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ABSTRACT 
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Annexes. 

The effect of a sea level rise of 1.2 m in one hundred years on the intensity and salinity of seepage 
was simulated with the MOC model for a vertical, two-dimensional cross section (25 km x 200 m) 
of Voorne-Putten perpendicular to the North Sea coast. No significant effect was found on this time-
scale. The effect of increased atmospheric C02 levels, a rise in temperature by 1 °C, and a 
corresponding increase in precipitation on crop production and water use was simulated using the 
saturated/unsaturated groundwater, solute transport and crop growth model SWAP. An increase in 
production and water use was found. 
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Preface 

As a result of the growing level of greenhouse gases in the atmosphere, the possibility 
of climate change, followed by sea level rise, is increasingly being acknowledged 
internationally by researchers and policy makers. In 1988 the IPCC (Intergovernmen
tal Panel on Climate Change) was instituted by the UNEP and the WMO to prepare 
the way for international negotiations on climate. The Dutch Ministry for the Environ
ment has established the Dutch National Research Program on Global Air Pollution 
and Climate Change in 1990. In this program, tools are being developed to assess 
possible unfavorable effects of climatic change. Themes of the program are: 
A: the climate system, 
B: causes of climate change, 
C: effects of climate change, 
D: integration (of the themes), 
E: sustainable solutions. 

The themes are divided into sub-themes. The project described here is part of the 
theme Effects, sub-theme Regional Effects (C4 in the Research Program). 

One of the effects of a rise in the average global temperature is a rise of the average 
sea level. The DLO Winand Staring Centre has carried out the project 'Effects of 
climate change on groundwater salinity and agrohydrology in the low coastal regions 
of the Netherlands'1 (NOP-I, project nr. 851041). This project has been set up to 
predict the combined effects of both climate change and sea level rise on crop 
production, water use, and on the hydrological regimes in the low coastal regions 
of the country. 



Summary 

The effect of a sea level rise of 1.2 m in 100 years on the intensity and salinity of 
seepage in Voorne-Putten was simulated. The model used was MOC (Method Of 
Characteristics), adapted for density driven flow, for a vertical two-dimensional cross-
section, 25 km long and 200 m thick. Comparing the results of simulating 100 years 
of groundwater flow without sea level rise with the results of simulating 100 years 
with 1.2 m of sea level rise showed a clear but negligible increase of seepage. The 
increase in salinity of the seepage is insignificant on this time scale. The conclusion 
is that there would no need for special measures to protect agriculturally used fresh 
water from an increase in seepage. 

The effect of climate change on crop production and water use was simulated, assum
ing an increase in atmospheric C02-levels, a rise in temperature of 1 °C and a corre
sponding increase in precipitation. Wind, humidity and radiation are assumed to 
remain unchanged. Crop production and water use were simulated with the agro-
hydrological model SWAP, a saturated/unsaturated groundwater and crop growth 
model. The conclusion is that crop production will increase in the given circumstanc
es, if varieties of the crops can be found that are suited to the new climate. 
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1 Introduction 

This is the report of one project of phase I (1991-1994) of the studies into the causes 
and effects of, and counter measures against, climate change, set up as part of the 
Dutch National Research Program on Global Air Pollution and Climate Change, of 
the Dutch Ministry of the Environment. The specific subject of this project is the 
effects of climate change and sea level rise on regional groundwater hydrology and 
crop production. The project nr. is 851041. 

A change in our climate, whether it occurs as a result of natural processes or as a 
result of the rising level of greenhouse gases, would have both a direct and an 
indirect influence on the hydrological situation and on agricultural production in 
areas lying below average sea level. The direct effect is the effect the changed 
weather conditions (such as the rainfall pattern, humidity and irradiance) would have 
on crop growth, crop development and crop water use. The indirect effect would 
be sea level rise because of higher temperatures and melting of the ice caps. Higher 
sea levels on the Dutch coast will cause an increase in saline seepage in many coastal 
areas, possibly transporting more salt into the root zone, and thus also affecting crop 
growth. Increased seepage, increased salinity and increased water use by crops may 
lead to an unacceptable reduction of crop production, making it necessary for the 
authorities such as water boards to undertake for example counter-measures in the 
form of transporting fresh water to the area, increasing the pumping capacity, and 
changing open water levels. 

The object of this study is to predict the separate and the combined effects of climate 
change and sea level rise on groundwater salinity, crop production and crop water 
use in a low-lying area of the Netherlands. The water use of the area has been 
modelled; the models have been run with different scenarios of climate change and 
sea level rise. For the calculations, two models have been selected. One model is 
two-dimensional, designed to calculate seepage and infiltration and groundwater 
salinity, caused by salt water intrusion into the land lying below average sea level. 
This model was used to predict the changes in the deeper groundwater. The second 
is a quasi two-dimensional model for calculating drainage, crop production and 
évapotranspiration as affected by groundwater salinity and by the factors such as 
temperature, hours of sunshine, precipitation, wind speed and humidity. The models 
are described in Chapter 2 and calibrated in Chapter 4. 

The area selected for study is Voorne-Putten, an island located to the south-west 
of Rotterdam. Seepage and infiltration are both found here, and the land-use includes 
greenhouse cultivation, farming, animal husbandry, recreation and nature areas. The 
topography, soil and geology of the area are described in Chapter 3. 

Results of both models are discussed in Chapters 5 and 6. and the conclusions in 
Chapter 7. 
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2 Selection and description of the area to be studied and of the 
simulation models 

The underlying assumption of the project is that the greenhouse effect will cause 
global warming at a much faster rate than the natural speed, with thermal expansion 
of the seawater and increased melting of ice caps. As a result, the sea level, which 
has been rising slowly in the North Sea region for millennia, would be rising at an 
accelerated rate. In the Netherlands, especially in the parts lying below sea level, 
the groundwater hydrology and salinity may be influenced, and water management 
may need to be adapted. At the same time, a change in climate and increase of the 
C02 concentration in the atmosphere would profoundly affect growth and water use 
of crops. To study the effects of climate change and sea level rise for the Netherlands, 
an agricultural area at the coast has to be selected. 

The area selected is Voorne-Putten, an island lying on the North Sea coast near 
Rotterdam (Figure 1). The reasons for selection are that the Voorne-Putten fills all 
the requirements, and that many data concerning land-use, hydrology and salinity 
of the water are already available. 

Fig. 1 The Netherlands, and the location of Voorne-Putten 

Calculations of crop production are restricted to 4 major crops: grass, winter wheat, 
potatoes and sugar beets. Any change in yield of these crops will have large effects 
on agricultural economy. Silage maize, another important crop in the Netherlands, 
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is rarely grown in the area. Land-use forms like greenhouses and market gardening 
require much higher capital investments than ordinary agriculture, and many measures 
against production losses due to climate or extreme weather conditions have already 
been taken. Effects of climate change on these two forms of land-use would have 
to be calculated differently, probably in terms of the price of high-quality water for 
irrigation or natural gas for heating. This was not part of the scope of this project. 

2.1 Present agricultural and hydrological situation on Voorne-
Putten 

Most of the surface area of Voorne-Putten lies below sea-level, and is partitioned 
into 20 major areas with differing water levels, or polders, ranging from 0.0 to 2.6 
m below mean sea-level. The total surface area is 19025 ha, of which 11525 ha is 
cropped. 

The open waters around, which are the lake Brielse Meer, the Hartel Canal and the 
river Oude Maas to the north, the Haringvliet to the south, and the North Sea to the 
west, all cause saline seepage, so water levels in the 20 polders have to be maintained 
artificially, pumping out superfluous rain water and seepage water and letting in fresh 
water from larger water bodies to the north and East. 

Salinity in the soil profile is caused mostly by saline seepage and for a small part 
by saline precipitation. During the winter, precipitation surplus flushes all salt out 
of the profile, through tile drains, into the open water, creating a sizeable fresh water 
buffer in the soil and creating brackish open water. During summer, évapo
transpiration surplus and capillary rise from the fresh water buffer are considerably 
higher than average (saline) seepage rates, causing groundwater tables to fall. When 
groundwater levels fall below the level of the drainage tiles, drainage stops, and the 
fresh water buffer in the soil profile is slowly depleted by transpiration. In most 
years, the buffer is large enough to provide water for crop growth during the growing 
season. At the same time, brackish open water is becoming saline by evaporation 
and continuous seepage, so fresh water has to be let in to flush the open water sys
tem, to maintain the water quality to provide drinking water for cattle, and water 
for irrigation and infiltration (Steenvoorden et al., 1993). The positive components 
of the water balance of Voorne-Putten are shown in Table 1, showing that in an aver
age year seepage makes up about 10% of the total coming in. 

Table 1 Saline and fresh water entering Voorne-Putten 

Sources of water Quantity (mm/d) Quantity (106 m3/a) Quality 

Let in for flushing 0.6 40.0 fresh 
Precipitation surplus 0.3 21.0 low salinity 
Seepage 0.1 6.9 mostly saline 

Total 1.0 67.9 varying salinity 

Climate change and sea level rise are expected to affect saline seepage, 
évapotranspiration, precipitation and the amount of water needed for flushing. 
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2.2 Modelling the hydrological situation of Voorne-Putten 

In order to make it possible to model the effects of climate change the problem was 
divided into two parts (Figure 2): 

changes in seepage and salinity in the deeper groundwater caused by sea level 
rise. 
effects of climate change and changes of seepage and salinity (precipitation, 
humidity, wind, irradiance etc.) on crop growth and development. 

models 
used: 

causes: 

climate 
change 

consequences 
for: 

meteorological 
parameters 

saturated/ 
unsaturated 
crop growth 

model 

geohydrologloal 
model 

saline groundwater, 
seepage 

Fig. 2 Causes and effects of climate change and sea level rise, and the models describing the associated 
hydro(geo)logical relationships 

Predicting the effects of complex processes like groundwater flux, water use of crops 
or crop production in a hypothetical future climate makes it necessary to apply physi
cal principles in the models as much as possible. This is because unlike descriptive 
simulation which can be compared with reality, predictive simulation cannot be veri
fied. So the following criteria were set up for groundwater model selection: 
- The model must have the option to simulate salt transport and density dependent 

flow, 
- preferably it must be a 3-D model, because of the irregular shape of Voorne-

Putten, the large bodies of raised open water surrounding it, and the heterogeneity 
of the sub-soils, 

- the time needed for computing may not be too long, as calibration would become 
too time-consuming. 

The models tested were HST3D (Kipp, 1988) and METROPOL-3 (Sauter et al., 
1993). HST3D (Heat- and Solute-Transport Program) simulates transient groundwater 
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flow and associated heat and solute transport in 3 dimensions. Finite-difference tech
niques are used, and the transport equations are modified with a partial Gaussian 
reduction scheme. 

After some trial-runs and after communication with Ossenkoppele (1993), the follow
ing was found: Typical Dutch hydrological conditions necessitate the defining of wide 
flat cells in a 3-D model, but the HST3D was probably made for approx. cubic cells. 
As a result, a too high dispersion is needed to get the model to converge, which 
means that all the cells become brackish much too fast. We suspect that HST3D was 
designed for simulation on a much smaller scale, but this is not mentioned in the 
user's manual. Lastly, to solve the problems involved in the use of any complicated 
model, quick and easy communications with the maker (or another expert) is very 
important, but no experienced and successful user could be found at the time in the 
Netherlands. 

METROPOL-3 is a model for transient groundwater flow and transport of solutes. 
It can been applied for two- and for three-dimensional modelling. The equations used 
are partial differential equations supplemented by equations of state and initial and 
boundary conditions. The partial differential equations follow from averaged forms 
of the mass and momentum balance of the total liquid phase and the mass and 
momentum balance of the dissolved species. 

METROPOL-3 in 3 dimensions has not been applied due to unexpected compilation 
problems. Because there was not enough time to find the answer to these problems, 
another, two-dimensional version of the model was tested. This version produced 
satisfactory results, but used up too much CPU-time to be practical. 

No other 3-D model has been selected after testing and discarding HST3D and 
METROPOL. An adapted version of the model MOC was chosen for two-dimensional 
simulation , because it has already been used in a similar project by Oude Essink 
(1993; Oude Essink et al.,1993), and it needed relatively little CPU-time. It is 
described in Annex 6. 

Eventually groundwater flow and salinity was simulated in a vertical 2-D cross-sec
tion through Voorne-Putten, running west to east, with dimensions 200 m (depth) 
by 25 km (length). The cross-section lies perpendicular to the North Sea coast, begin
ning 125 m out to sea and ending at the river Spui in the east. 

For agrohydrological modelling of crop growth, development and water use, a physi
cally realistic model is needed to simulate the effect of climate change. In calculating 
the water balance, transport of salt from the groundwater to the root zone is impor
tant, so a complete calculation of saturated and unsaturated flux is necessary. 

For this purpose, the model SWAP (WORK GROUP SWAP, 1993) was selected. 
SWAP is a quasi two-dimensional model simulating groundwater flow in the saturated 
and the unsaturated zone, including lateral drainage, with transport of conservative, 
non-absorbing solutes, simulating crop growth as a function of transpiration, and 
simulating crop development as a function of the temperature sum, and partitioning 
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the products of photosynthesis over leaves, stems, roots and storage organs. It is 
described in Annexes 2 and 3. 

The selected models for groundwater flow and salinity and for agrohydrology interact 
as shown in Figure 3. Climate change is discussed in the next section. 

climate scenario/ 
data 

HWPHT) 

w 

saline groundwater 

fresh groundwater HWPHT) 

évapotranspiration 

weather data 

boundary between MOC and SWAP 

Fig. 3 Interaction of the models for groundwater flow and salinity, and for 
crop growth and development. 

2.3 Creating a scenario for climate change 

GCMs or Global Circulation Models are being developed and used in many places 
to describe and predict the world's global climate. The various GCMs in use give 
widely varying predictions for the increase of global mean precipitation, ranging from 
3% to 15%. This increase is caused by effect of higher temperature on atmospheric 
moisture content. At present (December 1994) there is some doubt whether GCMs 
describe the world's weather well enough to be used as tools for predicting the effects 
of increased C02 levels on our climate (Idso, 1990a). Even the actual weather is not 
forecast well by these models (Klein Tank and Buishand, 1993). So it is not yet 
possible to derive reasonably exact values for changes in the climate of specific parts 
of the world. To be on the safe side, a rise in temperature and sea level have been 
assumed for this study. The climate scenario described by the IPCC in 1990, based 
upon the effect of increased atmospheric C02-levels and showing a rise in average 
daily temperature of 1 to 3 °C, was used. Simulations of the proposed temperature 
rise of 3 °C (IPCC, 1990) was not carried out, because of the sensitivity of the avail
able crop varieties to a change in the temperature sum. Adapting these and other 
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physiological plant parameters to such comparatively extreme conditions was consid
ered to be unreliable at this time. Because of the resulting uncertainties in predicting 
the effects of a rise of 3 °C on crop growth and transpiration, it was decided to model 
only the effects of a 1 °C rise in average daily temperature. 

At the Royal Dutch Institute for Meteorology, statistical relationships between average 
daily temperature and daily precipitation have been determined for a series of obser
vations*. This relationship can be used to predict the increase of precipitation from 
a higher temperature. The relationship between temperature and precipitation is 
described in Annex 1. In Figure 4 the relationship is shown, using 3 equations to 
fit the data. At the nodal points ml and ml, indicated by dashed lines in the Figure, 
one equation changes into the next. 

8 r 

| 
O 6 h , y| eq.3 

ro 
+± 
' Q 
o 
CD 
a 4 

ID 
T3 

O) 

m 
cB > 
co 

eq.2 1 

ml nr.2 

-20 -10 0 10 20 30 

average temperature PC) 

Fig. 4 Correlation between average daily temperature (°C) and precipitation (mm) from 1906 
to 1981, the regression curves and the standard deviations spikes, using 3 equations. 
From: Klein Tank & Buishand, 1993 

Using these equations, the change in precipitation resulting from a rise in temperature 
can be calculated, to create meteorological input data from a warmer climate that 
are internally consistent as to temperature and precipitation. Radiation, windspeeds 
and humidity are assumed to remain unchanged. (Table 2) 

This scenario has also been used in other studies of the National Research Program 
such as the influence of climate change on the discharge of the river Rhine (Kwadijk, 
1993; Parmet, 1993) and the effects of climate change on crop production and land 
use in the Rhine basin (Wolf and van Diepen, 1991). 

'An important factor determining climate, and especially important for the temperate climate of the 
Netherlands and western Europe, is the general atmospheric circulation. Most of the weather arrives over 
the Atlantic Ocean. If the circulation would take a more westerly course, our climate might become wetter 
and colder, despite global warming. No reliable prediction of changes in circulation is (yet) possible (Idso, 
1990a). 
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Table 2 The factor to change precipitation in the KNMI scenario, when temperature rises by 
1 ° C 

Average daily 
temperature 

-12 
-10 
-8 
-6 
-4 
-2 
0 
2 
4 
6 

1 °C 

1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 
1.09 

Average daily 
temperature 

8 
10 
12 
14 
16 
18 
20 
22 
24 

1 °C 

1.04 
1.01 
0.99 
0.98 
0.99 
1.02 
1.07 
1.09 
1.09 

For 18 recent meteorological years, the precipitation surpluses have been calculated 
for the months of the growing season (Figure 5). The years 1966, 1979, 1985, 1986, 
and 1976 were selected as representative years by comparing the surpluses. The 
selected years run from very wet to very dry. The data for these years are then 
changed to those of a warmer climate, using the relationships derived in Annex 1. 

day 150 

76 82 73 74 78 86 71 80 72 85 75 77 83 79 84 65 81 66 

years 

M day 180 E 3 day 210 H I day 240 I H day 270 

Fig. 5 Acccumulatedprecipitation surplus (cm) for 18 years. The 5 selected years 
represent the range from very dry to very wet 

The other weather factors, humidity, radiation and wind speed, are assumed to remain 
unchanged. 
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2.4 Description of the 2-D saturated groundwater flow and solute 
transport model MOC 

The model used was MOC ('Method Of Characteristics'), version 3.0 (Konikow and 
Bredehoeft, 1989) which was developed by the US Geological Survey as a transient 
solute transport model, including hydrodynamic dispersion, through the horizontal 
plane. In order to adapt the model to application in a vertical cross-section, it was 
changed to account for density differences of groundwater, following Lebbe (1983), 
van der Eem (1987) and Oude Essink et al. (1993). In the model, the chloride distri
bution is used to determine groundwater density. 

In this application of MOC, the number of grid-cells is 100x20, all cells are 250 m 
long and 10 m high (Figure 9). The following boundary conditions were imposed: 
- The base is a no flow boundary, 
- Along the seaside and inland boundaries where hydrostatic conditions are 

assumed, constant piezometric levels and salinities are maintained, determined 
by Mean Sea Level*, water levels in bordering canals and the density of the 
(ground)water, 

- Along the upper boundary, constant phreatic levels are maintained in polder areas. 
These polder levels are determined by the water levels in canals and ditches,which 
are controlled by the local water board, The Brielse Dijkring. 

- At the sand dunes on the North Sea coast a constant rate of groundwater recharge 
is maintained (180 mm/a). 

Hydrological properties of the sub-soil are described in Section 3.1. 

Outputs are pressure heads, velocities and salinities for each grid-cell, and flow lines 
and water balance data for the whole domain. The vertical velocities and salinities 
of the groundwater in the top layer of MOC can be used as bottom boundary for the 
model SWAP. 

2.5 Description of the saturatedVunsaturated groundwater flow and 
crop growth model SWAP 

SWAP is an integration of the models WOFOST (version 4.1) and SWACROP. An 
early version of SWAP (Huygen, 1992) was used for this project. SWACROP (Feddes 
et al., 1988; Kabat et al. 1992) is a complex model for transient saturated and unsatu
rated groundwater flow and transport of salts. WOFOST (van Diepen et al., 1988) 
is a crop growth simulation model. SWAP is a simulation model of the water balance 
(plus soluble salt) of a cropped soil with different types of boundary conditions, 
including the possibility of drainage, irrigation, and the calculation of crop yield. 

All required nutrients are assumed to be available, as is usually the case in Dutch 

'Mean Sea Level is the base line of elevation measurements in the Netherlands. 
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agriculture. With legislation increasing on reducing the nutrient load to protect sur
face- and groundwater, in the future a situation may emerge where the availability 
of nutrients is sub-optimal, making a different approach to the simulation of crop 
growth necessary. 

As SWAP is a quasi 2-D model, horizontal groundwater flow is neglected. The terrain 
being very flat the errors this causes are of minor importance. Surface water quality 
is not of importance, as there is hardly any crop irrigation, and infiltration is very 
small. 

2.5.1 Simulation of the water balance with SWAP 

In SWAP (WORK GROUP SWAP, 1993), the soil profile is discretisized vertically 
into 13 compartments of 0.05 to 0.20 m thickness, reaching a total thickness of two 
meters. The profile is divided into 2 to 6 layers (each containing one or more com
partments) with different physical properties (i.e. soil moisture characteristic and 
hydraulic conductivity). Initially, the pressure head distribution is in equilibrium with 
the groundwater table. The initial salinity is calculated from the intensity and salinity 
of seepage (Figure 14). 

For water uptake by roots, a sink term is applied. The transpiration limits listed in 
this sink term are specific to the simulated crop. The flow of water in the soil-root 
system is described by the partial differential flow equation which has been obtained 
by combining Darcy's law with the continuity equation. The flow equation is solved 
numerically for boundary conditions given at the top, sides, and bottom of the system. 

s i t u a t i o n 
in summer 

groundwater fluxes /' 
precipitation évapotranspiration 

s phreatic level 

Fig. 6 The quasi two-dimensional SWACROP soil profile with inputs, outputs and boundary conditions 
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The top boundary is determined by the transpiration of the growing crop and by the 
daily meteorological input. Transpiration is calculated with a modified Penman equa
tion (Monteith, 1965; Rijtema, 1965). The resistances in the equation are different 
for the different crops (GELGAM, 1984). 

The lateral conditions are the drainage resistances, determining the fluxes from each 
compartment to ditches and drain tiles. The bottom boundary condition consists of 
upward (saline) seepage into, and deep percolation out of, the bottom compartment 
(Figure 6). 

SWAP output includes all water balance terms, moisture content distributions, pres
sure head distribution, fluxes and salinity over depth and time, and the water uptake 
by roots. A major output is actual transpiration, calculated as the integral of the sink 
term over the rooting depth. Actual transpiration is the most important input for the 
crop production. See Annexes 2 and 3 for more information about SWAP. 

2.5.2 Simulation of crop production with SWAP 

Basic components for the calculation of dry matter production and yield are: 
- length of the growing season, 
- the rate of gross C02 assimilation, determined by the irradiance, 
- the crop area capable of intercepting incoming radiation, 
- photosynthetic characteristics of the crop species, 

daily temperature, 
atmospheric C02-levels. 

Crop production is calculated in a physically realistic way: the growth and develop
ment of the crop is simulated by calculating the assimilates and allocating parts of 
the carbohydrate production to leaves, stems, roots and tubers. From these are calcu
lated leaf area, rooting depth etc. The crop uses part of the assimilates to provide 
energy for its own maintenance (i.e. respiratory processes). This part increases with 
higher temperatures. 

The partitioning of assimilates over the different plant organs is a function of the 
phenological development stage, which in turn is a function of temperature sum 
and/or day length. Higher mean temperatures mean quicker development and earlier 
ripening of the crop, and so reduced yields. 

The conversion efficiency of primary photosynthetic products into structural plant 
material depends on the chemical composition of the material and is defined for each 
organ separately. The crop growth curve and corresponding yield are found by inte
grating the daily dry matter increase over the total crop growth period. 

Transpiration is the loss of water from plant to atmosphere through stomata. With 
higher C02-levels, stomata can remain closed for a larger part of the day, decreasing 
transpiration loss and increasing water-use efficiency. Transpiration losses are replen-
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ished with water taken up by the roots. 

The influence of salt concentration in the root zone has been modelled in an empirical 
way. In the model as well as in a real crop, the presence of salt causes an osmotic 
pressure head which affects the plant roots just as a matrix pressure head would. 
Different plant species have quite different defence mechanisms against high salinity, 
some much more affective than others. In SWAP this is represented by factor between 
0 and 1 which indicates the tolerance of the crop for salt. 

Within the range of the optimum pressure head (osmotic plus matric) for plant 
growth, transpiration losses are fully compensated, and transpiration and assimilation 
proceed at their potential rates. Beyond this range the soil can be either too dry (or 
too saline) or too wet, causing reduced water uptake by roots, wilting and reduced 
growth: in a dry soil due to water shortage, in a water logged soil probably due to 
a shortage of oxygen. 
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3 Schematization of Voorne-Putten 

The surface area of Voorne-Putten has to be divided into a regular mesh, attributing 
hydrogeological properties to the subsoil of each cell for simulating groundwater 
flow and salinity with MOC, and hydrological properties, salinities and land-use 
to simulating water-use and crop growth with SWAP. For MOC, which is applied 
for a vertical cross-section, only one oblique row of the cells is used. For SWAP, 
which covers the whole surface of Voorne-Putten, all cells are used (Section 3.2.2, 
Figure 7). 

'rieLse Me 

North 5 

Fig. 7 The island of Voorne-Putten with the main water ways 

3.1 Hydrogeology of Voorne-Putten, input data and parameters for 
MOC 

The intersection of the MOC domain through Voorne-Putten is shown in Figure 8. 
Input for the initial conditions of MOC consists of hydrological data for the deep 
layers, such as conductivities, salinities, pressure heads. Fluctuating sea levels during 
the Holocene era have played the major role in the geology of Voorne-Putten. Geo-
hydrological parameters of the subsoil, initial salinities and boundary conditions for 
groundwater flow were derived from Wit (1988), DGV-TNO (1984), Oude Essink 
(1993) and Pomper (personal communication). The average present sea level off the 
coast of Voorne-Putten is 0.07 m above Mean Sea Level (Jaarboek, 1992). 
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Due to the island's long history of sedimentation and erosion a wide variety of soil 
types was deposited or formed (Staalduinen et al., 1984; Verbaeck et al., 1971, RGD 
1971, 1979). In many places peat underlies the upper strata, as the base of the 
Holocene. During the Atlanticum, fine sands and clays of the Calais deposits, the 
peat of the Hollandveen and the sands and clays of the Duinkerke deposits made 
up the upper 20 m. In the coastal area of western Voorne, dunes were formed in 
historical times; for the rest, light sandy soils and light clays predominate. In the 
central and eastern areas of the island the soils are generally heavier, with light and 
medium marine and river clays. Silted up tidal creeks of various dimensions are found 
everywhere (STIBOKA 1964, 1972 and 1984), formed during transgressions during 
the Sub-Atlanticum of the upper Holocene. 

elevation above mean sea Level (m) 

North Sea 

2.5 .. 

2.0 .. 

1 .G .. 

0.0 .. 

0 .. 

not used 

-2.0 

-1.0 

-0.G 

1.0 

15.5 

Fig. 8 The cells of Voorne-Puttenfor which groundwater velocity and salinity changes were calculated 
with the model MOC. 

As a result of the processes of sedimentation and compaction, many of the soil pro
files in the area gradually increase in clay-content from the bottom to the top. Some 
profiles change abruptly from clay to sand or from sand to peat, significantly reducing 
the vertical conductivity at this boundary. Underneath these top layers there are four 
important geological formations, from top to bottom: 

upper aquifer 'Kreftenheye/Twente', 5 to 25 m thickness (coarse sands, gravel, 
fine sands), dating from the Upper Pleistocene, 
first aquitard 'Kedichem/Tegelen', 20 to 35 m thickness (fine sands, clay), from 
the Lower Pleistocene, 

- bottom aquifer 'Maasluis/Tegelen', approx. 130 m thickness (coarse sands, fine 
sands), Lower Pleistocene, 
impermeable hydrological base 'Oosterhout', Pliocene, 200 m thickness (loam, 
clay), Tertiary. 
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Fig. 9 The sub-soil of Voorne-Putten partitioned into aquifers and aquitards. The hydraulic conductivities 
were found after calibration. Vertical scale = 100*horizontal scale. 

The Middle Pleistocene is absent due to erosion. The geometry of the geo-hydro-
logical system at the cross-section through Voorne-Putten is depicted in Figure 9. 
Initial salinities are shown in Figure 10. 

3.1.1 Salinity of the deep groundwater of Voorne-Putten 

The salinity data have come from the same sources as the hydrogeological data. 
Salinity in the subsoil can be regarded as a mixture of recently infiltrated water and 
of formation water from the Tertiary and the Pleistocene (Pomper, 1983). This mix
ture is not in hydrological equilibrium, and will probably never be so. Only few 
values are available for depths below 60 m, making interpolation necessary (Figure 
10). 
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3.2 Input data and parameters for SWAP 

During the years 1983 to 1987 many aspects of hydrology and land-use on Voorne-
Putten, were mapped and investigated (Wit, 1988), and data collected that were suit
able for this project. 

Voorne-Putten covers an area of 19025 ha and has been split into 761 cells of 25 
ha each (Figure 7). For each cell, the following properties were determined in 1985: 

soil profiles, 
- land-use, 
- polder levels (m below surface), 

drainage resistances (m/d), 
- seepage and infiltration rates (m/d), 

salinities of seepage water (mmol/1 or mg/1), 
salinities of surface water (mmol/1 or mg/1). 

Some of those properties will be discussed seperately in the following sections. 

3.2.1 Soil profiles 

Each of the 60 soil profiles found in Voorne-Putten consists of layers with distinct 
soil-physical properties. These layers have been recombined according to water reten
tion, capillary rise and conductivity, into only 9 representative profiles built up of 
30 layers, cf. Figure 11 (de Graaff, 1985). A soil-physical description of each layer 
can be found in Annex 7. 
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Fig. 11 The 9 representative soil profiles (PI to P9) and 30 soil-physical 
units. The numbers in the columns indicate a distinct soil physical 
unit 

As the model SWAP needs input of soil-physical properties ranging from dry to 
saturated conditions, the properties of each of the 30 layers of the 9 soil types had 
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to be determined. They were partly estimated, partly measured, using the optimization 
program RETC (van Genuchten, 1991) for the estimation. Figure 12 shows a typical 
result of this optimization technique for one soil layer, a loamy sand. The main soil 
type at every cell of the 500 x 500 m2 grid laid over Voorne-Putten has been 
described by one of the 9 profiles, and for every cell the main type of land-use was 
determined. 
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Fig. 12 Example of the optimization of soil-physical parameters (of a loamy sand) with the v. Genuchten 
method. The lower box shows the values of the 7 parameters after optimization 
(&r = remaining moisture content (), Qs = saturated moisture content (-), Ks saturated 
hydraulic conductivity (cm/s), a = coefficient (1/cm), K,m,n = coefficients (-) 

3.2.2 Land-use (upper boundary of SWAP) 

In Table 3, land-use types are summarized in relation to the 9 elementary soil 
profiles. Land-use is distributed over the cells so that the surface areas of land-use 
in the cells and in reality are equal. Tubers are potatoes or sugarbeets. Both crops 
have been simulated. The land-use categories are shown on Figure 13. 

If higher sea levels cause any change in groundwater levels and salinity in the root 
zone, water use and/or crop production of grass, winter wheat, tubers, greenhouse 
cultivation, dry natural areas and recreational areas will be affected. Of the agricultur
al types of land use, greenhouse cultivation is not included, because there is only 
a small surface of it, and in greenhouses the water balance is very much different 
from that of ordinary agriculture. 
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Fig. 13 Land use per cell on Voorne-Putten in 1985 

For dry natural areas the vegetation is independent of the groundwater table, and 
in wet natural areas the effects are too complex to be handled in this study. Of the 
remaining land surface, urban, industrial, roads and open water, the water balance 
is affected through run-off and evaporation, leaving only the agricultural areas with 
grass, tubers and winter wheat, covering 461 cells or 11525 ha to be modelled with 
SWAP. 

Table 3 Soil profile and land-use per cell in Voorne-Putten in 1985 (Wit, 1988) 

Soil Potatoes and 
profile sugarbeets 

Grass Winter Other 
wheat 

Nature Recreation Water 
reserves areas 

Green- Total nr of 
house profiles 

PO 
PI 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 

2 
3 
31 
7 
0 
3 

39 
3 

46 
2 

2 
3 
43 
22 
0 
18 
43 
33 
25 
12 

1 
3 
25 
6 
0 
2 
30 
4 
46 
7 

0 
10 
10 
0 
0 
1 
3 
2 
4 
2 

0 
0 
0 
4 
0 
0 
3 
0 
0 
0 

5 
19 
109 
39 
0 
24 
118 
42 
121 
23 

Totals: 136 201 124 169 46 32 

Total nr of cells cropped: 461 

46 761 
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3.2.3 Seepage rates, and salinities of shallow groundwater, open water 
and seepage water (lower boundary of SWAP) 

The salinity of the seepage that is used as input for SWAP, the level of the seepage 
is the lower boundary. Both were calculated with the steady-state model HYMUST, 
using measured salinities and isohypses from the first and second aquifers, and con
ductivities of the top aquitard (Oostindie and van Bakel, 1988). 

The salt in water courses and groundwater can be detrimental to crop growth and 
production, if it reaches the root zone in significant concentrations, accumulates there 
by evaporation, or if the surface water must be used for irrigation. If the surface water 
is used, the acceptable salinity level is determined by the salt tolerance of the irrigat
ed crops, drinking cattle and/or cultivation methods. If not, the acceptable level is 
limited by salt reaching the root zone, that is, by the rate of infiltration and seepage, 
and by the precipitation deficit during the growing season. As surface water is not 
used for irrigation in significant amounts on Voorne-Putten (Wit, 1988) and only 
occasionally for cattle, only the rate of infiltration and seepage, and the accumulation 
of salt is important. 

Salt is transported to the open water in most parts of Voorne-Putten by saline seepage 
from deeper aquifers into the shallow soil layers, and draining into the ditches. Drain
age only takes place with high groundwater levels, during wet periods. In some areas, 
saline groundwater seeps upward through the canal bottom canals, creating high local 
salt concentrations in the open water that increase during dry periods. Precipitation, 
too, contains some salt (Section 3.2.3.2), as well as dissolved minerals from fertilizer 
not taken up by plants are carried into subsurface drains and ditches. 

The shallow saline groundwater is geologically young, so its ion ratio is similar to 
the ratio found in open sea water. This ratio is used to calculate osmotic pressures 
in the root zone with the simulation of crop growth in SWAP. 

3.2.3.1 Salt from seepage and infiltration 

As long as groundwater level is above polder level, surface water salinity is influ
enced by drainage water salinity. This is the case during winter and spring. When, 
in a dry summer, the groundwater drops below polder level, drainage fluxes become 
very small or reverse to infiltration. If there is little or no upward seepage directly 
through the bottom of the ditches and canals (described above), salinity in the surface 
water will not increase substantially in summer, yet if there is, the salinity of the 
surface water in those areas will continue to increase throughout a dry period. Obser
vations in the field indicate that both types of seepage occur at different places. Rates 
of seepage and levels of salinity have between measured in the field (Hamaker, 1988). 

In order to save computing time, salinity and seepage, along with other properties 
have been combined into categories (Table 4). 
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Table 4 Ranges and categories of hydrological properties on Voorne-Putten (Wit, 1988). All 
tile drains are assumed to lie at 1.2 m depth 

Chloride meq/1 
(mg/1) 

15 (250) 
22 (500) 

45 (1000) 
90 (2000) 

180 (4000) 
300 (6000) 
420 (8000) 

540 (10000) 
660 (12000) 

860 (> 12000) 

Seepage (+ up) 
(- down) (mm/d) 

-0.25 
+0.10 
+0.35 
+0.60 

Drainage 
resistance (d) 

150 
350 
500 
700 

1000 
1600 
2500 

Polder level 
(cm below surface) 

20 
40 
70 

100 
130 
160 
190 
220 

Spacing of 
drains (m) 

120 
200 
300 

A SWAP soil profile consist of a stack of compartments. Precipitation enters the top 
compartment, percolation leaves at the bottom. Drainage and infiltration take place 
directly in every compartment. If there is upward seepage from layers below the 
lowest compartment of the soil profile, it enters only the bottom compartment with 
the prescribed flux, and is transported upward into higher compartments. 

Table 5 Time elapsed until equilibrium of the salinity of the lowest compartments of the 
SWAP profile is reached 

Crop 

winter wheat 

Soil type 

sandy loam 
winter wheat medium heavy clay 
winter wheat 
winter wheat 
potatoes 
potatoes 
potatoes 
grass 
grass 
grass 
grass 

sandy clay 
clay loam 
sandy loam 
medium heavy clay 
clay loam 
loamy sand 
medium heavy clay 
peaty clay 
sandy clay 

Seepage 
(mm/d) 

0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.35 
0.35 
0.10 

Polder 
level (cm) 

190 
100 
160 
130 
190 
130 
160 
130 
40 

130 
130 

Drainage 
resistance 

1000 
1000 
1000 
1000 
500 

1600 
1000 
1000 
1000 
1000 
1000 

Initial salinity 
(mmol/1) 

90 
300 
90 

180 
180 
300 
180 
90 
90 

420 
860 

Years until 
equilibrium 

4 
6 
1 
6 
5 
7 
7 
5 
4 
4 
8 

On the Dutch coast seepage averaged over large areas (1 km2) rarely exceeds 1 mm/d, 
taking approx. 300 days to rise 1 m. This means that the initial salinity of the lower 
soil compartments plays an important role in the calculated salinity changes of drain
age water. For the same reason, it would take too long for the simulation to reach 
present-day levels of salinity if it is initialized with fresh water. To find the correct 
initial salinities of the SWAP soil compartments, the transport of salt was simulated 
for 8 grid cells with different values of seepage, salinity and drainage resistance and 
with different soils. The initial values chosen for these approximation runs was the 
salinity of the seepage, for the 3 deepest compartments of the profile, and zero for 
the rest. Equilibrium is reached when the change in salinity from one year to the next 
is less than 0.005 mol/1. The simulation ran for 10 years of average weather. The 
results are given in Table 5. 
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The table shows that, for all combinations of soil investigated, seepage and crop reach 
a stable level of salinity within ten years. 
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Fig. 14 Regression analysis of seepage water salinity and initial salinity of the groundwater in 
the 3 deepest compartments of the SWAP soil profile for 8 grid-cells 

Regression analysis of the equilibrium salinity and seepage salinity of the three bot
tom compartments as they depend on the seepage is shown in Figure 14. 
Compartment 13, the deepest, inevitably shows a good correlation. Salt concentration 
in compartments 11 and 12 seems to be independent of seepage salinity, and more 
or less constant. With the factors from the regression analysis and the salinity of the 
seepage the initial salinity of the bottom compartment is calculated for all grid-cells 
and all runs performed later, compartment 11 and 12 are given constant values of 
salinity of resp. 0.8 mmol/1 and 0.2 mmol/1. This calculation was done using 
meteorologically average years. In more extremely dry or wet circumstances salt will 
be transported differently. 

3.2.3.2 Salt from precipitation 

Prevailing winds in the Netherlands are westerly, crossing the North Sea before reach
ing the Dutch coast, so wet and dry deposition both contain salts from sea spray 
(Figure 15). Near the coast, typical levels are 1.0 to 2.0 mmol/1 of salt; more inland 
only approx. 0.5 mmol/1 is recorded (Meetnet, 1980). Because salt in the air is wind
blown spray, the ion ratio (sodium, chlorine, magnesium, sulphate etc.) is similar 
to the ratio in sea water. Therefore, the average chloride level in the precipitation 
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was transformed to average sea water composition (Garrels and Christ, 1965), and 
used as input of SWAP. The chloride level of precipitation is taken to be 1.0 mmol/1 
for all grid-cells. 
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Fig. 15 Chloride concentrations of precipitation at coastal stations Vlissingen, Rotterdam, 
de Kooy and Schiermonnikoog (mmol/l). Years 1978 and 1979. 

3.2.4 Drainage resistances (lateral boundaries of SWAP) 

The drainage resistances have been derived by Wit (1988), using equations described 
below, linking the average groundwater table depth to steady-state drain discharge. 
Two methods of drainage are used in Voorne-Putten, drainage through open ditches, 
and through tile drains. The normal field situation for the low-lying parts of the Neth
erlands is shown in Figure 16. 

1 /2*L 

H m = minimum phreatic level (m) 

L = distance between drainage media (m) 

D = equivalent thickness of aquifer (m) 

x = d istance from drainage medium (m> 

polder level (m) 

Fig. 16 Drainage to ditches 

Drainage is calculated in SWAP according to Hooghoudt (1940) or to Ernst (1962), 
depending on the hydrological situation (Eibers, 1990): 
- If there is a soil layer in the profile with a very low conductivity, either 
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Hooghoudt's or Ernst's equation is used, depending on the position of the drain
age tiles and the ditches relative to this layer, 

- If there is no such layer, Hooghoudt's equation is used. 

Radial resistances Rr were derived from the hydraulic properties, geometries and 
dimensions of the soil strata down to depths of 5 m., using data from different 
sources (Wit, 1988). Drain spacings were derived from maps, and checked by the 
water board. 

In SWAP, the radial resistance for application of the equation of Ernst can be input 
directly, or it can be calculated from the geometry and the wet perimeter of the ditch, 
or tile. The horizontal conductivity of the deeper soil layers is derived from the con
ductivities given in the soil physical input data (Section 3.2.1), the resistance of the 
shallower layers is derived from that with a shape factor a. 

The drainage from every SWAP compartment is calculated separately, and distributed 
over the ditches and tiles. Errors in the water balance are corrected by changing the 
vertical flux at the bottom compartment. The equations used are described in Annex 
8. 
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