (in

3.2562Se+d7 # sec.)

< ~{%) - a(z) 3
C. «+0d 32.00 3. 1200e+G2 35,038 2.24T5e+52
2.34&00ev 22 72..5 3.48C0e+02 .42 C.&000e+02
5. 750erC2 57.86 2.3400e+12 99.:3 G.94650e+C2
3. 153Ce L8777 5.2 20403 101.30
3.intiow  (in $.1000e+ed7 « mee3/ 5.2825e+G7 * swc.) as function in time (in J.25Z75e+v07 * sec.’
' < a(z) i 13 a(z) ! <
3. o+00 3,330 J.4800e+32 3.33300 J.4800e+02
b.comeuting times (in Q0.2525e+07 * sec. and :n sec.)
! 3 at ! -3 ! ot ! ot
3. 1Z200e+G2 2.3150ev03 3.2600e+02 J.6300e+C2 J.3600e+02
3.4800e+32 3. 1260e+0% C.sG00«+02 0. 1575e+09 0. 7200e+02
3.3400e+02 3. 205e+09 J. 9600e+02 3. 2520e+0% 3. 1220e+03
G.1200e+G3 3.3150e+0%

Juteut of comeutational results

T ———

vin)
. 3700e+32
. 70CCe+3Z

[ ¢

37.37
.3
=

2.79¢S0e+13
. (S7Ce+07
.57

remaing 2it i

comeuUtation far actuai time intervai

icomayutation

‘or urgie (nterva;

[SoMOUTingG Time

‘u=table! wvaiume !interval inticw ! intiitratian intiow yntiicrat:an
fa! s im w. nn! maen3 a imN3/g: 3 i men3 imen3/s i % 3 ' men3 % .
1.10.31500a+08! 99.29'0.2572e+03! 354.38! 3.176! J3.:0Ge+09! 1.782e+08! 2.484: 78.2! 3.i1L00e+07! 2.782e+33! 73.23:
2.13.630C0c+08! 107.47'0.3938eriE! 356,38 2.17% 3.l50e+07! C.o73eriS! 2..33!  67.3% T.2000e+CT! J.like+d?! 72.79!
+ 3.10.945006+08¢ 112.83!0.7104e+08! 364.38! 3..74% J..0Ce+07' C.&33e+18! 2.:46%F &8.3% 0.3000e+S7! 3.214e+09! 71.3::
4.3, 12600a+07! 117.38!C.126Fe+07! 64,33 3.176! 3.iCC0e+0F! G.6&2er0B! 2.:00! &&.2% I.40ZC0e+C?! 2.280eS9 TT.I2:
15,10,157505+09! 113.04!3.9258e+18! 3%4.38! 3. Pg. e+3l! C.323e+l5: 1.CZS! S. ! G.4C0Te+09! C.312e+09! 78,309
C o, 165.189C0a0T! 111.0210.7757e+08! 364,33 3. ' 3. e+G0! J..1SCe+38! 5.474: 3. @ C.6CC0e+d?! §.3Z7e+0%' 31.25)
¢ 7.10.22050d+09" 109.73!10.5887e+08! 3564.358! 2. N o+00! 3.537Ce+07' 3.275: 2. T.4CTCes0?! 2.33%e-37¢ UL22:
3.:3.28200+0%! 108.39!0.4322e+08! 364,33 . ' 3. a+00! J.3465er(?! 3,179 d. | 2.6000e+w07: C.32UZatC?! 2243
! 9.10.ZB350c+09" 107.8013.4077e+0E! 356.38! 3. v e+00! 0.24Se+T7! 0.078: 3. ¢ G.40C0e+07! G.34bie+05! 34.135i
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orgaramm chanae

(cnde : ves => 1 ng = Q)
testrechnune u-E-rglb. sragramm chanae
HHHHHHHHHHHHHHHERHHHHHHRSHORHHHHEHOH

conditions far prgaoram control: summatian + g
AHHHHRHHEHHHHHHHHHHHHHHHHEHHH

inout cdata contral orint
FHIHHHHE R

~umber of ~iver ssomentss 1 number ot steps of water tabier 12 number ot comouting timess 12
time unit : 0.2592e+d7 sec.

=omouting %imes '
0.25e+07 sec. ( 30.00 davs) 0.52e+17 sec. ( 40.00 davs) Q.78e+d7 sec. ( 0.
0.10e+08 sec. ( 120.00 davs) 0.13e+08 sac. ( 150.00 davs) 0.15e+08 sec. ( 180.00 davs)
0.18e+08 sec. ( 210.00 davs) 0.21e+0B sec. ( 240.00 davs) 0.Ze+(18 sec. (
0.25e+08 see. ( 300.00 davs) 0.29e+08 sec. ( 330.00 cavs) 0.31e+(08B see. ¢

(=]
o
a
]
<
[

characteristics of river ssoments

seament 1
lergth: 2250.00 m Cva luet 0.2% Tvaiues 0.50e=01 mw#H2/s registance(r): 1647.00 m

inital water table (um): 138.10 m

uater table ws at time st (in see.):

137.71 m ( a. «+10) 1238.21 m ( 0.259e+Q7) 138.:m ( 0.518e+d07)
137.96 » - { Q.778e+d?) 137.26 ( 0.1D4=+0B) 137.01 m ( 0.130e+08)
137.01m ( 0.156e+08) 13.81 m ( 0.181e+08) 136.81 m ( 0.207e+08)
1354.86 ( 0.Z233e+08) 137.06 m ( 0.259=+08) 137.16m ( 0.285«+08)
correspondina steps sa at time st(in see. ):
0.9 m (a. «+00) 0.0 m ( 0.25F=+07) 3.10m ( 2.518e+07)
-1.B m ( Q.77Be+d?) -0.70 m ( 0.104e+08) -1. 2 = ( 0.130e+08)
a. m ( 0.154e+13) 0.0 nm ( 0.181e+08) a. m ( 0.207=+08)
0.0Sm ( 0.233«+0®) 1.20m ( 0.259e+02) 0.10 m { 0.7255e+0%)



tab|—kev!

srint of

computatiaonal

g1

resul ts

HHHREHHEHHHEHOEEEHOHEEE IR

zolumn number

river seament

@ O e

1

NI

descriotion unit
:umoutlt_i‘anll time sec.
comsutational time davs
time difference t0 last comoutational time sec.
time difterence to last comoutationel time davs
relative chanoe of storeee vaiume during time difference min3
mean valumetric flux accordine to cosition 3 and © men3/y
absoiute chanwe ot storace voiume refered to zera at inital time miN3
mean valumetric tlux according to ceosition 1 and 7 men3/s
| | | i ! ! | 1 !
| 1 1 2 | 3 | | L | 4 | 7 | 8 |
I | | ! | ! ! I |
| | ! | ! !
| 0.25%e+07! 30.001 0.259«+071 30.001-0. 12.1:*06!-0 6650—011—0 121¢+06I-‘J 46&-—011
t | i | ] |
| 0.518e+071 &0.001 0.259e«+071 3o0.001 Q. 5'73.4-05! a. ZZ?-GII-O 614¢+Q51-‘J 1199-01!
| | ! | |
! Q.77Be+07! 90.001 0.Z5%«+07 30.001 D.éﬁbﬁ(ﬁl 0. 2599-011 0.8 c+06| a. lDS:-OZl
| ! ! | |
| 0.104e+081 120.001 0.Z5%«+071 30.001-0. 525.4-05!—0 ZDZn-Gll—O A42¢+CISI-G 4.27--021
| | { ! | | ]
| 0.130e+0BI lSU.UﬁI 0.25%e+071 3n.001-4. ZSdﬁﬂbl-O ‘?79:-011—0 Z78e+061-7.230e~01!
1 | | | ! |
I 0.15é6e+081( 180. Gﬂl 1.25%e+d71 EU.GUI—G.ZEU.-bGAI—O.LUBﬂOUI—G.S?Eﬂ-GM-‘J..me-Oll
| | | | | ! !
i 0.181e+081 210. DDI 0.25%«+071 3n.001-42. ZB'?-*OAI-O 9‘24-—01I—‘J 517:+Db|-0.451-—011
! | ! { |
! 0.207e+381 ZAU.L‘JDI 0.25%=+0371 30.001-9. 277:+Ubl-0 1U7-+ODI-‘J 1!3994'071-0 =25-—01|
! | | ! | ]
| 0.Z33e+0BI Z70.00! 0.2S%e+07! BU.UUI-O.2479+OAI-O.9EEQ-OII—U 134-+U7l-0 575-—01!
| | | | |
| 0.259«+08| 300.001 0.259«e+37! 20.001-4. 213a+ﬂbl-0 SZh—Oll-D W\-O bDDn-Qll
l ! | ! f
| 0.285«+08) 330.00] 0.25Fe+37! ?0.001-49. 13'904-05!-0 5’6-—011-0 1&?:4-07!-0 5‘%0—&1[
! ! ! { |
I 0.311e+081 360.001 0.259«+07! 3U.GU|-‘J.1119+06|-0.4250“31|"J.151!+Q7“0.53ﬂ0‘01|
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APPENDIX B

Reference Values for the Natural Recharge of the Remaining Pit In the GDR Test
Area

i 17 18 19 20

g (i) | m¥ 7.07 | 7.10 | 6.85
sec]

hy (i) [m] 82.0 | 86.1 | 89.7 | 92.1

i 21 22 23 24 25 26 27 28 29 30

qgl(i) | 6.75 | 6.24 | 632 ( 5.07 | 485 | 4.79 | 476 | 4.75 | 4.74 | 4.74

hp(i) | 94.4 | 96.3 | 97.8 | 99.1 | 100.1 | 100.9 101.6 | 102.1 | 102.6 | 102.9

t 31 32 33 34 35 36 37 38 39 40

qgd a7 | a7 4.7 4.6 4.4 4.5 4.6 4.7 48 | 4.9

hg(i) | 103.2 | 103.5 | 103.7 | 103.8 | 104.0 | 104.1 | 104.2 | 104.2 | 104.3 | 104.3

1 41 42 43 44 45 46 47 48 49 50

ggl(t) | 3.0 2.7 2.4 2.2 2.2 2.0 2.0 2.0 2.0 2.0

hO(i) | 104.4 | 104.4 | 104.5 | 104.5 | 104.6 | 104.6 | 104.6 | 104.6 | 104.6 | 104.6




