
First International Conference on Saltwater Intrusion and Coastal Aquifers— 
Monitoring, Modeling, and Management. Essaouira, Morocco, April 23–25, 2001 

 

 
Accounting for 3-dimensional density differences in the analytic element 

groundwater flow model of the coastal zone of the Netherlands 
 

Willem J. de Lange 
 
Institute for Inland Water Management and Waste Water Treatment (RIZA), the Netherlands 
 

ABSTRACT 
 
 
The national groundwater model NAGROM (De Lange, 1991, 1996)has been used in policy 
studies for water management in the Netherlands for instance studies on optimization of the 
water distribution over the country (Pulles, 1985), on estimation of the costs of measurements 
to solve problems related with water shortage (Ministry of Transport and Public Works, 1996) 
and on climate change (Haasnoot et al, 2000). For these studies,  NAGROM has been coupled 
with other nationwide models such as one for the unsaturated zone and one for the surface 
water distribution. NAGROM also has been used in several regional and local studies on 
water management and resource planning.  
 
NAGROM is based on the Analytic Element  Method of Strack (Minnesota, USA). This 
method (Strack, 1989) is based on  the superposition of analytic solutions (the analytic 
elements) of the 2-dimensional Laplace, Poisson equation for groundwater flow, in which the 
Dupuit-Forchheimer assumption is applied. The vertical flow component is included based on 
continuity of flow (Strack, 1984). Examples of analytic element are point-sinks for abstraction 
or injection wells, line-sinks for streams or canals, line-dipoles for cracks with high 
transmissivity or leaky walls used to model sheet pile walls, line-doublets for inhomogeneities 
in the aquifers and area-sinks (polygons) for vertical flux across leaky layers and infiltration. 
The vertical flux can be variable in space, but on national scale NAGROM uses constant 
fluxes over qudrangles. The results are continuous solutions of potential (& head) and fluxes 
(& flow-lines, travel-times, etc.) in multi-aquifer systems. Transient behavior can be included 
based on a finite difference scheme in time. 
 
In the coastal zone of the country (200 km long, 20 km wide) a strong variation in the salt 
content of the groundwater exists as a result of geological and human activities (polders and 
areas reclaimed from lakes and sea) mainly during the past 2000 years. Based on about 3000 
measurement points a 3-d interpolation (using the so-called multi-quadric interpolator, Hardy, 
1988) has been carried out in the entire coastal zone based on the so-called multi-quadric 
interpolator. For the regional hydrologists working in the area this was the first time to see a 
full picture of the salt-(density)-distribution in the subsurface of the area. This continuous 
distribution has been included directly in NAGROM using Strack's technique. So, the entire 
coastal model (multi-layer) of NAGROM contains 3-d density driven-flow. 
 
The effects of the 3-d differences in density on the groundwater heads and flow have been 
included in NAGROM according to Strack (1995). The effect of the density variation 
expressed in terms of the analytic (multi-quadric) interpolator (see last paragraph) is included 
by integrating the local horizontal fluxes over the vertical direction within each aquifer. The 
resulting horizontal flux over the entire aquifer thickness generated by the density variation is 
included in the 2-D Dupuit-Forchheimer flow computation. After the solution of the unknown 



 

 

parameters in the model, the analytic interpolator is used to determine the local horizontal 
flow component due to the density variation at any x,y,z in each aquifer. So, the 3-d effects of 
the density variation have been included in the Dupuit-Forchheimer based method. 
 
At national level, the variation of the density has been important in studies  (Haasnoot et al., 
1999) concerning changes in the salt-load to the polders in the coastal area as a result from sea 
level changes in climate scenarios (Fig. 1). The importance of the density variation on the 
results for national studies has been studied by comparing models with and without density 
variation. The differences between both models in terms of fluxes and fresh-water-heads can 
be generated exactly by a model which includes flow caused by the density variation only. The 
boundary conditions of this model prescribe zero fluxes (Neumann boundary condition) and 
heads at the reference level (Dirichlet and Cauchy boundary condition). This can be shown to 
be true by superposition of both the governing differential equations and the boundary 
conditions (De Lange, 1997). So, the 3-D effects of the density variation only can be studied 
using the latter model and can be compared to either one of the others in order to determine 
the importance of the effects in scenario analysis.  
 
A first and pretty striking conclusion from the model comparisons is that for the computation 
of effects of measures that do not affect the density distribution in the time period of concern, 
the density variation can be left out the model. This is because the effects are computed by 
subtraction of to situations and when the density effects are the same in both situations the 
effects vanish by subtraction. For national scenarios that focus on a time period of  50 years 
this is the case in the major part of the coastal area of the Netherlands (a narrow zone close to 
the coast is an exception). 
 
A second conclusion from the model comparisons is that the importance of density differences 
increases with the confining effect of separating (e.g. clay) layers. The stronger the separation 
between the aquifer and the upper boundary conditions (e.g. differences in surface water levels 
in different polders), the larger the density driven flow is compared to the flow generated by 
the boundary conditions. In this, the effects of density driven flow can be seen as an model-
internal cause of groundwater flow and the importance of its effects behaves comparable to 
the effects of  other model-internal causes of groundwater flow e.g. an abstraction well. 
 
A third conclusion from the model comparisons is that flow paths computed in a model 
without density variation can be completely wrong. In a certain case the flow path in the 
model without density variation was in the opposite direction and an order of magnitude 
different from the flow path (started at the same point) in the model with density variation. 
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Figure 1. Present situation (REF95) and changes due to different climate 
scenarios (REF2050, CEN2050, UPP2100) of the salt load in the surface 
waters in the coastal area of the Netherlands (from Haasnoot et al, 1999) 
 


	Willem J. de Lange

