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ABSTRACT

Querner, E.P. and P.J.T. van Bakel. 1989. Description of the
regional groundwater flow model SIMGRO. Wageningen, The
Netherlands, The Winand Staring Centre for Integrated Land, Soil
and Water Research. Report 7.

44 p.; 22 figs.; 8 tables; 5 annexes.

The groundwater model SIMGRO has been developed to simulate
regional groundwater flow and water levels in the surface water
system. It includes also aspects such as the retention of water

in the unsaturated zone, sprinkling, evapotranspiration, water
supply and subsurface irrigation. '

The unsaturated zone has been modelled per land use, character-
ized as different agricultural areas (crops), built-up areas,
forests and nature reserves. The surface water system is consider-
ed as a single reservoir per subregion. Water is extracted from

it for sprinkling and water level control is possible.
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SUMMARY

The groundwater model SIMGRO described in this report has been developed
to simulate the flow of water in the saturated zone, the unsaturated zone
and the surface water. It simulates the hydrological process within a
region. It includes also the effect of irrigation and its impact on the
water requirements of the surface water system. The model has been
constructed in such a manner that it is sufficient accurate without
requiring too many input data and excessive computer time.

The saturated zone has been modelled by means of the finite element
method. The region is divided into a finite number of elements. Quasi
three-dimensional flow is considered, which means horizontal flow in water
bqaring layers and vertical in less-permeable layers. The groundwater
levels and fluxes are calculated per nodal point. The unsaturated zone has
been modelled by means of two reserveoirs, one for the root zone and one for
the subsoil. For the root zone the storage of water in it is considered,
with extractions and inflows. From the water balance of the subscil the
height of the phreatic surface is calculated using a storage coefficient.
The unsaturated zone has been modelled per land use on a subregional level.
The surface water system of a subregion, in reality a network of small
channels, is modelled as a single reservoir with criteria for, among
others, water supply, discharge characteristics, water level control,
extractions for sprinkling. A number of nodes of the finite element network
represent a subregion. This means that soil properties and hydrolopical
conditions should be relatively homogeneous within a subregion. The cate-
gories of land use consist of agricultural areas, built-up areas, forests
and nature reserves. The agricultural technologies can apply additional
water by means of sprinkling from groundwater or surface water.

The usefulness of the regional groundwater flow model is demonstrated
for a region. The results of the unsaturated zone model are analysed by
comparing it with results from a more accurate model. Measured and calcu-
lated groundwater levels are compared. A sensitivity analysis on the

gechydrological parameters gave an idea of the variation on the results.



1. INTRODUCTION

In rural areas different types of activities may be present having an
impact on the environment. Especially the impacts on regional water manage-
ment caused by agriculture and water supply may interfere. These activities
often interfere with the interest of nature conservation as well. The need
for research on these aspect has resulted in a study on: optimization of
regional water management in areas with conflicting interests (WERKGROEP
OPTIMALISERING REGIONAAL WATERBEHEER, 1988). The objective was to develop
a system of models to generate and evaluate alternatives for regional water
management.

In the optimization model all effects of production, land-use, water
movements, etc have to be related in certain criteria and/or constraints.
With these constraints the optimal and/or feasible sclutions (scenarios)
for the area can be calculated. Due to the large amount of variables this
model requires very simple relationships for all the criteria, otherwise
the calculation method will be too complicated and the cost for running
such a program excessive. For the optimization model linear programming is
used. The input for this model have to describe all the effects related to
the region (eg. relations for production, costs, labour, water movements,
etc). Because of this linearization of all relations the results from the
optimi-zation model should be verified with more accurate models. The
comprehen-sive models should then describe certain processes (eg. agri-
cultural pro-duction, water guantity, water quality, etc)., more accurately.
These models are for the verification of the outcome from the optimization
model, and can be used to estimate input parameters more accurately.

The groundwater flow model to be described in this report has been devel-
oped to simulate the flow of water in the saturated zone, the unsaturated
zone and the surface water. Within a region often the hvdrological condi-
tions can vary, which require an integrated model to simulate all processes
involved. It includes also the effect of irrigation and its impact on the
water requirements of the surface water system. The aim was to simulate the
rather complex processes involved in such a manner that it is accurate

enough without requiring too many input data and too much computer time.



The schematization of land use and hydrological system is discussed in
Chapter 2. In Chapter 3 the calculation method for the saturated zone, the
unsaturated zone and the surface water is given in detail. The required in-

put data, an example and a sensitivity analysis is discussed in Chapter 4.



2. GROUNDWATER FLOW MODEL SIMGRO

2.1. INTRODUCTION

Shallow groundwater prevails in many parts in The Netherlands. For the
purpose of land drainage dense channel systems are present. These
systems are often used for water supply as well and therefore levels in
the channels vary during the vear. In winter levels are kept low to
allow a quick drainage and in spring levels are raised to conserve water
for dry periods in summer. Because these variations have a significant
impact on agricultural production and the hydrological conditions in
nature reserves, it is important that the levels are manipulated in an
optimal manner. If certain changes for a regional system is suggested,
the important guestion arises what is the effect of these changes on
groundwater levels and evapotranspiration. These values or the changes
will then give an indication of variation of crop production in the
region or conditions in nature reserves.

The groundwater flow model, SIMGRO (SIMulation of GROundwater flow and
surface water levels), has been developed to simulate regional groundwater
flow and to calculate the reguirements for water supply, sprinkling, sub-
surface irrigation and water level control. The computerprogram FEMSAT (VAN
BAKEL, 1978) was extended to simulate all the hydrological processes
involved. The unsaturated zone and surface water system formerly not pre-
sent in this model has been included, which has resulted in the program
SIMGRO. A user's manual is available (QUERNER,1988a) as well as a program
manual (QUERNER, 1988b). A flow chart of the programme is given in Annex B.

The saturated zone has been modelled by means of the finite element
method and groundwater levels and fluxes are calculated per nodal point.
The unsaturated zone has been modelled per land use on a subregional level.
Subregions, represented by a number of nodal points, are choosen in such a
way that they have relatively homogeneous soil properties and hydrological
conditions. The surface water system of a subregion, in reality a network
of small channels, is modelled as a single reservoir.

A typical schematization of the hydrological system showing all the

various water movements within a subregion is given in Figure 1.
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Figure 1. Schematization of hydrological system within a subregion
by means of an integration of saturated zone, unsaturated
zone and the surface water system. Technology is a specific
agricultural activity

2.2. SCHEMATISATION OF LAND USE
2.2.1. Subregion

The unsaturated zone has been modelled per land use activity on a sub-
regional level. The division of the fegion in a number of subregions is
therefore very important. Within subregions homogeneous conditions must be
present with respect to soil type, class referring to the depth of the
groundwater level below surface and in relation to characteristics of the
surface water system. Of the soil type capillary rise and moisture content
of the root zone are the important factors. The groundwater level class,
characterized by minimum and maximum groundwater levels over the years,
should not vary considerable within a subregion. The average depth of the
groundwater level below surface is used for the unsaturated zone (for com-

puting capillary rise, storage cuefficieni and equilibrium moisture coeffi-



cient). The surface water system consists of a single reservoir per subre-
gion. The water management is another important factor to select subregions

{e.g. water supply, water level control, target levels).

2.2.2. Technologies

A subregion is subdivided into different areas characterized by its land
use. The area involved is therefore defined by an agricultural activity
of growing and processing a certain crop, or grassland with livestock.
These areas are called technologies that use land. From each technology
only the area involved is known as a percentage of the subregion, and
not its geometrical position. The total area of a technology may be
present as numerous poertions of land scattered over a subregion.

The region that must be analysed is schematically subdivided into four main
categories of land use which are important for the calculations of the
various water movements. They are: agricultural areas, built-up areas,
nature reserves, and forests.

In the model the water balance of a subregion should take into account
all different categories of land_use that play 2 role in the hydrological
cvcle. Similar criteria as for the agricultural technologies can be defined
for built-up areas, nature reserves and forests, so that they can be incor-
porated in the computer model. The built-up areas are further split up into
areas with an impermeable surface (e.g. houses, streets, etc) and the rest.
For the impermeable surface areas there is no connection with the unsat-
urated zone. These areas can be disregarded, because the runoff from these
areas is generally collected by a combined stormwater and foul sewer system.
The permeable areas in the towns are considered tc have the same character-
istics as grassland.

Nature reserves have a vegetation of grass. Forests are distinguished
because they have quite different evapotranspiration values and thickness
of the root zone. The agricultural technologies are also characterized with
respect to a water availability condition by means of a production level. A
high production level means a higher water demand in the growing season.
The demand is met by means of sprinkling, where each production level has
its own criterium for applying the sprinkler irrigation in terms of avail-

able moisture in the root zone.



2.3. SCHEMATISATION OF HYDROLOGICAL SYSTEM
2.3.1. Saturated zone

There is a schematization of the groundwater system in a number of lavers.
Quasi three-dimensional flow is considered, which means horizontal flow in
water bearing layers (aquifers) and vertical fiow in less-permeable layers
{aquitards). The aquifer may be unconfined when it has a free water surface
or confined when it is enclosed above and below by agquitards. For each
layer geohydrological information is required, such as hydraulic transmis-
sivity, vertical resistance, layer thickness, specific storage, etc.
Boundary conditions can be in the form of a flux or hydraulic head. For the
modelling of the horizontal water flow in an aguifer, an accurate represen-
tation of the geohydrological situation is required. Therefore the region
to be modelled is subdivided into finite elements. In this manner we can
describe with relative simple element shapes, easily complex geometrical
configurations. The finite element method describes the hydraulic head at
every point in an element by means of linear interpolation functions.

The smaller ditches spread even over the subregion are primary involved

in the interaction between surface water and groundwater. These are com-
monly called the secondary and tertiary water courses. Aditionally to this

a so-called channel system can be present (Fig. 2).

Secondary water course

7 Weir

Tertiairy water course

Figure 2. Schematization of interaction groundwater and surface water in
four different categories. In the secondary and tertiary water
courses the water level fluctuates, in the channel system it
remains constant



The secondary system consists of the larger water courses that always con-
tain water. The tertiary system consists of shallow ditches which are inter-
mittently filled with water. This secondary and tertiary system is the
schematization of the surface water system on a subregional level. It is
assumed that these ditches are spread evenly over the area and are present
in all necdes. The channel system can be present as well, but in specific
nodes. It should represent the larger channels having its own special
influence, often locally, on the groundwater system. It is not related to

the area of a node, but the length of channels must be given.

2.3.2. Unsaturated zone

The unsaturated zone has been modelled by means of two reservoirs, one for
the root zone and one for the subsoil {unsaturated zone between root zone
and groundwater level). The reservoir for the root zone simulates the
storage of moisture in the root zone with inflow and extractions as rain-
fall, evapotranspiration, and capillary rise or percolation. If a certain
equilibrium moisture content is exceeded, the excess percolates to the
saturated zone. If the moisture content is below the equilibrium moisture
content, then the result will be a capillary rise from the saturated zone.
From the water balance of the subsoil the height of the phreatic surface is
calculated, using a storage coefficient.
Ideally the flow and retention of water in the unsaturated zone should
be calculated for each nodal point and per technology separately because:
-~ the so0il physical properties and the groundwater level
differ per nodal point

- the potential evapotranspiration differs per technology

- the actual evapotranspiration depends on the soil
physical unit, technology and hydrological conditions

- the capillary rise depends on the soil physical unjit
and the depth of the groundwater level

- the root zone depth may be different per technology

To take all these specific relations and different flow behaviour in the
root zone into account would require per nodal point and per technology a

medel to simulate the unsaturated zone. This would require a great amount



of input datz and a heavy demand on both comp.ter time and storage.
Therefore, a simplification has been introduced that per subregion and per
technology one model (reservoir) is used to calculate moisture content,
evapotranspiration and capillary rise (or percolation), using average
hydrological conditions. For example the amount of capillary rise in a
subregion is now dependent on the average depth of the groundwater level.
Because the schematization of the subregions is based on more or less homo-
geneous conditions with respect to groundwater levels and soil types this
simplification is justified. This also means that only one soil physical

unit per subregion can be present.

2.3.3. Surface water system

The functioning of the surface water system is different for the summer
and winter situation.land therefore require each to be modelled

separately according tb its special characteristics.

The summer situation is in general characterized by a supply of water.
This supply is governed by a certain maximum cepacity. Water is extracted
from the system for sprinkling and subsurface irrigation. In the winter
situation drainage dominates and surface runoff can also occur regularly.
The ground level over a subregion can vary by some meters. Taking this into
account would mean that for each nodal point one model is required, to
simulate the interaction between surface water and groundwater. This would
invelve a large amount of input data and a heavy demand on computer time.
Therefore the surface water system is modelled per subregion as one reser-
voir with a weir situated at the outlet. In reality a number of weirs may
be present within one subregion, but it is assumed that these weirs keep
the water level at a constant distance below ground level (Fig. 3). Then
the schematization of the surface water system as one reservoir is justi-
fied. For each node the water level as a depth below ground level can be
translated to a water level relative to the reference datum. The interac-
tion between groundwater and surface water is often very quick responding.
which results in rapid water Jlevel fluctuations. To overcome this problem
the timestep used for calculating the water levels must be small. For the
groundwater system the timestep can be much larger. Therefore the surface

water system has its own timestep. In between two timesteps of the ground-
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water module a number of timesteps of the surface water module are per-
formed. The groundwater level remains constant during those time intervals

and the interaction groundwater surface water is simply added up.

Ground level

@ Extraction for sprinkling

Surface runoff

_ \ 17

= =1

[t
; Water supply Subsurfac}e y
[z irrigation

Figure 3. Schematization of surface water system per subregion (d =
distance of water level below ground level)
a. in reality, with a number of weirs;
b. schematization as one reservoir per subregion and related to
the ground level per node

The various water transport and storage processes are thus simulated by
three different submodels. They represent the saturated zone, the unsatura-
ted zone, and the surface water system. The various water movements allowed
for within the schematization of a subregion and between the three sub-

models is shown in Figure 1.
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3. CALCULATION METHOD

3.1. SATURATED ZONE
3.1.1. Finite element method

Finite elements have been used for centuries. For example the calculation
of the circumference and area of a circle was approximated by dividing the
circle in finite elements by the ancient Egyptians. The modern finite ele-
ment method was originally introduced a2s a method for analyzing continuous
structural members. The method was later formulated in terms of a
variational approach and shown to be an extension of the clessical Ritz or
Galerkin method (ZIENKIEWICZ, 19%1).

In the variational formulation, the problem is to find the unknown func-
tions, which maximize, minimize or make stationary a functional, subject to
a given boundary condition. In the finite element process the displacements
or flux terms are usuwally specified by functions per element, each nodal
parameter influencing only adjacent elements. The region is thus an
assemblage of individual elements of either triangular or quadrilateral in
shape, as shown in Figure 4.

The system is discretized into irregularly shaped elements. With the
finite element method we describe the head at every point (x,y) of an ele-
ment by means of a linear interpolating function. Within an element with
nodes i, j and k numbered counterclockwisely we define a local coordinate
system. The head within an element can be written in terms of the nodal

values as:

hi{x.y} = Elhi + fjhj + Ekhk (1)

where: { are the element interpolation functions that depends on the
coordinates of a nodal point. In Figure 5 the interpolation function for a
node i is shown, being equal to unity at node i and zero at the other nodes.
To express the elemental contributions to nodal flows we define the flows
across the boundary as shoewn in Figure 6. The flow going through node i can

be found as:



1/2 Q5 = - (1/2 Q¢ + 1/2 Qy) (2)

Per element the flows in terms of nodal values can be written in matrix

form as:
[Le] {het = (£e} (3)

where: the {L,] watrix is a square coefficient matrix containing the
transmissivity between the nodes of the element, the (he} vector contains
the nodal heads and the vector (f,} contains the boundary conditions. For
the entire region the other elements follow an identical pattern. To obtain
the overall transmissivity matrix [Tij] it is simply necessary to add the

contributions of all elements, as:
[T551 = ) (L] (4)

The boundary conditions are either prescribed heads, which means the
head remains constant, or a prescribed flux. The flow across a boundary is
divided up evenly between adjacent boundary nodes. A distributed re(dis)-
charge over an element is incorporated by distributing the element value

evenly over the three nodes.

eiement=aquifer thickness

! |
AN I Vertical extension of one

Figure 4. Subdivision of solution domain in finite (triangular) elements.
Each element extends over the layer thickness and has nodes i, j
and k numbered counterclockwise
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Figure 5. Interpolating function for node i, equal to unity at node i

and zero at the adjacent nodes (§{; is the element interpolation
function}

Figure 6. Definition of flows across element boundaries. The flow, Q;,
through node i is equal to half of the flow across the adjacent

sides

3.1.2. Calculation scheme and general flow equation

The original programme FEMSAT was based on an explicit calculation scheme
(VAN BAKEL, 1978) which means that all external flows imposed on a layer
used for the calculations at a certain timestep were taken from the pre-
vious time level (Fig. 7). However, the external flows such as discharge to
the surface water system or capillary rise also depend on the unknown
hydraulic heads at the present time level.

Explicit methods turn out to be stable if the rate which information
from a certain point spreads in the compuﬁatiunal scheme is smaller than
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the physical velocity of propagation of a disturbance. This often means a

severe restriction on the timestep to be used.

®
®

WAt
(1-W}iat

Figure 7. Explicit (a) and implicit (b) calculation scheme.
The implicit scheme is based on the Crank-Nicholson approximation
(W = weighting parameter, At = timestep)

In an implicit method all factors affecting the flow at a certain time
level are used for calculating the flow at that particular time. The
timestep can be chosen independently of the spacing of the nodal points. It
uses in addition to the flows from the present time level, the flows from
the previous time level {Fig. 7). This method is in general unconditionally
stable and will not impose restrictions on the timestep to be used. If the
weighting parameter W is 0.5, it means a straightforward averaging between
the two time levels (Crank-Nicolson approximation).

The equation of motion can be obtained by considering an aquifer layer
and applying the principle of linear resistance (Darcy's law) and conser-
vation of mass. According to Darcy's law the rate of flow through a porous
medium is proportional to the gradient of the hydraulic head. For instance

for flow in the x-direction it can be written as:

= ah
ax = “ky ax (5)

where: gy is the volume flux of water passing through a unit area per unit

time and ky is the hydraulic conductivity. The coefficient k in the Darcy
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equation is taken to be a constant, depending on both the properties of the
porous medium and the fluid.

Unsteady flow conditions will indicate that during a time interval from
T to t+At a nett quantity of water will flow to or from a node i. The
amount of water involved will result in a rise or fall of the hydraulic
head. Therefore one can write the continuity equation per node and layer

as:

Ah | - | t+At | e | t
Aju = W I%jS +Q + (1-W) %ij + Q (6)

where: W is a weighting parameter between the time levels t and t+At, A; is
the area of node i and ¢ is the storage coefficient. The term jS is flow
from node j to node i and Q are all fluxes from adjacent layers, the unsa-
turated zone, interactions with the surface water and extractions. The con-
vention is that flow towards a node is assumed to be positive. Equation {6)

can be rewritten as:

Ah t t - dQ,

Agu e };jS + Qg+ W %Aij + — Ah |+ Qq (7}
assumming that:

Qt*At - gt + ag (8)
and

ht*At - ht . ah : (9)

where: Qg is the boundary flow dependent on the groundwater level (leakage
and drainage to large channels) and Q; are constant fluxes such as drainage
to the secondary and tertiary system, capillary rise and extractions for
water supply and sprinkling.

The first two terms on the right-hand side of Equation (7} represent the

flows to or from node i at time t and the third and fourth term are the
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actual change in flow cover the considered timestep. Equation (7} is solved
by the Gauss-Seidel iterative method and using an over-relaxation factor
(see Annex A).

The linearization of the equations has been done to avoid re-evaluating
certain level dependent parameters after each iteration. To include the
unkown boundary flows, it would require also to include their contributions
in the equation of motion. Therefore the equation for a boundary condition
must be written as a function of the unknown hydraulic head.

The flow between two nodes in an aquifer can be written as:
Qi = Tjjy (hj - hy) (10)

where: Tij contains the transmissivity parameters for horizontal flow in a

water bearing layer and explained in Paragraph 3.1.1. The flow between two
nodes is linearly related to the difference in hydraulic head. Equation
(10) can therefore also be used to define a change in flow given the
changes in hydraulic head between two adjacent nodes. The flow towards a
node is taken as positive and from a node as negative.

The external flow is composed of the following flux terms:

Qe = Ajq; + Ljgg (11)

and the constant flux term is:

Q¢ = A; (- g - ) (12)

Qe + 2
At
at,

In which A; is the area of the node, qg is the flow from the channel system
per unit length, 1; is the total length of the channels for node i, q; is
the leakage, q, is the flow from the surface water system, g, is the
capillary rise and ¢ are the extractions for public water supply as well
as for sprinkling. For the calculation of the water levels in the surface
water water system a timestep Aty is used, which is in general smaller than
the timestep for the groundwater system. The drainage for a timestep of the
groundwater system is computed as the sum of the drainage for the time

steps of the surface water submodel.
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If we consider a water bearing layer enclosed between two less-permeable

layers, then the vertical flux for layer L can be expressed as:

by g+1 - By By g1 - py

qQq = + (13)
1 0.5 Ci,L+1 0.5 Ci,L-1
where: c¢; is the hydraulic (vertical) resistance of the less-permeable
layer defined as:
Dy
cj = T-j.,_ (14)

where: D; is the vertical thickness of the layer and k;j the hydraulic con-
ductivity.

3.1.3. Drainage

The ditches that actually are involved in the interaction between surface
and groundwater are commonly the combined secondary and tertiary water
courses, together with the shﬁliow trenches. Additional to this a so-called
channel system can be present (see also Fig. 2).
The seccndary system consists of the larger water courses that always con-
tain water. The tertiary system consists of shallow ditches which are inter-
mittently filled with water. The secondary and tertiary system together
forms the schematisation of the surface water system on a subregional level.
It is assumed that these ditches are spread evenly over the area and are
present in all nodes. The interaction between groundwater and surface water
is only possible with the toplayer. The channel system can be present as
well, but only in specific nodes. It should represent the larger channels
having their own special influence, often locally, on the groundwater
system. It is not related to the area of a node, but the length of channels
must be given for certain nodes. An interaction with all layers defined in
the model is possible.

The interaction between the three subsystems (2nd, 3rd and trenches) and

the groundwater system can be described as (ERNST, 1978):
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(15)

where: h, is the water level or invert level of a subsystem, ag is a geo-
metry factor dependent on the shape of the groundwater table and Tg is the
so-called drainage resistance. Here is h, the highest value of either the
invert level or the water level. The geometry factor ag is necessary, when
using the average level for a nodal point, instead of the level midway bet-
ween two ditches. The drainage resistance is either kept constant or used
as a function of the depth of the groundwater; in the latter case it is
dependent on the number of ditches per unit area and the geohydrological

properties of the soil. The drainape resistance can then be written as:

T =2aexp (b * hyipn!} (16)
with:
hmin = min {hg - hi . hg - hw} (17)

where: a and b are constants, hyij, is the minimum distance between ground
level hg and the groundwater level h; or surface water level hy,. This means

that when the groundwater level is lower tham the surface water Jevel
infiltration takes place.
For the channel system the equation per unit length of ditch is:

g = B (hc - hjy) (18)
with
1
= - — (19)
Rp. + Rg / P

in which R, is the radial resistance, R, the entrance resistance and P is
the wetted perimeter of the channel.

The entry resistance R, is strongly dependent on local conditions and
cannot be calculated explicitly, but must be measured on site and is part
of the input of the nodel.
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The radial resistance, R, can be calculated with the equation:

1 a.d
Ry = & 10 —7p (20)

in which k is the hydraulic conductivity, d is the thickness of the
saturated layer and a, is a coefficient depending on size of the channel.
1f the channel is small (depth less than 2.50 m), then @; is 4.0 to 5.0,

and for larger channels @, is €.0 to 7.0. The upper limit can be selected
for empty stage and the lower limit for bankfull channgls.

3.1.4. Interaction with unsaturated zone

For the characteristics of the unsaturated zone certain parameters are
related tc the depth of the groundwater level (see Paragraph 3.2).

Because the unsaturated zone 1s considered on a subregional level the
average ground level and depth of the groundwater level are required. After
the hydraulic head in each node is calculated with Equation (7) and (9),
the average head per subregion is calculated as the weighted average of the

area per node as:

I hy*ay

h. = BE 21
b

r - (21)

where: A; is the area of node i and A. is the area of subregion r, and n,
is the number of nodes per subregion. For the average ground level of a
subregion the same procedure has been followed.

The storage coefficient used in Equation (7), is dependent on the
aver;ge depth of the groundwater level in a subregion and the soil physical
unit. Within a subregion an average root zone depth is calculated as the
weighted average of the area per technology. This average depth is used for

the calculation of the storage coefficient.

-
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The extractions from groundwater for irrigation, and the percolation or
capillary rise, are calculated on the aggregation level of a subregion.
Subsequently the fluxes are attributed to the nodes of a subregion by multi-
plication with the relative areas of the respective nodes. Therefore the

flux to/from the unsaturated zone can be calculated for each node in a sub-

region as:
Ay - ] ‘
q; = _K;_ (L q¢c * Aj ) (22)
J

where: AJ is the area of land allocated to technology j within each subre-
gion. In a similar manner the extraction from groundwater for sprinkling is

allocated to the nodes.
The groundwater extractions for the public water supply are attributed

to a single node per subregion.

3.2. UNSATURATED ZONE
3.2.1. Water balance of root zone

The unsaturated zone is modelled by means of two reservoirs, one for the
root zone and one for the subsoil (i.e. the unsaturated zone between root
zone and groundwater level). The reservoir for the root zone simulates the
storage of moisture in it with inflow and outflows as precipitation, eva-
potranspiration, and capillary rise or percolaticn. If a certain equili-
brium moisture content (moisture content corresponding with a steady
situation where capillary rise is zerc) is exceeded, the excess will per-
colate to the saturated zone. If the moisture content is below the equili-
brium moisture content, then the result will be a capillary rise from the
saturated zone. From the water balance of the subsoil the height of the
phreatic surface is calculated, using a storage coefficient which is depen-
dent on the depth of the groundwater level.

As stated in Chapter 2, ideally the flow and retention of water in the
unsaturated zone should be calculated for each nodal point and per tech-
nology separately. The simplification introduced is that per subregion and

per technology one model (reservoir) is used for calculating moisture con-
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tent, evapotranspiration and capillary rise. In this case average hydrolo-
gical conditions over the subregion are used. For example the amount of
capillary rise in a subregion is now dependent on the average depth of the
groundwater level. A schematization of the unsaturated zone is shown in
Figure 8 and the major functions are summarized below.

The root zone for which the water balance is considered has a depth d,,
which is a function of the technclogy and the soil physical unit.

Therefore:
dr =f {j, s) (23)

In the model a constant root zone has been assumed all year round, with
no changes during and over the years.

For the root zone of each technology with area Aj the change of moisture
content AV, over a timestep At due to net precipitation Py, sprinkling Pg
and evapotranspiration E is:

AV, = (P, + Pg - E) * At (24)

The rainfall is corrected for plant interception and has a maximum
infiltration rate. Interception is assumed to be present in summer and
dependent on the technolopy. If rainfall exceeds the maximum infiltration
rate, this excess is considered to become surface runoff. Due to irregu-
larity in sprinkling it has been assumed that 10% of the sprinkling is not
stored in the root zone, but percolates directly to the saturated zone.
Irrigation by means of sprinkling will take place if the condition for the
considered technology is valid (see Paragraph 3.2.3). Evapotranspiration is
computed as a function of the crop and mcisture content in the root zone
{(see Paragraph 3.2.2). Without considering percolation or capillary rise

the moisture content for the next timestep would be:

t
V= Vg o+ AV, (25)

The moisture content of the root zone at equilibrium condition Veq is
calculated with the function:



a2

-
Veq = f {5, dp . hyy (26)

where: E: is the average depth of the groundwater level in a subregion.

The equilibrium moisture content is required per soil physical unit and for
root zone depths of 0.25 m, 0.50 m and 1.00 m (Annex C). If the moisture
content V is above the equilibrium, percolation occurs, otherwise there is

capillary rise. Therefore:

- .
Qc = £ (s . hy , dpy V < Veq for capillary rise (27)
or
Veq - V
Q. = 2zt V> Veq for percolation (28)

The moisture content for the next timestep can now be calculated as:

t+At
Vw =V + At * Q. (29)

The model concept for the unsaturated zone has been verified with

results from a more accurate model SWATRE (BELMANS et al, 1983), as given
in Paragraph 4.2.1.

Area with specific land use

e
Pt PSJ TE
RTRX I
Vi Veq Root zone
% ¥
T .
Q. Subsoil
[ Groundwater level

Figure 8. Schematization of unsaturated zone per land use,.
Nomenclature used: P, = net precipitation; Py = sprinkling:
E = evapotranspiration; V., = moisture content; Veq = eqguilibrium
moisture content and Q, = capillary rise
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3.2.2. Evapotranspiration

From the meteorological data the potential evapotranspiration for grassland
is calculated with the Makkink equation (DE BRUIN, 1987). The potential
evapotranspiration for other crops or vegetaticn are calculated using crop
factors (FEDDES, 1987). The potential evapotranspiration for pine-forest is
calculated as the sum of transpiration and interception. An interception
reservoir of 2.0 mm and 1.5 mm was taken for the summer and winter period

respectively. The actual evapotranspiration E is calculated as:

E = aE, (30)
with
@ = £ (Vy / Voy) (31)

where: Ep is the potential evapotranspiration, Vy, is the actual moisture
content of the root zone and ng is the equilibrium soil moisture content

in the root zone for groundwater level equal to ground level. In this way
the effect of water-logging can be incorporated. The relative eva-

potranspiration can be determined from Figure 9.

e
o

o
s

Relative evapatranspiration

o
N

TR S N T N
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Figure 9. Relationship for calculation relative evapotranspiration from
soil moisture conditions (I = standard curve, II = plants sen-
sitive to water logging, III = plants in nature areas)
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Figure 9 shows that root water uptake is zero when Vw/ng is below 0.05
(wilting point). When this ratio is equal to unity (anaerobiosis point)
certain plants will have zerc rootwater uptake, which is shown by line I in
Figure 9. Line II is for plants which are very sensitive to water-logging
(e.g. potatoes). Line III is for nature areas, because it has been assumed
that natural vegetation is especially suited for these wet conditions and a

reduction in evapotranspiration will not occur.

3.2.3. Sprinkling

In practice sprinkling is operated following a rotation scheme along sepa-
rate fields. The sprinkling is continued as long as the soil moisture con-
tent is below a certain level. The groundwater flow model cannot allow for
a fully realistic simulation of sprinkling according to a rotation scheme,
but depending on the production levels of the technologies the sprinkling
is operated. A rotation scheme of say 7 or 14 days can be selected. This
means that in 7 or 14 days the total area of the specific land use is
sprinkled with 25 mm. A loss of 5% is taken into account and 10% of the
water is not stored in the root zone but percclates directly to the satu-
rated zone, due to irregularities in the distribution of the sprinkling
(Eg. 24). For a high production level a high water demand is necessary,
which results in freguent sprinkling. The threshold values for applying
sprinkling depend therefore on the production level and the relative moist-
ure content in the root zone. The relative moisture content is defined here
as the present moisture content divided by the equilibrium moisture content
for a depth of the groundwater level of 1.0 m (Vw/v;q)_ In Table 1 the cri-
teria for sprinkling are given. Subsequent to the starting of sprinkling a
check is made to see if the moisture content does not exceed the criterium
for stopping.

In general the extraction for sprinkling from surface water is preferen-
tial to the extraction from groundwater. But due to limitations on the
availability extraction from groundwater is pessible as well. The maximum
extraction from groundwater and surface water per subregion must be given.

It reflects the availability of surface water within the subregion.
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Table 1. Criteria for sprinkling related to production level (high produc-
tion level means a high water demand and the relative moisture con-
tent (V) is the present moisture content divided by the equilibri-

]
um moisture content for a depth of the groundwater of 1.0 m (Veq)

Relative moisture content (Vw/Véq)

Production level start stop
] no sprinkling
1 0.60 0.75
2 0.70 0.85
3 0.80 0.95

Land more than say 150-250 m from the water courses uses in general ground-
water. Also dependent on the water supply and the amount of subsurface
irrigation the extraction from the surface water system can be limited.

The maximum extraction from surface water is allowed when the supply is
enough to maintain the summer target level. When the supply 1is not enough
the water level becomes less than the target level. If it becomes below a
certain level, the extraction for sprinkling is reduced.

The capacity available for sprinkling becomes now the supply minus the
subsurface irrigation. When this occurs, it will result in a reduction of

the sprinkling rate according to this reduced capacity.

3.3. SURFACE WATER SYSTEM

The secondary and tertiary water courses are considered to represent the
surface water system. It is often a very quickly responding system with
rapid water level fluctuations. Therefore the timestep used for calculating
water levels must be small, say between 0.2 and 1.0 day.

For the groundwater system the timestep can be much larger, say between
1 and 7 d. Therefore the surface water system has its own timestep. In bet-
ween two timesteps of the groundwater module a number of timesteps of the
surface water modnle are performed. The groundwater level remains constant
during that time and the interaction between groundwater and surface water
is added up. The next time the groundwater module is activated this amount
of drainage or subsurface jrrigation is used for calculating a new ground-

water level.
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The surface water system in a subregion is modelled as a single reser-
voir with a weir situated at the outlet. In reality a number of weirs may
be present. But under the assumption that the weir levels are a constant
distance below ground level (Fig. 3). The schematization of the surface
water system as a single reservoir is justified. Within a subregion it is
possible that in the higher parts subsurface irrigation occurs and in the
lower parts drainage. This drainage water cannot fully be reused in the
same subregion. Simplifying the surface water system as a single reservoir
would mean lifting up water from the lower parts, to the higher parts of
the subregion. Sc¢ in the model only a fraction of this drainage water can
be reused in the same subregion.

The water level is calculated from the stage discharge or stage-storage
relation, depending on the hydrological situation. Included in the stage-
discharge relation is the flow resistance within the system, this is also
dependent on the drainage rate. When subsurface irrigation is taking place
the storage capacity ofrghgﬂgx§3em is taken into account. From the supply,
the subsurface irrigéQién, the extractions (sprinkling) and the stage-
storage relation a new water level is calculated. This water level in a
subregion is a distance below ground level. From this distance the actual
water level for all nodal points is calculated.

Depending on the time of the year and the hydrological situation the

water level hy, of the surface water is calculated as:

drainage
hy = £ {(Q-h relation} for winter period
h = target level for summer period

subsurface irrigation

hy = f {S-h relation}

where: Q-h is the stage-discharge curve for the weir that includes the flow
resistance and S-h is the stage-storage curve. Drainage situations in summer
do not effect the water level. It is assumed that automatically the weirs
are lowered to maintain the same level. In drainage situations the storage
capacity is very small and plays a minor role. Often the storage of the
system is equal to the drainage rate for one to three days. For drainage

situations the discharge curve is therefore used for calculating the water
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level (only winter period). The storage capacity is only important for the
summer period when there is an external source of supply. When the supply
is smaller than the subsurface irrigation plus the extraction for sprink-
ling, the storage in the system is used for calculating the lowering of the
water level. The characteristics of the surface water system must be given
in the form of a stage-storage-discharge relation. For the summer and
winter period a target level must be specified. In the summer period, from
ist of April until a specified time, water level control is possible by
manipulation of weir levels. Water level control in the region can be dif-
ferentiated into categories, each having its own criteria of weir level
manipulation in relation to the groundwater level. This means that in the

early summer, when groundwater levels are relative high, the target level

* for the winter period is maintained. When the groundwater lowers the target

levels are raised to levels that are allowed in the summer situation.

The maximum supply capacity per subregion must be seen as the maximum
capacity for which the system is designed. For instance the watercourses
are dimensioned in such a way that a supply of say 1 mm per day is
poessible. The supply capacity for the whole region can have a limit as
well. External factors such as pumping stations or inlet works can be a
limit for the total supply. If ;his capacity is reached, then the maximum
supply capacity per subregion is reduced.

The model does not take into account the surface water system of the
region as a network. Their is no influence between subregions, soc a

discharge from a subregion is not transported through other subregions.
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4. MODEL APPLICATIONS

4.1. INPUT DATA

For the operation of the program, four fundamental sets of data are
required in addition to the control parameters. These are:
- nede and element characteristics

- boundary conditions

I

unsaturated zone characteristics

time dependent data

For each nodal peoint and per layer specific gechvdrological data are
required. Other input data per node are the coordinates, elevation of the
ground surface and the invert levels of the surface water system. The con-
figuration of the elements is given by the node numbers.

The groundwater flow model was developed and tested for a region,
approximately 35,000 ha, in the South Western part of The Netherlands
(Southern Peel region). Based on the soil physical properties six different
soil physical units where distinguished, all of them typical sandy soils.
This in relation with the hydrological situation of the groundwater fluc-
tuations within the area resulted in 31 subregions (SMIDT, 1983). In Figure
10 the finite element network is shown for the region, 748 elements with
404 nodal points. The boundary conditions were given in the form of fluxes
per half year (WIT, 1986).

In the following paragraphs, typical aspects, such as soil physical pro-
perties, drainage resistances and surface water system characteristics are

discussed.

4.1.1. Hydrological parameters

From field measurements it has been found that the top layer in the

Southern Peel region can be modelled as an aquitard. The second and fourth

layers are aquifers, and the third layer is an aquitard.
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These four layers are present in the Central Slenk area which is on the
west side of the Peelrand fault (Fig. 11). On the Peel Horst the third and
fourth layer are not present and the hydrological basis is below the second
layer. The so0il properties of each layer in the Central Slenk and Peel
Horst area are given
in Table 2 (REES VELLINGA and BROERTJES, 1984; WIT, 1986).

In Table 2 the specific storage is the volume of water released or

stored in an aguifer or aguitard by a change in hydraulic head.

Table 2. Typical geohydroclogical properties of the Southern Peel region

Layer Vertical kD Specific
Layer thickness resistance storage
(m} (d) (m?.d-") (m-1)
Central Slenk
1 25 100-2,500 2.10-¢
2 45-50 750-3,500 2.10-%
3 110 1,500-20,000 2.10-%
4 160 5500 2.10-¢
Horst
1 4-25 1,000-2,000 2.10-%
2 4-34 200-2,000 2.10-%

4.1.2. Drainage resistance

For computing the interaction between groundwater and surface water
Equation (15) uses a so-called drainage resistance. This resistance can
be derived from the density of the surface water network as:

L2

d
Y=gk "lake (22)

with L4y as the average distance between the ditches, kD the transmissivity

and R, the radial resistance (see also Eq. 20). For various depths of the
groundwater level and different channel sizes the resistance can be calcu-

lated. It is assumed that all the ditches are free draining.
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resistance curves as shown in Figure 12



To simplify the derivation of the drainage resistance as a function of
theldepth of the groundwater level, six different classes of drain density
have been distinguished {(classes A to F). The classes A to F refer to an
overall density of ditches and brooks per subregion. Class A has a dense
drainage system and class E has hardly any drainage. Class F refers to the
two nature reserves in subregion number 16 and 27. The selected class per
subregion is shown in Figure 11. In some subregions there is guite a
variation of ditch density. In these cases the most frequent drainage class

has been selected.

The ditches and brooks were classified in relation to the depths {ERNST,
1978). For each averapge depth per ditch category the drainage resistance
was calculated with Equation (32). An equivalent drainage resistance for
all the categories was calculated for specific depths. For these values the

following exponential functions were derived:

T =a* exp(b * h*) {33)
where: T is the drainage resistance, h* is the depth of the groundwater
level, and the constants a2 and b are dependent on the classes A to F (Table
3). The derived drainage resistance as a function of groundwater level

classes is given in Figure 12.

Depth of groundwater level
(m below s0il surface}

1 1 I
0 500 1000 1500 2000 2500 3000

Drainage resistance (d}

Figure 12. Drainage resistance characteristics in the classes A to F
{see also Table 3)
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Table 3. Values of coefficients a
resistance with Equation

and b for calculation of drainage
(33): T =a * exp(b * h*}

Class a
A 50 1.94
B 165 1.45
c 325 1.20
D 500 1.20
E 1000 1.20
F 25 14.00

4.1.3. Surface water systenm

From the surface water system the
per subregion:

- storage capacity

maximum supply capacity

- water level (target) for summer

following characteristics were required

and weir level for winter period

stage-discharge relation for drainage situation

The storage capacity and discharge could be derived from the defined

ditch density per subregion (Class A to F). The maximum supply capacity was

determined from field measurements and information from local Water Boards.

4.1.4. Land use and extractions for public water supply

The land use in the form of technologies is based on field observations

{REINDS, 1985). In this way seven agricultural technologies where distin-

guished, each having a fraction with sprinkling and a fraction no sprink-

ling.

The extractions for public water supply are situated near Vlierden in

subregion 7 and near Ospel in subregion 18 (Fig. 11). The pumping station

situated in subregion 7 extracts water from the shallow aquifer (second

layer), and the pumping station in subregion 18 extracts water from the

deep aquifer {(i.e. fourth layer).

stations are:

The average capacities of these pumping
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Vlierden - 9630 med-?
Ospel - 5800 med-?

4.2. APPLICATIONS

In the model the hydrological processes are modelled as realistically as
possible. The constraints are in general a lack of data and required compu-
tational effort, which can influence the results of some processes to a
certain degree. The results from the unsaturated zone in the form of eva~
potranspiration and capillary rise is compared with results from a more
accurate model. The hydrological schematization and the input parameters
are compared with field measurements. A sensitivity analysis on the
geohydrological parameters has been done to determine the accuracy of the
results. All these aspects are discussed in the following Paragraphs 4.2.1
to 4.2.3.

4.2.1. Unsaturated zone

The simplified calculation method proposed for the water movements in the
unsaturated zone (Paragraph 3.2.) has been tested as a stand-alone program
{module SIMUNS}. In this way a good comparison with results of other models
was possible., For the saturated part a relation is defined to describe the
flow to the surface water system and the seepage (Fig. 13). The computed
results of this model could be compared with results from the SWATRE model.
This model is a transient one-dimensional finite-difference model for the
unsaturated zone with water uptake by roots (BELMANS et al, 1983).

In the present discussion the comparison will be restricted to the
hydraulic heads and water balance terms of the unsaturated zone, calculated
for the hydrological year 1975 (1st Oct 1974 to 30th Sept 1975). The
results of the two models are given in Table 4, from where it can be seen
that there is a reasonable agreement of the calculated results. The simpli-
fied approach has the tendency to yield less evapotranspiration (9-32 mm)
and less capillary rise {0-18 mm). The storage coefficient used for the
saturated zone is in the program assumed tc be dependent only on the depth

of the groundwater level. It should actually also be dependent on the






