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Resumo
A capacidade de armazenamento do sistema de infiltração dunar para Abastecimento de Água de
Amesterdão (DAA) é estimado a partir da análise de diferentes cenários e utilizando um modelo
numérico de fluxo subterrâneo (MODFLOW-2005) das áreas de infiltração das DAA, calibrado em
regime transitório. A principal dificuldade na utilização da água subterrânea está relacionada com a
capacidade de captar água doce tanto nos aquíferos superficiais como nos profundos. O intervalo de
tempo que uma interrupção na infiltração da água pode ser minimizada depende das decisões de
gestão tomadas a quando desta interrupção. A utilização imediata de furos profundos para assegurar
os volumes necessários para abastecimento, reduzindo lentamente os volumes captados e os volumes
armazenados nos canais, garante que a captação de água poderá ser assegurada por um período
máximo de112 dias. O risco de intrusão salina pontual induzida pela bombagem e o risco de salinização
dos furos mais profundos não se verifica também para um cenário de captação de água para um
período mais prolongado de 150 dias. Com base nestes resultados, recomenda-se que a atual
estratégia de gestão da potencial interrupção não voluntária dos processos de infiltração nas áreas
dunares seja atualizada para permitir a utilização imediata dos furos profundos, maximizando assim a
produção e os benefícios ambientais.

Abstract
The storage capacity of the Amsterdam Water Supply (AWD) dune infiltration system is estimated by
undertaking scenario analysis using a calibrated, transient MODFLOW-2005 groundwater flow model
of the AWD infiltration areas. The primary constraint on utilising groundwater is the ability to physical
extract fresh water from the shallow and deep aquifers. The length of time a complete stoppage of
infiltration water can be withstood depends on the management decisions made when the intake ceases.
Utilising the deep wells immediately, and drawing the levels in the abstraction and storage canals down
as slowly as possible to meet production demand, ensures production can be met for a maximum period
of 112 days. The risk of upconing of the fresh-saltwater interface and salinization of the deep wells is
not a constraint on extraction over a150-day period. Based on these results, it is recommended that the
current management strategy for unplanned intake stoppages is updated to allow for immediate
utilisation of the deep wells, to maximise both production and environmental outcomes.
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CHAPTER 1

Introduction
1.1. General introduction
Questions about our groundwater resources are increasingly focussed on their future sustainability. Sustainable groundwater management can be considered as the utilisation of groundwater resources without damage to the water resource, or its dependent ecosystems. To avoid
groundwater depletion, extraction cannot exceed the long-term average recharge. Sustainable
management must also consider the impacts of reduced discharge on downstream users and
ecosystems, which means that long-term sustainable extraction is likely to be only a fraction of
the long-term recharge to an aquifer (Dillon, 2005).
While long-term depletion must be avoided, the storage characteristics of groundwater
resources allow over-utilisation in the short term. Short term depletion in storage, for example
in dry months, can be recovered in wet months when precipitation recharge is higher and
demand for water is lower. Increasing recharge and therefore the storage of water in aquifers is
a practical measure to improve the availability of fresh water and to increase flexibility in
managing groundwater resources. Managed Aquifer Recharge (MAR) refers to all techniques
for intentional augmentation of natural recharge to the groundwater system, including bank and
dune filtration, artificial infiltration, aquifer storage recovery (ASR) and aquifer storage transfer
recovery (ASTR) (Dillon, 2005).
MAR has been increasingly adopted across the globe to reduce water table declines, protect
water storages from evaporative losses, improve water quality through aquifer filtration, control
saltwater intrusion in coastal aquifers, and optimise the usage of brackish aquifers (Casanova
et al., 2016). Countries with well-developed MAR programmes include England, Australia, The
Netherlands, Namibia, South Africa, United Arab Emirates, India, Canada and Israel
(Pyne, 2014).
There is a vast body of literature pertaining to the technical and management issues surrounding
MAR. Good overviews of the technical components of MAR systems include, but are not
limited to, Pyne (1995), Bouwer (2002), Dillon (2005) and Dillon et al. (2009). In general,
MAR technologies and their applications are well understood (Casanova et al., 2016). The
requirements for a feasible MAR project are the availability of surplus surface water, or treated
effluent, suitable hydrogeological conditions in the target aquifer, and a suitable option to
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transport water underground. The relevant hydrogeological factors include aquifer storage size,
permeability, infiltration rates, connectivity, and preferential flow pathways (Bouwer, 2002;
Dillon et al., 2009). Operational parameters include the storage period, the volume and rate of
water infiltrated or injected, and the abstraction rate (Lowry and Anderson, 2006). Abstraction
may be active, through pumping, or passive, through discharge to surface water bodies.
Financial considerations are also important; ASR and ASTR are more expensive than other
MAR technologies because of the requirements for borehole construction and pre-treatment of
injected water to avoid clogging (Pyne, 2014).
Aquifer storage capacity is a complex concept in MAR systems. Theoretical storage can be
calculated from the aquifer geometry and hydraulic parameters, through field investigations
including pumping tests. However, the technical and operational factors listed above also
impact the recovery of the infiltrated or injected water and decrease the effective storage
capacity (Lowry and Anderson, 2006). Poor recovery of injected water can result from dispersive mixing with low-quality ambient groundwater, decline in quality due to interaction with
the aquifer material, or migration of the freshwater plume under a hydraulic gradient. In
brackish or saline aquifers, density-driven mixing of injected and ambient water can lead to low
recoverability (Ward et al., 2009). In these aquifers, the recoverable water quantity decreases
with the time in storage as the stored volume dissipates.
Quantifying the effective storage and recoverable volume from a MAR project may be based
on water balance calculations. Phreatic aquifer water levels or confined piezometric heads can
be used if they can be easily linked to aquifer storage. In many cases, hydrogeologic complexity,
seasonal water table fluctuations, water quality decline due to mixing, and variable abstraction
rates can make defining the relationship between water levels and storage complicated. Under
these conditions, the recoverable volume can be calculated using a calibrated groundwater
model which accounts for both storage and water quality (Lowry and Anderson, 2006).
A thorough analysis of the effective storage capacity for MAR is not complete until the
hydrological and quality constraints on water recoverability are considered within the environmental and regulatory environment of the project area. There is little consideration in the
research of these non-technical factors and how they can affect the operation of MAR projects.
This research seeks to integrate all relevant factors affecting the effective storage capacity of a
MAR project, utilising the modelling tools commonly used to assess MAR storage.

1.2. Problem statement
The Amsterdam Water Supply Dunes (AWD) is a dune filtration MAR system managed by
Waternet, situated in the coastal dune area in the western part of the Netherlands, south of the
city of Zandvoort. At the AWD, pre-treated surface water sourced from the river Rhine is
infiltrated through a network of supply canals and infiltration ponds. Water is then abstracted
from subsurface drains and extraction canals, post-treated, and transported as potable water to
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the Amsterdam area. The AWD is a multi-aquifer system in which both water levels and water
quality are carefully managed to ensure sustainable drinking water production without
sacrificing the nature conservation or recreation functions of the dune area. A full description
of the hydrogeology and management of the AWD is provided in Chapter 2.
Achievement of all objectives of the AWD relies on a continuing supply of pre-treated Rhine
water to maintain the level of the phreatic water table and gravity-flow groundwater extraction
rates. A prolonged stoppage of Rhine water intake to the AWD is a risk to the security of
Amsterdam’s water supply, and endangered flora and fauna. Under future climate scenarios,
the likelihood of intake stoppages in the Rhine is predicted to increase.
Key inputs to a risk management strategy for future intake stoppages are robust estimates of the
effective storage capacity and seasonably-varying usable storage volumes in the AWD system.
Prior to this research, there was no formal calculation of the storage capacity of the AWD under
the current layout and management. Venhuizen (1967) and Roebert (1971) both estimated the
storage based on analytical methods. Previous estimates suggest the system could withstand an
intake stoppage of two to three months, provided pumping from the deep wells is utilised
(Mosch, 1998).
Usable groundwater storage is defined in this research as the volume that can be sustainably
extracted for short-term use, and its calculation depends on many factors, including:
• the stored volume, which is related to the type of aquifer, its geometry, and hydraulic
properties,
• the physical, water quality, environmental, and regulatory constraints limiting
groundwater extraction, and
• the rate at which the storage can be recovered after extraction ceases considering natural
and enhanced recharge.
Calculating the total usable storage requires determination of the shallow water balance, the
constraints on extraction, and the behaviour of the aquifer subject to these constraints and a
permutation, such as an intake stoppage. In this research, these calculations are undertaken
using a calibrated groundwater flow model. The model is calibrated using data from an intake
reduction event that occurred in October 2016. Therefore, the most up-to-date information
available is utilised to calculate the storage capacity.

1.3. Research questions and objectives
To manage the risks of intake stoppages in the future, Waternet must have a robust and flexible
management plan which provides clear steps to protect all the beneficial uses of the AWD. To
assist Waternet in developing their management plan, this research aims to answer several
questions:
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1. What is the usable groundwater storage capacity of the AWD system, and how capable
is the system of withstanding intake stoppages?
2. How does the ability of the system to withstand stoppages vary between wet and dry
years?
3. Does the current management plan represent the best way to manage unplanned intake
stoppages in the future?
To answer these questions, the following research objectives were identified:
• Identify the management plan currently utilised during intake stoppages.
• Determine the response of the system during the intake stoppage of October 2016.
• Identify the minimum height of the water table, and the minimum depth in the infiltration ponds required to protect the environmental objectives of the AWD.
• Calculate the maximum extraction from the unconfined aquifer, under different
management strategies and different climate conditions.
• Calculate the maximum volume that can be extracted from the deep aquifer without
unacceptable salinisation of the deep wells.
• Calculate the usable groundwater storage of the AWD.

1.4. Thesis layout
This thesis is organised in seven chapters. This initial chapter provides a general overview of
the concept of storage in managed aquifer recharge systems, and outlines the importance of
calculating usable groundwater storage for the AWD.
Chapter 2: Project Background provides a detailed overview of the hydrogeology and
management of the AWD. All factors influencing the usable storage volume in the dunes are
described.
Chapter 3: Research methodology describes the methodology for development, calibration and
validation of the groundwater flow model used for the calculation of groundwater storage. The
scenarios developed to answer the research questions are explained in detail.
Chapter 4: Water balance results presents a calculation of the water balance of the AWD during
the intake reduction of October 2016. The data underpinning the numerical modelling is
presented.
Chapter 5: Model calibration results presents the results of the sensitivity analysis, and the
manual and automatic parameter estimation. Improvements to the conceptual model are
described, and the final calibrated model is presented.
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Chapter 6: Scenario analysis results presents the results of the scenario analysis using the
calibrated groundwater model. The length of time that the AWD can withstand an intake
stoppage is calculated for different management scenarios and climate conditions.
Chapter 7: Conclusions and Recommendations lists the conclusions, and the recommendations
for future work on both model calibration, and modelling intake stoppages in the AWD.
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CHAPTER 2

Project background
2.1. Location of the Amsterdam Water Supply Dunes
Groundwater from the 3600 hectare Amsterdam Water Supply Dunes (AWD), south of the city
of Zandvoort (Figure 2-1), has been used to supply potable water to Amsterdam since 1853.
Initially, shallow groundwater was extracted via excavated channels under gravity flow.
Around 1900 it became necessary to install boreholes to extract deep groundwater from beneath
the confining clay layer, to meet increased demand. Abstraction exceeded the natural recharge
to the dunes, resulting in lowering of the water table and upconing of saline groundwater to the
deep extraction wells. In 1957, the Amsterdam Water Company implemented artificial recharge
of the dune system as a solution to increase capacity and prevent over-extraction (Olsthoorn
and Mosch, 2002; De Moel et al., 2006).

Figure 2-1 Location of the Amsterdam Water Supply Dune; insert showing the dune
area with the abstraction canals highlighted in blue (Smits, 2017).
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2.2. Hydrogeology of the dune system
The AWD is part of the coastal dune zone of the western Netherlands, which forms an
approximately 100 km stretch along the North Sea coast. The dune zone consists of unconsolidated sediments of Quaternary age deposited under aeolian, fluvial, marine, marsh, and
glacial conditions (Stuyfzand, 2003), atop the hydrogeological basement. Important formations
are the shallow (unconfined/semi-confined), and deep (leaky-confined) aquifers, and the two
confining layers. The interaction between the deepest aquifer, located below the second
aquitard, and the overlying layers is important when considering the movement of the freshsaltwater interface with time. A simplified geological cross-section is provided in Figure 2-2,
and hydraulic characteristics of the major layers are provided in Table 2-1.

Figure 2-2 Schematic cross-section of the AWD, showing hydrogeological layers and the approximate position
of the fresh-saltwater interface (adapted from Olsthoorn et al., 1993).

In the AWD, the unconfined aquifer is found between the ground surface, which rises from
NAP 0 to +35 m, and approximately NAP -16 m. NAP stands for Normal Amsterdam Level
and functions as the national reference level. Holocene era younger dune sands of aeolian and
marine origins are underlain by older Holocene dune sand deposits to approximately mean sea
level (NAP 0 m), with the formations separated by pockets of dune peat (Karlsen et al., 2012).
The oldest layer of the shallow aquifer consists of calcareous beach and shallow marine sands.
Under natural conditions, the water table rises to up to NAP +7 m in the unconfined aquifer and
reaches the surface in parts of dune valleys (Van Breukelen et al., 1998). The dune peat forms
a localised semi-confining layer which can result in perched water tables conditions in some
areas of the shallow aquifer (Stuyfzand, 1988).
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Table 2-1 Major hydrogeological layers of the western Netherlands dunes, with estimated hydraulic parameters,
Kh = horizontal hydraulic conductivity, Cv = vertical flow resistance (summarised from Stuyfzand, 2003).

Approximate
depth (m NAP)
+10 to -16
-16 to -20
-20 to -65
-65 to -70
-70 to -300
below -300

Sediment type
younger and older dune sands,
marine sands, peat
marine sandy clays, peat
fine and coarse sands
loam, sandy clay, peat
coarse marine and fluvial
sands
clay

Hydrogeological
characterisation
unconfined, locally
confined aquifer
aquitard
leaky-confined aquifer
aquitard

Hydraulic
parameters

leaky-confined aquifer

Kh ~ 20 to 40 m/d

basement/aquiclude

impermeable

Kh ~ 12 m/d
Cv ~ 1000 days
Kh ~ 5 to 40 m/d
Cv ˃ 500 days

Below NAP -20 m is the deep, Pleistocene-age, leaky-confined aquifer, consisting of deposits
of fluvial and aeolian fine sands, underlain by coarse marine and fluvial sands. All extraction
wells in the AWD are screened in the deep aquifer. The shallow and deep aquifers are separated
by a well-developed aquitard of marine sandy clays and peat deposits, 2 to 4 m thick (Karlsen
et al., 2012). Leakage to the deep aquifer has been estimated at 7.5 million m3, or 200 mm per
year (P. Kamps, personal communication, 2017).
The deepest aquifer also consists of Pleistocene-age, marine and fluvial sands. A layer of loam,
sandy clay and peat form a confining layer above the aquifer. Successive periods of sea rise and
fall during the Quaternary period has resulted in brackish to saline groundwater, present in the
Pleistocene sediments, throughout the Netherlands (De Vries, 2007). The fresh-saltwater
interface is found within the deepest aquifer.

2.3. Regional and local groundwater flow
The coastal dunes are the only area in the western Netherlands where the ground level, and the
water table, are well above sea level (Geelen et al., 2016). The regional groundwater flow is
from west to east, from the dunes toward the low lying reclaimed land, the Haarlemmermeer
Polder (Van Breukelen et al., 1998).
Natural recharge to the unconfined shallow aquifer is primarily from distributed precipitation
excess. The average annual rainfall in the Netherlands is 775 mm, and the mean reference evapotranspiration is 540 mm/year. The mean excess precipitation of 235 mm/year predominantly
infiltrates the soil storage due to the low topographical gradient of the Netherlands (De Moel et
al., 2006), and in the dunes because of the high infiltration capacity of the sand layers.
Topographical height and precipitation recharge in the dunes formed a five-kilometre-wide
freshwater lens, which floats on the denser saline groundwater present in the Pleistocene
aquifer. The maximum depth to the saltwater interface (10,000 mg/L chloride concentration) is
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around 120 m at the eastern boundary of the dune area (Kamps, 2010), which is significantly
less than the theoretical depth according to the Ghyben-Herzberg principle (Van Breukelen et
al., 1998). The resistance of the peat and clay layers reduces the depth to the fresh-saltwater
interface. The minimum depth to the interface is around 60 m, at the western edge of the study
area close to the North Sea.
Between the saltwater and freshwater zones, a zone of brackish water exists, varying in
thickness from around 10 to 35 m. The depth to the brackish interface (300 mg/L chloride
concentration) varies from 50 m in the west to around 100 m at the western boundary (Kamps,
2010). Sub-regional flow paths exist from the freshwater lens both westerly towards the coast,
and landward (Van Breukelen et al., 1998).
Artificial recharge of pre-treated Rhine water has altered the position of the water table and the
local hydraulic gradient in the region of the infiltration area. The rate and direction of localised
flow pathways are tightly controlled during the operation of the AWD. Further details on the
artificial recharge scheme are provided in § 2.3.1.

2.4. AWD managed aquifer recharge
2.4.1. Overview of dune infiltration

Surface water is taken from the Lekkanaal, supplied by the River Rhine, with a maximum
supply capacity of 88 million m3/year. Pre-treatment of the Rhine water is undertaken at the
WRK production plant near the city of Nieuwegein (Figure 2-3). Flocculation is used to remove
suspended solids, heavy metals and phosphorous, with unsettled flocs removed by rapid sand
filtration. The treated water is transported from the WRK storage reservoirs to the infiltration
area via three inter-connected transport pipelines, where it is infiltrated into the dune system,
supplementing precipitation recharge (De Moel et al., 2006).
Infiltration occurs over an area of approximately 86 hectares containing 40 infiltration ponds,
with an average width of 35 m, and a total length of 24.6 km. Infiltrated water is extracted by
horizontal drainage pipelines lying between the infiltration ponds, or flows directly to extraction
canals. The average residence time is 90 days, with a minimum residence time of 60 days (F.
Smits, personal communication, 12 April 2017). Water is extracted by the drains and discharged
into abstraction channels via twelve adjustable level-control structures, and transported via
open-air channels to a small lake, called the Oranjekom (Figure 2-4 and 2-5).
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Figure 2-3 Transport and distribution infrastructure for the drinking water supply of Amsterdam and its
surroundings.
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Figure 2-4 Surface water features of the AWD, and the five infiltration areas. The production plant Leiduin is
located east of the Oranjekom.

Travel through the groundwater system between the infiltration and collection points provides
several beneficial functions for drinking water quality:
• natural filtering of bacteria, viruses, organic and radioactive contaminants,
• smoothing of both water quality and seasonal temperature fluctuations, and
• a storage buffer during intake stoppages (De Moel et al., 2006).
From the Oranjekom, water is pumped to the production plant Leiduin for post-treatment.
Treatment consists of removal of suspended solids by rapid sand filters, ozonation, softening
and activated carbon filtration. These processes any remaining bacteria and viruses, and remove
pesticides and organic micropollutants. The final treatment step is slow sand filtration, which
removes the last suspended solids and biologically degradable material. The combination of
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these post-treatment steps means that chlorination of the water supply is not required. Total
drinking water production in the AWD is around 70 million m3/year, of which 85 % is sourced
from infiltrated Rhine water (De Moel et al., 2006).

Figure 2-5 Schematic cross-section through the AWD infiltration areas. Arrows show the direction of
groundwater flow from the infiltration ponds to the drains and extraction canals. The deep wells
discharge into the canals.
2.4.2. Deep aquifer pumping

Once artificial recharge of the shallow aquifer began in 1957, regular utilisation of the deep
aquifer bores ceased, preventing further salinization of the water supply. The fresh-saltwater
interface was pushed downward again to restore the original volume of fresh water (Kamps,
2010). The deep aquifer is used for additional storage and back-up supply during management
of the AWD. The deep aquifer system consists of 240 wells, which are managed in groups of
around 20 wells each. The wells are screened between NAP -25 and -40 m, below the clay
aquitard, with a ten-metre screen interval.
If insufficient water can be extracted from the shallow infiltration system to meet demand, one
or more groups of deep wells can be switched on to supplement supply. Extracted water is
added to the abstraction canals and mixed with the natural, precipitation recharge dune water
and infiltrated Rhine water. The maximum total extraction from the deep wells is 90,000 m3/day
(Waternet Database). In practice, water extracted from the deep aquifer is limited by the permit
conditions for environmental reasons. The total extraction of natural dune water, which is the
sum of the extracted shallow precipitation recharge and extraction from the deep wells, is
limited to 12.7 million m3/year. Considering average precipitation conditions and precipitation
recharge in the AWD, the average annual extraction from the deep wells is limited to 2.4
million m3/year.
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2.4.3. Usable groundwater storage

Storage in the AWD exists in three reservoirs. The surface water store consists of the combined
volume stored in the storage canals, the abstraction canals, and the Oranjekom. The phreatic
aquifer system is primarily infiltrated river water within the managed zone, and natural dune
water outside the infiltration and recovery area. The stored volume in the shallow, unconfined
aquifer is given by the aquifer area, the saturated thickness, which depends on the height of the
phreatic water table, and the specific yield, or drainable porosity. The deep dune aquifer
contains fresh groundwater, both from infiltrated water and natural dune water, atop saline
groundwater at depth. Storage in the deep, leaky-confined aquifer is calculated by determining
the volume released in response to pumping, using a groundwater flow model.
Constraints limiting the use of these stored volumes are both ‘hard’ constraints, or physical
limitations on resource development, and ‘soft’ constraints, or limits designed to protect
ecosystems or other resource users from the impacts of groundwater extraction. Soft constraints
can be physically exceeded and may change over time. The most important constraints to
consider when estimating the usable storage in the AWD are:
•

Physical - the groundwater flux to the extraction canals is dependent on the head
difference between the infiltration ponds and both the drains and extraction canals.
Under normal operating conditions this head difference is tightly controlled. The
gradient resulting in natural dune water extraction is not controlled and depends on the
shallow water balance. Other factors affecting the flux rate are the infiltration capacity,
which is reduced by clogging over time, and the temperature of the groundwater, which
affects the viscosity and hydraulic conductivity. The extraction of water from the deep
aquifer is constrained by the location of the deep wells, and their pumping capacity,
which declines with the extracted volume.

•

Quality – extraction from the deep aquifer is limited to avoid upconing of the freshsaltwater interface and salinization of the aquifer. Chloride constraints are < 150 mg/L
in the Oranjekom, which corresponds to the Dutch drinking water standard. Pumping is
further limited in summer months due to the phosphate concentration of the deep dune
water, which can cause algal growth in the infiltration ponds and storage canals. If
additional capacity is required, the post-treatment system is capable of managing algal
growth.

•

Environmental - constraints are designed to maintain the groundwater table and protect
the dune slack species from desiccation, and maintain the level of the infiltration ponds
to protect nesting water birds during the breeding season (§ 2.4).
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•

Regulatory - the sum of shallow and deep extraction of natural dune water, which is the
total abstraction minus the infiltrated volume, is limited to 12.7 million m3/year by
environmental licencing conditions. The total licenced abstraction from the AWD is 70
million m3/year.

2.5. Environmental objectives
In addition to the production of drinking water, the AWD serves a vital sea defence function,
nature conservation, and recreation functions. A potential conflict exists between the functions
of the dunes: abstraction of groundwater can have an adverse impact on groundwater dependant
dune ecosystems. Mutual optimisation of these competing functions is a core objective of dune
area management by Waternet (De Moel et al., 2006 and Geelen et al., 2016)).
Managing fluctuations in the phreatic water table is particularly important for the health of dune
slack communities. Dune slacks are nutrient-poor, calcerous, seasonally-flooded wetlands,
which provide a specific ecological niche for many plant species (Geelen et al., 2016). Of
particular importance are endangered ‘Red List’ species, such as Dactylorhiza incarnata,
Epipactis palustris and Liparis loeselii, which are protected under Dutch Law.
Dune slack species are sensitive to changes in the hydrological conditions. Since 1853,
extraction of shallow groundwater for drinking water supply has resulted in lowering of the
groundwater table and desiccation of the dune slacks in the AWD. Desiccation during the first
half of the twentieth century resulted in the loss of more than half of the 43 recorded dune slack
species. While artificial recharge led to recovery of the water table, nutrient loading and fluctuations in water level prevented the recovery of the dune slack ecosystem (Geelen et al., 2016).
Waternet began a concerted effort to improve the ecology of the AWD from 1989. Between
1995 and 2007, several measures were introduced to reduce the extraction of dune water
promoting re-wetting of the dune slacks and recolonisation by dune slack species in the southern dune area. The measures included closure of an extraction canal of 3.5 km, increasing the
level of the storage canals by 1.3 m, and raising the level of the Oosterkanaal by 0.5 m (refer to
Appendix A). Decreased dune water extraction was offset by increased Rhine water infiltration.
Additional measures were taken to stabilise new colonies including grazing, sod cutting and
mowing (Geelen et al., 2016). Wet conditions in the dune slacks are maintained by the precise
management of the water levels in the infiltration ponds, drains, abstraction canals and storage
canals.
The water level in the infiltration ponds is also maintained to provide a suitable habitat for
protected water birds during the breeding season, from February to July. Appendix B lists the
operational requirements for each of the infiltration ponds. The table shows both the normal
operating level and the allowable level of fluctuation in each pond. For ponds in infiltration
Areas 1, 2, and 3 (see Figure 2-4), levels must be maintained within +10 cm and -20 cm of the
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normal operating level during the water bird breeding season. Water levels exceeding +10 cm
are a risk of flooding nests, and water levels below -20 cm expose nests to predation. In Areas
4 and 5, there are stricter controls on the water levels year-round. Ponds must be kept within
+/- 10 cm of the normal operating level.

2.6. Intake stoppages
2.6.1. Planned and unplanned stoppages

A distinction can be made between planned intake reductions and unplanned intake stoppages.
Planned intake reductions occur, for example, when an intake pipeline is taken offline for repair.
During these relatively short periods, the AWD can be managed within the storage capacity of
the infiltration system, to ensure both security of water supply and protection of the dune slacks.
Water levels in the infiltration ponds are raised prior to a planned reduction, and reductions are
not planned during the breeding season.

Figure 2-6 Intake stoppages and periods of limited intake to the AWD due to poor Rhine water quality
at the Nieuwegein intake point, 1969 to 2008 (Stuyfzand et al., 2017 ).

An unplanned intake stoppage is an unforeseeable event that prevents or reduces the supply of
Rhine river water for infiltration. The main causes of unplanned intake stoppages in the past 30
years have been the quality of the intake water, particularly chloride and organic micropollutants, air bubbles in pipes, pipe ruptures, and insufficient water levels in the Rhine. Intake
stoppages occurred with high frequency during the 1980s and 1990s (Figure 2-6), but these
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events have declined significantly in the last decades due to improvements in Rhine water
quality (RIWA, 2004; Stuyfzand, 2008). During unplanned events, the shallow aquifer storage
capacity may be insufficient to meet both primary objectives of the AWD. Production may be
reduced, and declines in the phreatic water table and infiltration pond levels may compromise
environmental objectives.
When an unplanned intake stoppage occurs, Waternet has several options to maintain both
water levels and potable supply rates. These include pumping water from the storage canals to
the infiltration area, to increase infiltration and maintain the water level in the sensitive dune
areas. However, this reduces the amount of water available for potable supply. A second option
is to pump water from the deep aquifer into the infiltration areas or abstraction canals, however,
there are water quality and regulatory constraints on the utilisation of the deep aquifer. If the
stoppage is the result of pollution in the Rhine, up to three million m3/year of emergency supply
can be extracted from groundwater near Nieuwegein, at a maximum rate of 5,000 m3/hour (De
Moel et al., 2006). This additional capacity is not available for non-pollution related stoppages.
2.6.2. October 2016 intake reduction

Between 3 and 28 October 2016, an unplanned reduction in intake occurred when the maintenance of transport pipeline WRK-2 took longer than expected. Intake of pre-treated Rhine
water was decreased from an average of 164,000 m3/day in the two months prior to the
reduction to 82,000 m3/day. This approximately halved the supply capacity to the infiltration
areas. The supply to infiltration Areas 2 and 3 was stopped completely, while Areas 1, 4 and 5
experienced a reduction in supply. The deep wells were not used to supplement supply until the
end of the intake reduction period. Due to higher than average rainfall in 2016, extraction of
natural dune water in the AWD was near to the regulated limit. The decision was made to
withhold deep pumping for as long as possible to avoid breaching the licence conditions.
Measurements taken during this event provide the opportunity to undertake an analysis of the
behaviour of the system to an intake stoppage. Measurements included water levels in the
infiltration ponds and extraction and storage canals, abstraction from the drains, deep wells, and
the Oranjekom, and the height of the phreatic groundwater table. These measurements are used
in this research to undertake further calibration of the groundwater model of the AWD (Chapter
5). The calibrated model is then used in predictions of the consequences of future intake
stoppages (Chapter 6).
2.6.3. Future intake stoppages

Intake stoppages are predicted to increase in frequency due to a combination of ageing
infrastructure and climate change (Wuijts et al., 2012). Due to age, the WRK pipelines require
more frequent maintenance. Maintenance of the pipelines constitutes a planned intake
reduction, however, such as in October 2016, delays in maintenance can result in unplanned
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reductions in intake. More significant is the risk of a pipeline breakage, which is much more
likely with ageing pipelines.
Surface water quality varies considerably due to varying discharge volumes and flow properties, and upstream activities. Pollution incidents in the Rhine are most likely to occur in the
summer and autumn months, during low flow periods. Water quality deteriorates during low
flow periods because spills from industry and sewage treatment plants have a larger impact
when the dilution capacity is lower (Wuijts et al., 2012). Climate change modelling predicts
increased variability in summer rainfall in the Netherlands, and an increased likelihood of more
frequent and extreme drought periods (Bresser et al., 2013). Increased drought in the Rhine
catchment is predicted to result in more frequent and longer periods of low discharge in the
Rhine, resulting in more frequent pollution incidents, and an increased risk of intake stoppages
to the AWD.

Days per year

The Dutch National Institute for Public Health and the Environment (RIVM) analysed the
impact of moderate and rapid climate change scenarios on pesticide (carbamazepine)
concentrations at the Nieuwegein intake point. For a moderate scenario, defined as a dry year
(reference 1989, a 1 in 10-year drought) and rapid climate change in 2050, it was calculated
that 227 days are at risk of exceeding the compliance limit, with the longest period of noncompliance equal to 102 days. The most extreme scenario, based on a very dry year (reference
1976, a 1 in 100-year drought) and rapid climate change in 2050, calculates the risk of exceedance as more than 300 days in a year (Figure 2-7, Wuijts et al., 2012).

Risk of exceeding normal values (factor > 2) 1976-Wplus
Risk of exceeding normal values (factor > 2) 1989-Wplus
Risk of exceeding human risk limit (factor > 10) 1976-Wplus
Risk of exceeding human risk limit (factor > 10) 1976-Wplus

Intake point

Figure 2-7 Risk of exceedance of infiltration water quality limit at the Nieuwegein intake point (leftmost bars) in
2050 under a rapid climate change scenario, during a dry (1989, Wplus) and very dry year (1976, Wplus)
(Wuijts et al., 2012, translated from Dutch).
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The risk of non-compliance does not consider the mitigation potential of diluting river water
with groundwater from the deep pumping wells at Nieuwegein, implementing an extra step in
the pre-treatment process, such as activated carbon treatment, or other mitigation measures to
reduce sewage plant spills. These values, therefore, represent the most conservative estimate of
future risk and should be used with caution. However, the report does identify a clear increasing
risk to supply security at the Nieuwegein intake over the next decades, which must be
considered in the ongoing management of the AWD.

2.7. Previous research in the AWD
Managed aquifer recharge has been undertaken in the AWD since 1957 when dune infiltration
using pre-treated Rhine river water was first implemented. Since that time many investigations
have been undertaken to refine the operation of the infiltration system (Olsthoorn and Kamps,
2006; Woldemeskel, 2009), to understand the evolution of stored water quality (De la Loma
González, 2010; Karlsen et al., 2012), to assess the movement of the fresh-saltwater interface
(Olsthoorn, 2000; Kamps, 2010), and identify measures to minimise impacts to ecology and
surrounding land uses (Arens and Geelen, 2006; Geelen et al., 2016). Most groundwater investigations have relied on the AMWADU groundwater model, described in § 3.3.
The storage in the AWD has been estimated twice previously, for scenarios where all artificial
infiltration ceased. Venhuizen (1967) estimated that the AWD has a total storage capacity of
82 million m3/year, comprising of 70 million m3 in the shallow aquifer, 10 million m3 in the
storage canals, and 2 million m3 contributed by the deep wells. Roebert (1971) calculated that
a production demand of 83 million m3/year could be met for 50 days provided the pumps were
run at full capacity, and that at the start of the intake stoppage all canals and pond levels were
at the maximum. These estimates are not comparable to the current work because the layout
and management of the dunes have changed considerably over the last 50 years.
Schuurmans (1988) modelled the impact of a 30-day intake stoppage on groundwater levels in
the phreatic aquifer. Two scenarios were run, one for a stoppage in April, and one for a stoppage
in September. There was no estimation of the time for which production could be met without
infiltration because the scenarios were only run for 30 days.
From 1994 to 2001 a pilot study of deep well aquifer storage recovery was undertaken in the
AWD. The pilot study consisted of four injecting wells, screened in the semi-confined aquifer
between NAP -30 and -60 m. The pilot study aimed to determine the costs and feasibility of a
70-well ASR system, planned to substitute part of the current production capacity from the
shallow infiltration system. Groundwater from the deep aquifer has a high phosphate
concentration due to interaction with the overlying peat layers and clay aquitard. Direct
recharge of the deep aquifer bypasses the peat and clay layer, storing high-quality water that
can be recovered for later use during periods of water shortage. During the pilot study, more
than 6.2 million m3 of water was injected into the semi-confined aquifer. Extraction from wells
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located 400 m from the infiltration wells was not undertaken as part of the study of Duijvenbode
and Olsthoorn (2002). To date, ASR has not been used as a management measure in the AWD
as the extra capacity has not been required.
Over the period 2013 to 2016, the KWR Watercycle Research Institute undertook a research
project on behalf of Dutch drinking water companies, including Waternet, on the long-term
impacts of intake stoppages on dune infiltration systems. The primary research question for the
AWD was the impact intake stoppages would have on nature, specifically the effects of
fluctuations in the shallow groundwater table on dune slack species. Analysis of the effect of
intake stoppages on the groundwater table was limited to time-series analysis, which was found
to be insufficient to quantify effects. KWR recommended the use of numerical groundwater
models to undertake further analysis and explore the effects of different management scenarios
(Salem et al., 2017).
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CHAPTER 3

Research methodology
The answers to the research questions posed in § 1.3 rely on scenario analysis undertaken with
a calibrated groundwater flow model. A groundwater model is required to robustly estimate the
effective storage capacity and climatically-varying usable storage volumes in the AWD. The
general research methodology is described in Figure 3-1.

Figure 3-1 General research methodology.
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A daily water balance was constructed to provide an initial estimate of the shallow aquifer
storage depletion during the period of intake reduction between 3 and 28 October 2016. A
telescopic model was developed for the scenario analysis based on an existing MODFLOW2000 regional groundwater model of the AWD. Validation of the model with historical data
from the October 2016 intake reduction was undertaken to assess the suitability of the model to
analyse intake stoppages. Some flow volumes calculated through the water balance
methodology were also used as validation targets for the numerical modelling. Model parameters were recalibrated using PEST software (Doherty, 2005) until the results of the validation
scenario were sufficient to undertake scenario analysis. The scenario analysis considers the
behaviour of the aquifers in response to an intake stoppage, both under different climate
conditions and different management measures.

3.1. Water balance methodology
The water balance was constructed for the phreatic aquifer, for the 3200 ha area inside the
watershed boundary (Figure 3-2). The intake reduction occurred between 3 and 29 October.
The water balance was calculated daily between 1 September 2016 and 13 November 2016.

Figure 3-2 Location of the phreatic aquifer watershed boundary, and AWD infiltration areas.

The general water balance for the phreatic aquifer can be described per Equation 3-1. The
shallow aquifer water table divide is selected as the boundary for the water balance. Thus no
lateral flow in or out of the shallow aquifer occurs. The water table divide was delineated based
on a groundwater contour map. Discharge to the North Sea and Haarlemmermeer Polder occurs
from the confined aquifer and is considered in the groundwater modelling.
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∆𝑆
∆𝑡

Where

= 𝑅 + 𝐼 − 𝐸𝑇 − 𝐿 − 𝐴

(3-1)

△S/△t is the change in storage [L3 T-1]
R is the gross precipitation recharge [L3 T-1]
I is the infiltration of pre-treated surface water plus dune water from the deep
pumping wells during extraction periods [L3 T-1]
ET is the evapotranspiration loss from the surface and the soil storage [L3 T-1]
L is the leakage from the shallow to the deep aquifer [L3 T-1]
A is the sum of the abstraction of natural dune water and infiltrated Rhine water
from the system [L3 T-1]

Closing the water balance for the shallow aquifer requires the determination of all terms in
equation 3-1. A significant amount of data was collected during the intake reduction in October
2016 which was used to calculate the water balance (Appendix C). Some inputs, such as
precipitation and evapotranspiration, were taken directly from the records in the Waternet
database, or, such as leakage to the deep aquifer, have been estimated previously using the
AMWADU model. The other components require additional calculations as described below.
3.1.1. Infiltration

Under normal operating conditions the volume of Rhine river water infiltrated into the shallow
aquifer can be calculated from the inflow across the measuring weirs, minus the evaporative
losses from the pond surface. When there is no inflow, infiltration can be approximated from
the change in height in the pond water levels. However, during the intake reduction, the water
height in 20 infiltration ponds dropped below the gauge levels and could not be measured. Over
time, a sludge layer builds up at the bottom of the infiltration ponds in the AWD. In the
approximately twenty-year period between pond cleaning events, this layer can reach a
thickness of 10 to 20 cm (Bottero, 2003). The infiltration rate declines significantly with
declining water level due to the reduced cross-section and the low conductivity of the sludge
layer (Figure 3-3). Therefore, all infiltration of Rhine water was assumed to cease once the level
in the infiltration ponds dropped below the gauge level. This assumption results in an
underestimate of the total infiltrated volume during the intake reduction.

Figure 3-3 The effect of pond water level on infiltration rates.
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3.1.2. Natural recharge

Recharge by precipitation was calculated using the Onzat unsaturated zone recharge package
(Kamps and Schaars, 2005) described in § 3.2.2. Rain gauge precipitation data and Makkink
reference evapotranspiration estimates for the study period were put into the model, which
calculated recharge based on vegetation-specific evapotranspiration factors, rooting depths, and
the thickness of the unsaturated zone. Average parameters, representing a vegetation class of
shrubs and depth to the water table of two metres, were assumed across the study area.
3.1.3. Groundwater flow to the abstraction canals

Infiltrated water is abstracted from the shallow aquifer under gravity through two mechanisms:
groundwater flow to the subsurface drains, which discharge to the abstraction canals, and direct
groundwater flow to the abstraction canals. The volume of water entering the drains can be
calculated from the height of the water across the drain weirs, which is automatically measured
on an hourly basis. The volume of water flowing directly to the abstraction canals is not
measured and must be estimated using a water balance approach. The water balance for the
abstraction canals is given by Equation 3-2, shown to solve for the groundwater inflow, GWin.
𝐺𝑊𝑖𝑛 =

Where

∆𝑆
△𝑆𝑜
△𝑆𝑐
− 𝑃 − 𝐷 − 𝐼 + (𝐴 − ∆𝑡 − ∆𝑡 )
∆𝑡

(3-2)

△S/△t is the change in storage in the abstraction canals, calculated from the
gauge level in each canal, and assuming a constant surface area [L3T-1]
P is the net precipitation to the canals, considering both precipitation and
evaporation from the surface [L3 T-1]
D is the inflow to the canals from the drains [L3 T-1]
I is the inflow of dune water from the deep pumping wells during extraction
periods [L3 T-1]
A is the total abstraction from the Oranjekom [L3 T-1]
△So /△t is the change in storage in the Oranjekom [L3 T-1], and
△Sc /△t is the change in storage in the storage canals [L3 T-1]

3.1.4. Construction of isohypse maps

The change in storage for the shallow aquifer can also be calculated from the change in the
height of the groundwater table across the study period. This calculation provides a comparison
and check for the water balance calculation. Due to the presence of the surface water bodies
and their interaction with the groundwater table, groundwater data is not sufficient to correctly
interpolate the groundwater table beneath the AWD. Isohypse maps were constructed using
automatic measurements of piezometric heads in the phreatic aquifer, the measured heights of
the infiltration ponds, storage canals, and abstraction canals, and the AMWADU model.
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Measured heights of the surface water bodies and groundwater table were put into the
AMWADU model which was run with a daily time step. Modelled head contours for the dates
of interest were then compared to the measured piezometric heads for the same date, and a map
of the modelling error calculated. The surface water features are boundary conditions on the
model, and the modelled water heights equal the measured values. The modelled heads were
then adjusted based on the calculated error, providing an accurate interpolation of the
groundwater table between the measurement points.
The volumetric difference between the maps was calculated using the contouring programme
Surfer. A porosity of 0.3 was assumed for the unconfined aquifer, which is the calibrated value
for layers 1 and 2 in the AMWADU model (Kamps, 2006).

3.2. Model tools
3.2.1. MODFLOW

MODFLOW is an open-source, block-centered, finite-difference groundwater flow model
(Harbaugh, 2005). Waternet’s regional model of the AWD utilises the MODFLOW-2000
modelling code. Waternet uses a special MODFLOW-2000 version, which includes the
unsaturated zone recharge (UZR) and SWI packages. These packages are not supported by the
generally available USGS MODFLOW-2000 version.
This telescopic model used in this research utilises the updated MODFLOW-2005 code. The
main difference between MODFLOW-2000 and MODFLOW-2005 is the incorporation of a
different approach for managing internal data (Harbaugh, 2005). For the most part, changing
modelling codes requires only small changes to the MODFLOW input files, and the same
results are achieved from modelling with either code. However, MODFLOW-2005
incorporates updated modules, such as the SWI2 package and the multi-node well (MNW)
package, which can model processes with greater accuracy than MODFLOW-2000.
3.2.2. Onzat package

Unsaturated zone processes are relevant when modelling natural recharge in the AWD. The
depth to the phreatic water table varies between zero, where water intersects the surface, and
just over 30 metres in the eastern part of the dune area. In regions where the depth to the water
table is greatest, precipitation recharge can be delayed by more than two months (Kamps and
Schaars, 2005). Modelling of the unsaturated zone is not integrated into MODFLOW in this
research. The 1D-program Onzat calculates recharge based on vegetation classes and variable
thickness of the unsaturated zone, using time series of precipitation and evapotranspiration.
Outputs from Onzat are implemented in MODFLOW-2000 through the UZR package (Kamps
and Schaars, 2005), and in MODFLOW-2005 through the MODFLOW recharge input file,
which is an output of the UZR package.
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3.2.3. SWI2 package

The saltwater interface was incorporated into the telescopic model using the SWI2 Package.
SWI2 is the most recent release of the SWI package and is compatible with MODFLOW-2005.
An explanation of the Dupuit approximation and derivation of the equations underpinning the
SWI2 package are provided in Bakker et al. (2013) and are not reproduced here. The modelling
approach does not account for diffusion and dispersion.
Use of the SWI2 Package in MODFLOW-2005 requires a single additional input file, and
conversion of all boundary heads to freshwater heads referenced to the top of the aquifer.
Equivalent freshwater head converts heads in a saline or brackish aquifer to the head that would
be measured if a piezometer filled with fresh water was screened at the same point in the same
aquifer, through the formula (Bakker et al., 2013):
ℎ𝑓 =

𝜌
ℎ
𝜌𝑓

−

𝜌− 𝜌𝑓
𝜌𝑓

𝑧
(3-3)

Where

hf is the equivalent freshwater head [L]
ρ is the density of water in the aquifer at the screened point [ML-3]
ρf is the reference freshwater density [ML-3]
h is the measured head [L]
z is the height of the screen above the reference level [L]

The SWI2 file contains the solver variables, density values for the different zones, algorithm
parameters, the initial positions of the fresh-saltwater interface for each model layer, the type
of sources and sinks (ISOURCE), and any observation locations. Appendix D explains the
parameter choices for the telescopic model.
Like MODFLOW, SWI2 ignores vertical resistance within a layer. However, unlike
MODFLOW, which calculates heads in the centre of each cell, SWI2 calculates the freshwater
heads at the top of each model cell (Figure 3-4). If a cell contains freshwater, the head in the
centre of the cell is equal to the head at the top of the cell. Within the freshwater zone, the
freshwater head gradient can, therefore, be used to calculate horizontal and vertical flows. When
a cell contains saltwater, care must be taken in using freshwater heads. Vertical flow
components can only be calculated from gradients of freshwater head when an appropriate
correction for negative buoyancy is calculated. If this correction is not considered, freshwater
heads will increase with increasing depth, and it may be incorrectly assumed that groundwater
flow is upward (Post et al., 2007). The modelling results in Chapters 5 and 6 should be viewed
with the understanding that head contours in model layers below the fresh-saltwater interface
have not been adjusted for negative buoyancy.
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Figure 3-4 Differences in head calculation between MODFLOW and SWI2.

Measured heads in saltwater wells must be converted to freshwater heads before use in model
analysis or calibration. The result will only be suitable if the saltwater interface is accurately
modelled. Wells should not be used if the interface is within the same cell as the measurement
and the interface moves during the simulation above the bottom of the well screen. Observation
wells located in model layer 11, close to or below the assumed located of the fresh-saltwater
interface, were not included in the modelling for this reason.
3.2.4. USGS Zone budget

Zones were created to compare the modelled flow budget with the results of the water balance
calculation and determine the spatial distribution of modelling errors. Zones were based on
existing shapefiles of the AWD. One zone was created for each infiltration area, and a sixth
zone encompasses the entirety of the watershed. Flow components were calculated using the
USGS Zone budget programme.

3.3. Modelling approach
3.3.1. Regional groundwater model of the AWD

The AMWADU (Amsterdam Water Dunes) model is a MODFLOW-2000 regional groundwater flow model of the AWD and surrounding areas. The initial version of AMWADU was
developed by Waternet in 1988 (Olsthoorn and Kamps, 1996). Since then, the model has been
progressively refined and calibrated. The most recent calibration was undertaken during 2005
and included measurements from 400 observation wells (Kamps, 2006).
The model grid represents 33.6 km in the y-direction and 25.6 km in the x-direction. The grid
has a variable spatial discretisation: the infiltration area has a 20 x 20 m grid spacing which
increases to 100 x 100 m outside of the infiltration area, and 400 x 400 m at the model boundaries. The vertical extent of the model is more than 300 m and reaches the hydrogeological
basement. The model includes seventeen layers: ten aquifer layers and seven aquitard layers.
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Not all aquitards beneath the AWD are continuous. Where the stratigraphic layers are nonexistent, they are modelled by setting the thickness of the representative layer to 0.01 m and the
hydraulic conductivity to the value of the layer below.
All lateral boundaries in the first layer are modelled as river boundaries. In the west, the river
boundary represents the changing head in the North Sea. The conductance is set to 4,000,000
m2/day and does not provide resistance to flow. This boundary could also be correctly modelled
with the time-variant specified-head (CHD) package. However, the model was constructed
prior to the availability of this package, and it has not been incorporated yet. The remaining
river boundaries represent the polder areas of the flower farms and the Haarlemmermeer polder
in the east. The polders are modelled as river boundaries with fixed heads they vary seasonally.
The boundaries of all other layers are no-flow conditions but are situated more than ten kilometres from the dune area, and experience shows that they do not impact the simulation.
The infiltration ponds are modelled with the general head boundary package, with the head
varying based on measured values for water height in each pond. The abstraction and storage
canals are modelled using the river package, also considering measured values for head. The
well package is used to model the deep pumping wells. The drain package is used to model the
drains and the boundary between the dune area and the polders. In this boundary region, there
are many small streams providing good drainage. Drain cells set to the surface level prevent the
groundwater table from rising above the surface.
3.3.2. Telescopic model set up

A telescopic model was required for validation and calibration due to the incompatibility of the
regional model with the SWI2 package. A full explanation is provided in Appendix D.
Telescopic mesh refinement is one method of downscaling a regional model to allow for
investigation of finer-scale process with an appropriate spatial discretisation. In telescopic mesh
refinement, the fine-scale or child model is nested within the regional model which provides
the boundary conditions and model parameters for the child model. The method is often used
when a detailed model is required for an area small relative to an entire aquifer, like well field
investigations (Leake and Claar, 1999). Telescopic mesh refinement was used to create a child
model to undertake the model validation, calibration and scenario analysis. This child model is
referred from this point forward as the telescopic model.
The telescopic model covers the entire watershed of the AWD and extends to the border of the
Haarlemmermeer Polder in the east. The model grid represents 10 km in the y-direction and 4.9
km in the x-direction. Unlike most telescopic models, the spatial discretisation was not refined
but was kept at 20 x 20m within the infiltration area. This discretisation was detailed enough to
study the processes in the infiltration areas.
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Model layering and hydraulic parameterisation
The 17 model layers represent the major aquifer and aquitards present in the subsurface of the
AWD. Initial, pre-calibration hydrogeological parameters were taken from the AMWADU
model. A brief description of the geology and hydrogeology of each model layer is provided in
Table 3-1.
Boundary conditions
The same boundary conditions for the regional model were applied to the telescopic model,
except the lateral boundaries for each model layer. All lateral boundaries are GHB cells. Each
GHB cell has a variable head, determined by running the regional AMWADU model outside
of GMS with the same stress periods, time steps, and input data sets as the telescopic model.
The perimeter boundary conditions are therefore the freshwater heads at the top of each model
cell at each time step.
This method of downscaling couples the AMWADU model and the telescopic model in one
direction only, which means there is no feedback from the telescopic model and the AMWADU
model. If the telescopic model boundary is too close to the study area, changes to the
parameterisation of the telescopic model could result in discrepancies in the calculated heads.
However, in this model the area of interest is surrounded by canals with fixed heads, so
discrepancies are not expected for the phreatic aquifer. In the deep aquifer, discrepancies are
avoided by incorporating the extraction wells in the regional model for pumping scenarios.
For calibration and validation of the model, the canal (river), infiltration pond (GHB) and drain
boundary conditions are based on gauge measured values for water heights taken from the
Waternet database. The boundary conditions of the telescopic model are therefore equivalent
to the data used to construct the water balance. A discussion of the boundary conditions for
future scenario analysis is provided in § 3.5.
Conductances for the infiltration pond GHB cells are based on the infiltration rate calculated
for each pond during infiltration tests. Before calibration, the same conductance rate is assumed
for all drains and all canals. For each boundary type, the conductance applied to an individual
cell varies based on the proportion of the model cell representing the actual area of a surface
water body or drain. As each model cell represents a 400 m2 area, in some cells the conductance
is reduced by the ratio of water body area to modelled area. This allows the model to accurately
represent the AWD without reducing the spatial discretisation.
Temporal discretisation
The telescopic model simulates the period of the October 2016 intake reduction, beginning on
17 August 2016 and ending on 16 November 2016. The starting date was selected to coincide
with the monthly groundwater monitoring programme so that the initial heads were based on
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the maximum available data and had the greatest accuracy. Prior to and after the intake
reduction, the stress periods were 5 days long, with each period modelled with a single time
step. During the intake reduction period, daily stress periods with a daily time step were
simulated. The temporal discretisation is summarised in Figure 3-5.

Figure 3-5 Temporal discretisation of the telescopic validation/calibration model.

Groundwater head observations
There are 440 observation wells located within the telescopic model extent. Not all available
observation wells were incorporated into the final telescopic model. Several piezometers are
screened at multiple depths within the deep aquifer. SWI2 calculates the freshwater head only
at the top of the aquifer, and therefore the deeper head measurements produce large residuals.
For these multi-screen wells only the measurement closest to the top of the aquifer was
incorporated into the model. Most wells screened in model layer 11 were excluded from the
analysis due to uncertainty about the exact position of the fresh-saltwater interface, and
difficulty in converting values to freshwater heads. Other wells were removed from the analysis
due to the presence of perched water table conditions, as explained in § 5.1.2. In total, 312
observation wells were incorporated into the telescopic model, which are a combination of
automatic loggers and piezometers measured monthly by hand. There are 242 wells screened
in the phreatic aquifer, and a further 68 observation wells are screened in the deep aquifer. In
total, 16,711 individual observations of groundwater levels were used in the modelling.

42

43

Precipitation recharge
The outputs of the Onzat programme are used to create a recharge input file which applies a
recharge rate to each cell in model layer 1. Precipitation data is taken as the average of two rain
gauges located in or close to the AWD. R6 is located between the coastline and the
Westerkanaal, close to the western boundary of infiltration Area 2. R11 is located at the Leiduin
post-treatment plant to the east of the Oranjekom. An automatic rain gauge is located within
infiltration Area 3 close to infiltration pond 38. Figure 3-6 compares the precipitation calculated
by averaging R6 and R11 to the precipitation measured by the automatic gauge. The figure
shows that precipitation varies spatially across the AWD during some storm events. The impact
of not considering the spatial distribution of precipitation is that the Onzat package may over
or underestimate recharge to individual model cells.
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Figure 3-6 Comparison of daily precipitation depths inputted into the Onzat recharge programme
with automatic gauge data from the AWD.

Figure 3-7 shows the recharge rate applied to the model during six stress periods during the
simulation. The stress periods were selected to show recharge under a variety of precipitation
conditions.
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Figure 3-7 Precipitation recharge (m/day) estimated using the Onzat programme, applied to model layer 1 in six
stress periods during the simulation period. The spatial distribution is controlled by the vegetation type and
depth to the water table. Temporal distribution controlled by the temporal variability in precipitation excess and
time taken to travel through the unsaturated zone.

3.3.3. Modelling intake stoppages

An intake stoppage is defined as the period when there is no inflow of pre-treated river water
into the infiltration area. Because river inflow is not included in the modelling, a modelled
intake stoppage commences when the level of an infiltration pond drops below the gauge level
and can no longer be measured. When an intake stoppage occurs during a simulation, both the
conductance and head of the infiltration pond GHB cells are set to 0 (Figure 3-8). Effectively,
the infiltration pond is removed from the model for the period of the intake stoppage. The
volume of water stored in the pond when the height is below the gauge level is therefore lost
from the model. To compensate for this unmeasured volume, an artificially high specific yield
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(Sy = 1) was selected to allow additional water to enter the aquifer immediately following an
intake stoppage. Further discussion of the effect of the infiltration pond specific yield are
provided in Appendix F-3.
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Figure 3-8 Modelling an intake stoppage by adjusting the GHB parameters,
example GHB cell from pond 31, infiltration Area 3.

For the historical period, the measured values of the heights of the abstraction and storage canals
are incorporated into the model. However, for the scenario analysis, assumptions regarding the
changing heights in the surface water bodies must be made. Further information is provided in
§ 3.6.

3.4. Model sensitivity analysis and calibration
The regional AMWADU model was extensively calibrated in 2005. The hydraulic conductivity
and storage parameters were optimised for each geo-hydrological unit represented in the model.
The parameters were determined by undertaking stationary and transient simulations of past
events, including average historical conditions and large-scale pumping tests (Olsthoorn and
Kamps, 2006). The calibrated model had a cell size of 100 x 100 m in the study area. This was
too coarse to simulate the processes in the infiltration areas. In 2007 a refined version of the
AMWADU model was constructed with a cell size of 20 x 20 m, with the parameter values
from the coarse model. This model also was only roughly calibrated for the infiltration area,
and not specifically for an intake stoppage.
For this research, the ability of the model to predict changes in total abstraction from the AWD
is the most important factor in achieving the modelling objectives. Parameters determined
during the previous calibration exercise may not adequately represent the processes in the
infiltration area, or behaviour of the system during an intake stoppage, when groundwater levels
in the phreatic aquifer drop rapidly. Further calibration was therefore necessary before
undertaking scenario analysis.
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3.4.1. Sensitivity analysis

Sensitivity analysis is the evaluation of model input parameters to identify the impact they have
on the modelled outputs. The outputs of interest are the phreatic heads, infiltrated volumes, and
abstracted volumes from the drains and canals. The sensitivity, or importance of each
parameter, indicates which parameters should be used in the model calibration. Parameters for
sensitivity analysis were identified as those with the greatest likely impact on the flow budget.
This study is primarily concerned with abstraction from the shallow aquifer, so only parameters
in the phreatic aquifer are analysed. The pre-calibration fit in the deep aquifer is considered
adequate for this study.
A simple sensitivity analysis was undertaken by varying a single parameter while all other
parameters were retained at their baseline (pre-calibration) values. The sensitivity was then
determined by comparing the model outputs to the pre-calibration model. The advantage of this
approach is that the effect of changing each parameter can be clearly identified. The
disadvantage is that the simultaneous variation of parameters is not considered. The approach
cannot account for interaction between parameters (Hill and Tiedman, 2007; Pannell, 1997).
Based on the results of the sensitivity analysis, calibration of the model for the phreatic aquifer
(model layers 1 to 3) considered the spatial distribution of hydraulic conductivity, storage
parameters and the conductances of the infiltration ponds and drains. Optimum parameter
values were determined by comparing modelled and observed groundwater levels, and
modelled and measured abstraction from the shallow aquifer.
3.4.2. Manual calibration

Initially, calibration of the model was undertaken by hand, by directly changing the MODFLOW input files and calculating the error associated with each model run. The benefits of
undertaking manual calibration prior to automatic parameter estimate are three-fold:
• understanding of the model is substantially improved
• improvements to the conceptual model can be identified based on the modelling results
• suitable calibration parameters and starting values are identified, which speeds up the
automatic calibration process.
The parameters were manually adjusted to minimise the root mean square error (RMSE) of both
the head and flow observations. No parameters in the deep aquifer were adjusted. Parameters
changes were implemented by changing the cell-by-cell parameter values in the MODFLOW
input files, before creating a new model for each unique parameter combination. Alterations to
the input files were automated by creating a python script for each input file type. An example
script, modifying the conductances of the GHB cells, is provided in Appendix G.
The SWI2 package, which significantly adds to the model run time, was not utilised in the
calibration runs. The position of the fresh-saltwater interface primarily affects the heads in the
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deep aquifer, and therefore the volume of leakage between the shallow and deep aquifers. The
error in the calculated flow budget resulting from ignoring the fresh-saltwater interface was
considered to be negligible.
3.4.3. Automatic parameter estimation with PEST

Manual calibration is a time-consuming process and is not well-suited to optimising many
parameters simultaneously. In addition, feedback effects between the different parameters and
the various components of the flow budget make it difficult to manually identify the optimum
parameters for the AWD. Automatic parameter optimisation can solve these challenges by
searching the available parameter space using a single objective function. PEST (Doherty,
2005) is a model-independent parameter estimation and uncertainty analysis software used to
estimate optimal parameter values for the phreatic aquifer. PEST undertakes nonlinear
parameter estimation by determining the parameter set which minimises the objective function
(Φ), calculated as the weighted sum of squared residuals (Equation 3-7), through iterations
using the Gauss-Marquardt-Levenberg algorithm.

(3-7)

where wi is the weight of observation i
ri is the residual observation i

Figure 3-9 PEST parameter estimation iterations seek the global minimum
for the objective function (Doherty, 2005).

At each iteration, PEST linearises the relationship between the model parameters and the
measurements, then identifies the best parameter set to solve the linearised problem before rerunning the model with the new parameter values. Figure 3-9 schematically illustrates how
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PEST iteratively changes the calibration parameters to identify the global minimum for the
objective function, at which point PEST terminates. A detailed explanation of the PEST
algorithm is provided in Doherty (2005).
Parameter statistics
At the end of the parameter estimation processes, PEST calculates parameter statistics,
including the covariance matrix and its eigenvalues and eigenvectors, the correlation coefficient
matrix, and the parameter confidence intervals. The parameter statistics indicate whether any
parameters are highly correlated or insensitive, which provides information on the degree of
uncertainty involved in the parameter estimation (Doherty, 2005).
The covariance matrix is a square symmetric matrix with as many columns and rows as there
are adjustable parameters. The diagonal elements of the matrix are the variances (square of the
standard deviation) of each adjustable parameter. The off-diagonal elements are the covariances
between parameter pairs. The covariance shows the tendency in the linear relationship between
the parameters, with a positive value indicating a positive linear relationship. The magnitude of
the covariance is not easy to interpret (Doherty, 2005).
The parameter standard deviation and confidence intervals are used to assess the uncertainty
associated with the estimated parameters. It is important to note that these statistics are calculated based on the linearity assumption of PEST, and that the confidence intervals may extend
further into the parameter space than the range of the validity of this assumption (Doherty,
2005).
The correlation coefficient matrix is the normalised covariance matrix and shows the degree of
correlation between parameter pairs. The diagonal elements of the matrix are always equal to
1, and the off-diagonal elements are between -1 and 1. Highly correlated parameters are
indicated by a correlation coefficient above the threshold of ± 0.95 (Hill and Tiedman, 2007).
These parameters can cause issues with a PEST calibration because generally they cannot be
estimated uniquely. Individually, highly correlated parameters are estimated with a high degree
of uncertainty and show wide confidence intervals (Doherty, 2005).
The eigenvector matrix represents the eigenvectors of the covariance matrix. Simply, the
eigenvectors represent the directions of the greatest variance in the data (Figure 3-10). The
eigenvalues represent the magnitude of the eigenvectors, with the highest eigenvalue
corresponding to the direction of greatest variance, and maximum insensitivity. The ratio of the
eigenvalues provides important information about parameter sensitivity. If the ratio of an
eigenvalue to the smallest eigenvalue is very large, then this indicates relative insensitivity of a
parameter, or a group of correlated parameters, contributing to the corresponding eigenvector.
In general, if the ratio of the largest to the smallest eigenvalue is above 108, it is likely that
parameter insensitivity or correlation are causing difficulties for PEST to calculate a solution
(Doherty, 2005).
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Figure 3-10 Representation of the eigenvectors for a dataset with three parameters,
v is the eigenvector and λ is the eigenvalue (Wiegell et al., 2000).

The correlation coefficients and the ratios of the eigenvalues are used to identify highly
correlated or insensitive parameters that are potentially degrading the parameter estimation.
Method for running PEST with MODFLOW
PEST can be run with MODFLOW independent of any other software programme, directly
through the DOS box. However, the creation of the PEST input files is extremely timeconsuming for large, complex models. Therefore, it was decided to update existing Matlab
scripts, which were created to PEST-calibrate MODFLOW-2000 using with head observations.
The scripts were updated to run MODFLOW-2005, and drain, river and GHB observations
were added. Flow observations are essential to determine a unique set of parameters when
calibrating a groundwater flow model (Hill, 1998). For this study, flow observations
representing the total abstraction from the AWD were the primary calibration target.
Matlab is a matrix-based programming language used to develop and run algorithms
(MathWorks, 2007). Matlab was used to write the PEST input files, the MODFLOW input files,
and acts as an interface between the two programmes. A schematic representation of the programme interaction is provided in Figure 3-11. The programming of the Matlab scripts was
undertaken by colleagues in Waternet and the engineering firm Artesia.
The benefit of this method is that calibration parameters can be selected by making small changes to the controlling Matlab m-file, and the PEST input files are automatically updated. The
disadvantage is that the inclusion of Matlab in the workflow prevents the utilisation of parallel
PEST. Parallel PEST could significantly speed up the parameter estimation process.
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Figure 3-11 Matlab and PEST interactions to calibrate MODFLOW-2005.

Observations and weighting
Observations included in the PEST calibration were heads in the phreatic aquifer, infiltration
volumes per infiltration area, drain abstraction per drain, abstraction from the Oosterkanaal and
Boogkanaal, and the sum of abstraction from the remaining canals. Heads from the deep aquifer
were not included in the calibration as no parameters in the deep aquifer were optimised.
As shown in Equation 3-7, the greater the weight applied to an observation, the greater the
contribution of the observation to the objective function. Weighting observations serves two
purposes: weights reflect the relative measurement error of observations, reducing the influence
of uncertain observations (Hill and Tiedman, 2007), and; weights can equalise observations of
different types, which may have vastly different magnitudes (Doherty, 2005). In the AWD,
head observations are measured in centimetres, and the sum of all the head observations is
several hundred metres. The flow observations are measured in m3/day, with the sum of the
observations equalling millions of m3/day. Without suitable weightings, the head observations
will not contribute to the calibration performance.
In addition, weighting can reduce the impact of observation clusters on the model. In the AWD,
there are few wells with data loggers, which have hourly observations, compared to many wells
which are measured manually on a two-monthly basis. Increasing the weights of sparsely
sampled wells or areas improves the calibration ability of the model. Weights applied to the
phreatic aquifer head observations were based on the standard deviation of the piezometer
measurements, which is 20 cm. The weight was then applied as the inverse of the error or a
weight of 5 to each individual observation. A weight of 0.5 was applied to individual logger
measurements to avoid the domination of the logger data over the objective function.
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Weights were not applied to individual flow observations but as an overall group weight to each
observation type. The group weights were applied in order that each observation type
contributed approximately the same amount to the objective function as the head observations.
A zero weighting was applied to observations where measurements were too unreliable to be
used as calibration targets, for example, flows in UB11 and UB12, and the infiltration volume
in Area 5 (refer to Appendix G.1.2).
A zero weighting was also applied when the observations could not be utilised by the model.
For example, the infiltration volumes in Areas 2 and 3 during the intake reduction, when no
infiltration ponds were active, or the heads in piezometers affected by perched water table
conditions (refer to § 5.1.2).
Prior information
Prior information is used in PEST calibration when information is known about calibration
parameters independent from the current experiment. Including this information improves the
calibration performance and can enhance stability if parameters are highly correlated (Doherty,
2005). In the AWD, a lot of information is available on the approximate value of the hydraulic
parameters and pond, drain and canal conductances, gained through field tests and previous
modelling exercises. Including this information in PEST through prior information can prevent
PEST seeking unphysical values for parameters. Appendix H discusses the impact of providing
PEST too much freedom in selecting parameter values.
Employing prior information in this way acts as a ‘penalty function’ for the optimisation process
(Doherty, 2005). The penalty is the square of the weighted residual between the optimised
parameter, and the prior information equation. PEST, therefore, must seek to minimise the
objective function based on the weighted residuals of all the observation groups, and the
weighted residuals of all prior information items.
Prior information was introduced as a very simple equation that penalises the model for varying
too far from the initial parameter values. The weighting of the prior information was applied so
that the contribution of the prior information to the objective function was below 5 %. The
weighting value was determined through trial and error to ensure an appropriate penalty that
allowed PEST enough freedom to optimise the system without seeking unphysical parameter
values.
Calibration parameter zones
The zones for parameter calibration (Figure 3-12) are equivalent to the zones used in the
previous calibration exercise, with two additional zones incorporated. A new hydraulic conductivity zone representing a high conductance layer of sand with coarse shell fragments was
included to improve the conceptualisation of the infiltration area and improve the calibrated fit
to the canal abstraction measurements. The specific yield of the infiltration ponds was also
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included as a calibration parameter for the first time. Refer also to Appendix F.3 for further
discussion of the pond specific yield.

Figure 3-12 Zones for hydraulic conductivity (left) and specific yield (right)
calibration parameters in the first model layer.

Calibration schedule
The calibration schedule was designed to optimise as many parameters in the least time
possible. Calibration focussed on infiltration Areas 1, 2 and 3, which contribute the most to the
water budget of the AWD, and which have a far greater number of observation measurements
than Areas 4 and 5. The sensitivity and manual calibration results demonstrated that the
infiltration and drain abstraction from each infiltration area were independent of the other areas
(refer to Section 5.3). Based on this information, it was determined that the pond and drain
conductance parameters could be optimised independently, using smaller telescopic models.
A telescopic model of Area 1 (TSMa1), and a second telescopic model of Areas 1, 2, 3
(TSMa123) were constructed. It was not possible to construct individual models of Areas 2 and
3 as not all model layers exist in these areas. When using TSMa123 to optimise Areas 2 and 3
individually, only observations from the specific area were used as calibration targets. Using
the telescopic models reduced the runtime for a single model call from 14 minutes to between
2.5 to 4 minutes, allowing many more optimisation iterations to be run than would otherwise
have been possible.
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Optimised resistance parameters were then fixed in the calibration runs using the larger model
of the whole AWD, with calibration focussed on parameters affecting all areas, such a hydraulic
conductivity and storages. During these runs, the resistances of ponds in Areas 4 and 5 were
also optimised. An iterative process was undertaken feeding the new optimised values back into
TSMa1 and TSMa123 to calculate better estimates of the resistances. A schematic
representation of the calibration schedule is provided in Figure 3-13. The final PEST iteration,
which is not shown in Figure 3-13, optimised all parameters.

Figure 3-13 Calibration schedule showing feedback between TSMa1, TSMa123
and the telescopic model of all infiltration areas.

It should be noted that the PEST calibration optimised the resistances of the drains and
infiltration ponds whereas the manual calibration varied the conductance of these features. This
discrepancy is due to the different modelling tools that were used for each process.
MODFLOW-2005 uses conductance parameters, so varying the MODFLOW input files for the
manual calibration varied conductance. The Matlab files used in the PEST calibration were
scripted to optimise resistance, because resistance is the parameter calculated in field studies in
the AWD, and commonly used in the literature. The resistance is multiplied by either the area
of the pond or length of drain contained in each model cell to calculate conductance when the
MODFLOW-2005 input files are written by Matlab.

3.5. Scenario design
All scenario analysis was undertaken using the telescopic model of the infiltration areas
incorporating the final parameter values from the PEST calibration. The model was run with
stress periods of 2 days. A summary of the three scenarios is provided in Table 3-2.
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Table 3-2 Summary of scenarios.

Scenario
1
2
3

Year
simulated
2016
2016
2009

Weather
conditions
Normal
Normal
Dry

Pumping
No
Yes
Yes

Simulation time
(days)
60 – 150
150
150

Time step
(days)
2
2
2

3.5.1. Boundary conditions

There were no updates to the regional model, other implementing the new levels for the ponds,
drains and canals. The regional model was re-run to produce boundary heads for the telescopic
model over the 120-day simulation period.
Decisions had to be made regarding the levels on the ponds, drains and canals during the
scenario. These decisions have a large impact on the amount of water that can be extracted from
the shallow aquifer, and therefore the calculation of the length of time that the AWD can
withstand an intake stoppage. For simplicity, it was assumed that all ponds were dry from the
first day of the intake stoppage. Under real conditions, the draining of all ponds can be expected
to take several days, as was seen in infiltration Areas 2 and 3 during the October 2016 intake
reduction. The average infiltration rate could have been used to calculate the likely decline in
water levels in each pond until the gauge level was reached, and this would have improved the
calculation. However, this preferred methodology would have been more complex to
implement in the model. Neglecting the decline in water levels in the ponds can be considered
to make the estimate more conservative.
The levels applied to the drains is a management decision that affects the abstraction of water
from Areas 1, 2 and 3. As the purpose of scenario 1 (Table 3-2) is to calculate the maximum
amount of water that can be abstracted from the AWD without pumping, the drains were
assumed to increase from the average operating level to maximum capacity by setting the levels
of the weirs of the drains to the operational minimum at the end of the simulation period.
The levels of the abstraction and storage canals were assumed to decline linearly from the
average operating level to the adjusted minimum level. The adjusted minimum level is a more
realistic operating level than the operational minimum, that considers the required difference in
height between canals to overcome the resistance of the culverts. The head difference required
for each culvert was estimated by Frank Smits based on the formulae in the Cultuurtechnisch
Vademecum (1988) for two round-inlet, straight, parallel concrete culverts of 1,400 mm and
1,200 mm in diameter and 50 m in length. Depending on the flow in the canal, a head difference
between 0.05 and 0.10 m was required. A conservative estimate of 0.10 m was applied in the
modelling. The operational and adjusted minimum canal levels are provided in Appendix E.
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3.5.2. Modelling the canal storage

The specific yield of the canal river cells was set to 1.00 in the calibration model to represent
the volume available as surface water, with adjustments made to account for the percentage of
each model cell representing a surface water feature. Under normal operating conditions, this
assumption is reasonable. However, when the canal levels are reduced, an adjustment must be
made to reflect that the cross-sectional area decreases with the water level. The adjustment to
the storage parameter was based on the average cross-section of the storage canals. The crosssections were taken from the technical drawings of Schuurmans (1988). An example for the
Nieuwkanaal is provided in Appendix E. The average storage parameter was calculated as 0.81
for the first half of the canal decline (normal operating level to mid-point) and 0.46 for the
second half of the canal decline (mid-point to minimum water level). To implement the variable
storage, each scenario was modelled using two separate models. The heads from the last time
step of the first model were imported as the initial heads of the second model. Initially, dry cells
prevented the model from converging. The dry cells were caused by the levels in the canals
dropping below the modelled bottom of the river cells. The bottom elevation of the river cells
was reduced in the model to prevent this issue.
3.5.3. Pumping scenarios

Pumping from the deep wells results in a small volume of water extracted from the storage of
the deep aquifer, and a much larger volume drawn from the lateral boundaries of the telescopic
model, as well as increased leakage from the shallow aquifer. To accurately simulate the lateral
flow, the regional model was re-run with pumping at full capacity to provide new boundary
conditions for the telescopic model in Scenarios 2 and 3 (Table 3-2).
3.5.4. Climate conditions

Scenario 3 demonstrates the different response of the system to an intake stoppage during wet
and dry periods. In 2016, the period leading up to the intake reduction had higher than average
precipitation, so the starting situation was a high groundwater table in the AWD. During the
intake reduction, there were three large precipitation events which largely prevented a decline
in the shallow storage during the period (refer to Chapter 4). Scenario 3 reproduces Scenario 1
but considers a dry historical period, August to October 2009. Only the last ten years of data
were considered when selecting a historical dry period because measures to increase the water
levels in the dunes were implemented between 1995 and 2007 which would affect the initial
heads. Selecting a year before 2007 would not provide a realistic comparison to the base
scenario if head observations were used as initial heads. The calibrated model could be used to
calculate starting heads for a very dry historical scenario, such as 1976, in a future modelling
exercise.
Both the telescopic model boundaries and the recharge package were updated to reflect a
drought period. Far fewer head observations were available for 2009 compared to 2016. To
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simulate a realistic starting position of the groundwater table, observations from the August
2009 monitoring campaign were applied to the start of the simulation, 8 July 2016. The model
was then run for four stress periods with a time step of five days, with all boundary conditions
constant, to calculate the starting heads for the simulation. The starting heads are described in
detail in Chapter 6. The same assumptions regarding the levels in the ponds, drains and canals
were applied as in the 2016 scenario.
3.5.5. Analysis of ecological impacts

This study does not include an ecohydrological assessment of the impact of intake stoppages
on dune slack species. The modelled intake stoppage is too short to make a proper assessment
of the impact on vegetation, and the period of recovery, which also plays an extremely important role, is not modelled (Salem et al., 2017). The extent to which an intake reduction affects
the dune slacks depends on their location relative to the infiltration areas. The most sensitive
communities are those within or close to the artificial infiltration ponds because in this zone the
groundwater table mounds, and is closest to the surface, and because the drop in the
groundwater table will be most rapid following an intake stoppage (Salem et al., 2017).
The modelled location of dune slack species in the AWD in 2013 is shown in Appendix E.
These sensitive communities are found in infiltration Areas 4 and 5, and to a lesser extent, Area
1. A simplified assessment of the vulnerability of the dune slacks to the modelled stoppages
considers changes in the wetness zones supporting different communities, as described in
Geelen et al. (2016). Changes to the wet zone (depth to groundwater < 0.5 m) the moist zone
(depth to groundwater between 0.5 and 1.0 m), and the dry zone (depth to groundwater between
1.0 and 2.0 m) are considered to result in vulnerability to the dune slack communities. Changes
to the water table in the very dry zones (depth to groundwater > 2.0 m) are not considered
because dune slack species are not supported in these zones. A persistent drop in the
groundwater table in these zones would impact other vegetation species in the AWD, but this
is not considered important for the short period of the intake stoppage simulation.
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CHAPTER 4

Water balance results
Figure 4-1 shows the precipitation recharge input to the water balance, calculated using the
Onzat model. The graph shows dampening and delay between precipitation events and aquifer
recharge due to evapotranspiration from the soil storage and transport through the unsaturated
zone. The initial 32 days of the study period shows negative recharge, which means that
evapotranspiration depleted the soil moisture store during this period.
30

25

mm/day

20

15

10

5

0

-5
1/09/2016

15/09/2016

Precipitation

29/09/2016

13/10/2016

Potential evapotranspiration

27/10/2016

10/11/2016

Average recharge

Figure 4-1 Calculated net precipitation recharge to the phreatic groundwater table from 2 September to
13 November 2016, calculated using the Onzat model for average parameters (see § 3.1.2)

The results of the water balance calculation are shown in Figure 4-2. The greatest contribution
to inflow to the shallow aquifer is from artificial recharge, at an average of 12.1 mm/day. The
increase in infiltration immediately prior to the intake reduction was a management measure to
fill the shallow storage to provide additional supply during the reduction. On average,
precipitation recharge contributes 1.6 mm/day but varies considerably across the study period.
Evapotranspiration from the soil store depletes the shallow aquifer during the first month of the
study period, and large precipitation events significantly contribute to the shallow storage
during the second half of the study period.
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The largest contribution to output from the shallow aquifer is direct groundwater flow to the
abstraction canals, at 10.5 mm/day. Direct flow accounts for approximately 70 % of the
groundwater abstracted from the shallow aquifer, with the remainder flowing first to the drain
system, then discharging to the abstraction canals. Leakage from the shallow to the deep aquifer
is assumed to be constant, at 1.6 mm/day.
Selecting the watershed boundary as the boundary for the water balance overestimates the
contribution of recharge following large precipitation events. Precipitation occurs across the
entire 3200 ha of the watershed, whereas infiltration and abstraction from the dunes occur
predominantly within the infiltration areas, an area of around 1300 ha. The change in storage
within the infiltration areas is, therefore, greater than indicated by the water balance, and the
change in storage in the surrounding areas is less than indicated by the water balance.
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Figure 4-2 Daily water balance for the phreatic aquifer, from 2 September to 13 November 2016.

Figure 4-3 shows the daily and cumulative change in storage for the phreatic aquifer. The
cumulative change in storage clearly demonstrates the impact of the precipitation events during
October, which largely prevented a decline in storage despite the reduction in infiltration water.
Between 2 September 2016 and 13 November 2016, the cumulative decline in storage estimated
through the water balance method was 2.2 million m3. During the period of the intake reduction
between 3 and 29 October, the decline in storage is estimated at 192,000 m3.
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Figure 4-3 Daily and cumulative change in storage in the phreatic aquifer,
from 2 September to 13 November 2016, in cubic metres.

The change in storage for the shallow aquifer was calculated from the isohypse maps to provide
a comparison and check for the water balance calculation. Isohypse maps for the beginning and
end of the study period are shown in Figure 4-4. The maps show that the groundwater table is
highest beneath the WRK intake point, and infiltration Areas 1, 4, and 5, at around NAP 7 m.
The groundwater table is lowest in the western and eastern boundaries near the Westerkanaal
and the Noordoosterkanaal (refer to Figure 2-4). Groundwater levels are below NAP near the
Oosterkanaal in the south-east boundary of the watershed, and the Boogkanaal in the north.
Both these canals have a normal operating level below NAP, and extracted water is returned to
the system via pumping. Declines in the phreatic water table resulting from the intake reduction
are not obvious in Figure 4-4.
Figure 4-5 shows that the greatest reduction in the water table occurred in the infiltration Areas
1, 2, and 3, with declines up to one metre in some regions. This is consistent with expectations
as the river inflow to Areas 2 and 3 was stopped completely, and inflow to Area 1 halved during
the intake reduction. Infiltration pond levels in Areas 4 and 5 were kept mostly constant, to
protect the ecological wet zones. Outside of the infiltration areas, there are only small changes
in the water table, between 10 and 30 cm. The decline in canal levels during the intake reduction
is responsible for the change in the water table, rather than any change to the river inflow.
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Figure 4-4 Height of the phreatic groundwater table, on 2 September 2016 (top),
and 13 November 2016 (bottom).
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Figure 4-5 Difference in the height of the phreatic groundwater table between 2 September 2016 and 13
November 2016. A positive value means a lowering of the water table.

The difference between the height of the phreatic groundwater table on 2 September 2016 and
13 November 2016 was calculated for the water balance area using the software programme
Surfer. The change in storage was estimated to be 2.49 million m3 based on the isohypse maps,
which is consistent with (13 % larger) than the cumulative change in storage calculated using
the water balance method. The magnitudes of flows calculated for the water balance are
therefore considered to be plausible.
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CHAPTER 5

Model calibration results
Chapter 5 discusses the results of the telescopic model calibration and validation. Initially, the
telescopic model of the infiltration areas is presented, and its performance is assessed against
the October 2016 intake reduction. The model performance was insufficient to undertake
scenario analysis. Subsequently, the steps undertaken to improve the model performance are
discussed, including changes to the conceptual model and automatic parameter estimation. The
primary purpose of the model calibration was to ensure the model accurately represents the
volumes that can be extracted from the AWD during an intake stoppage. Calibration of the
model for the phreatic aquifer (model layers 1 to 3) considered the spatial distribution of
hydraulic conductivity, storage parameters and the resistances of the infiltration ponds and
drains. The optimum parameter values were determined by comparing modelled and observed
groundwater levels, and modelled and measured abstraction from the shallow aquifer. Finally,
the calibrated model is validated using data from a separate historical period.

5.1. Pre-calibration model results
Data gathered during the October 2016 intake reduction was used to test the validity of the
telescopic model. Validation refers to the processes of demonstrating that the model can make
accurate predictions for periods outside the historical calibration period. The ability of the
model to accurately predict the shallow water budget was the most important factor for this
research. Therefore, the validation focussed on the performance of the model within the five
infiltration areas. Overall the model adequately calculates the sum of the water balance across
the simulation period. However, the model poorly represents the behaviour of the AWD during
the October 2016 intake reduction, with high residuals calculated for each component of the
water budget during this period. It was concluded that the model was not suitable for use in
scenario analysis without further calibration.
5.1.1. Overall results

Figure 5-1 summarises the average error in the water budget and the modelled heads throughout
the simulation period. The total artificial infiltration is suitably represented in the model, with
an average error of -9 % across all time steps. However, infiltration during the intake reduction
is significantly underestimated, up to 50 % per stress period (Figure 5-2). Drain abstraction is
overestimated by an average of 23 % across the simulation, with the average error increasing
to 31 % during the intake reduction (Figure 5-3). Abstraction from the canals is underestimated
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outside of the intake reduction period, balanced by a small overestimation during the intake
reduction (Figure 5-4).
The net discrepancy in the flow budget is -19,000 m3/day, which is the sum of the underestimated infiltration volume (-11,000 m3/day) and the overestimated total abstraction from the
AWD (8,000 m3/day). On average, this is 11 % of the daily flow budget. As Figure 5-1 shows,
this results in underestimated heads in the phreatic aquifer, and an underestimate of the volume
in the shallow storage. Most residuals outside of the artificial infiltration area are negative. The
positive residuals in infiltration Areas 1, 2 and 3 are discussed further in the spatial analysis of
the modelling error below.

Figure 5-1 Summary of the pre-calibration model head and flow residuals for the phreatic aquifer,
average across all stress periods.
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Figure 5-2 Temporal variation in error for total artificial infiltration volume,
intake reduction period shown with red bars.
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Figure 5-3 Temporal variation in error for total drain abstraction, intake reduction period shown with red bars.
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Figure 5-4 Temporal variation in error for total canal abstraction, intake reduction period shown with red bars.
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5.1.2. Infiltration Area 1

Figure 5-5 shows the average residuals for heads and components of the flow budget for
infiltration Area 1. No error residual for canal abstraction is available for this area alone as
canal abstraction measurements are only available as the sum of total abstraction. There is a
significant error in the modelled values for both infiltration and drain abstraction. The net water
budget for the phreatic aquifer is negative compared to the measured values, and negative head
residuals are expected. However, no pattern in the head residuals is immediately apparent in
Figure 5-5, with residuals both over- and underestimated.
On average, the infiltration volume is underestimated by 22 %. Ponds G11, G13 and G17
located in Area 1 were cleaned in 2015. The conductance of these ponds may be underestimated
in the model, resulting in an underestimate in the infiltration volume. However, infiltration
during the intake reduction period is significantly underestimated, by up to 50 % in some stress
periods. This indicates that the conceptual model of the intake reduction in Area 1 needs to be
improved.

Figure 5-5 Summary of the pre-calibration model head and flow residuals for the
phreatic aquifer in Area 1, average across all stress periods.

Drain abstraction is overestimated across the entire simulation, with a small increase in the error
during the intake reduction period. The consistent overestimation of drain abstraction suggests
that the modelled conductances of the drains are too high. Most drains in Area 1, UB03, UB04,
UB05 and UB06, have not been cleaned recently. These drains have a high resistance compared
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to the average drain resistance, due to clogging with iron precipitates. However, a constant
resistance was applied to each drain in the model because more accurate estimated of drain
resistance are not available.
Figure 5-6 shows the modelled and measured heads in four observation wells with data loggers.
P067.1 and P068.1, which also contain loggers, are not shown as the values are very similar to
P069.1. Other than P062.1, which has a good model fit, the logger data shows that heads in the
phreatic aquifer are underestimated, as expected from the water budget discrepancy.
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Figure 5-6 Modelled (red) and measured (blue) heads in selected loggers in infiltration Area 1,
showing a general underestimation of the phreatic aquifer water table.

There are many observation wells with positive (overestimated) average residuals in Area 1.
These wells are in two groups: D-wells, and P-wells located near to the boundary with
infiltration Area 4. D-wells are installed next to the drains to monitor the drainage performance.
Most D-wells are manually measured, and there is only a single measurement during the
simulation period, taken during the intake reduction. The D-wells predominantly show high
head residuals.
In general, the model spatial resolution is too coarse to accurately simulate heads in the D-wells.
Within the infiltration areas, the grid spacing is 20 by 20 m. As MODFLOW always places a
drain at the centre of a model cell, but calculates the heads at the actual location of the D-well,
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there can be a discrepancy between the actual and modelled distance between the drain and the
D-well (Figure 5-7a and Figure 5-7b). The effect of this discrepancy is that heads in the D-wells
will always be overestimated if the actual position of the drain is near the edge of the model
cell (Figure 5-7c). However, not all D-wells are affected to the same extent, and some wells can
be modelled accurately. Figure 5-7 shows that the heads in D020.1 and D026.1 are
underestimated by the modelling, due to the deficit in the water budget of Area 1. While most
D-wells are overestimated, wells measuring drains situated close to the centre of the model cell
will have a smaller discrepancy and can be simulated more accurately.

Figure 5-7 Effect of a coarse grid on modelled heads in the D-wells: a) actual location of D-well next to a drain;
b) modelled location of the drain in the centre of the model cell; c) overestimated head in the D-well.

The P-wells with residuals greater than 1.0 m are in model layer 3 at the border of Area 1 and
Area 4 (refer also to § 5.1.4, Figure 5-11Figure 5-23). All wells are within 200 m of one another.
These wells are located below the peat layer, which is not continuous in the region of the
infiltration ponds. The high residuals suggest the water table is perched above the peat in this
area. While MODFLOW can simulate perched water table conditions, this function has not
been utilised in this model. Therefore, the model does not accurately simulate perched
conditions, and overestimates the level of the water table in layer 3 in this area (Figure 5-8).
These wells were excluded from calibration.
Modelled
water level

Measured
water level

Figure 5-8 Effect of perched water table conditions on head residuals in the P-wells in model layer 3.
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5.1.3. Infiltration Areas 2 and 3

Figure 5-9 shows the average residuals for heads and components of the flow budget for
infiltration Areas 2 and 3. Infiltration in Area 2 is underestimated outside of the intake reduction
period. During the intake reduction period, there are no error values calculated as there was no
inflow to Area 2, and therefore no infiltration measurements. Infiltration in the period directly
following the intake recovery is significantly overestimated as there is modelled infiltration
while there was no measured inflow to the area. This indicates an issue with the conceptual
model of the intake reduction in Area 2.
On average across the simulation period there is minimal error in drain abstraction in Area 2.
However, there is a large temporal variation in error. Outside of the intake reduction drain
abstraction is underestimated, as is infiltration volume. Conversely, during the intake reduction
drain abstraction is significantly overestimated, corresponding to the overestimated infiltration
volume during this period. Improving the conceptual model of the intake reduction should
improve the model fit for both infiltration and drain abstraction in Area 2.
All head residuals are overestimated in Area 2. There are no wells with data loggers to analyse
the temporal variation in the water table; all observations are single measurements taken
manually during the intake reduction. During the reduction period, there is a positive water
budget discrepancy, as the overestimation error in infiltration volume is greater in volume than
the overestimation error in drain abstraction. This may account for the positive head residuals
in the P-wells during this period. The overestimation in the D-wells is due to the coarse model
resolution, as described in Section 5.1.2.
Infiltration is significantly overestimated in Area 3. Most of the error occurs during the intake
reduction. As explained for Area 2, infiltration during the intake reduction also indicates a
problem with the conceptual model in Area 3. Outside of the intake reduction, infiltration is
slightly overestimated. The ponds in Area 3 were most recently cleaned between 1992 and
1994. The modelled conductance rates are based on stoppage tests undertaken in early 2012.
Clogging in the period since the tests were undertaken may be responsible for the overestimation of conductance and infiltration volume in Area 3. Further, the purpose of the
stoppage tests is to estimate the average infiltration rates from the ponds. Therefore, the ponds
are not allowed to run dry during the test. This means the calculated infiltration rate is likely to
be overestimated when the pond water level is very low, such as during an intake stoppage.
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Figure 5-9 Summary of the pre-calibration model head and flow residuals for the phreatic aquifer
in infiltration Areas 2 and 3, average across all stress periods.

On average drain abstraction is underestimated in Area 3, with a small overestimation during
the intake reduction period. Consistent underestimation of drain abstraction suggests the modelled conductance is too low. The head residuals in Area 3 are predominantly overestimated,
which matches the expectation from the positive discrepancy in the flow budget (Figure 5-10).
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Figure 5-10 Modelled (red) and measured (blue) heads in loggers in infiltration Area 3.
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5.1.4. Infiltration Areas 4 and 5

The average residuals for heads and infiltration for infiltration Areas 4 and 5 are shown in
Figure 5-11. There are no drains in Areas 4 and 5, and only a few observation wells. Therefore,
it is difficult to assess the accuracy of the model in these areas. The infiltration volume is
adequately modelled in Area 4, however, there are very significant positive and negative
residuals in Area 5. As discussed in Section 5.1.2, the P-wells with residuals greater than 1.0 m
at the border with Area 1 are associated with localised perched water table conditions and are
not considered in the model calibration.

Figure 5-11 Summary of the pre-calibration model head and flow residuals for the phreatic aquifer in
infiltration Areas 4 and 5, average across all stress periods.

5.1.4 Model performance outside the infiltration areas
Time series charts of loggers in the phreatic aquifer (model layer 1), plotted against the recharge
boundary condition, are provided in Figure 5-12 to Figure 5-13. Loggers were selected to
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provide time series of modelled and measured heads and to check the accuracy of the modelled
boundary conditions.

Figure 5-12 Logger 24H717.10 measured and modelled heads, and recharge applied to the model cell.

Figure 5-13 Logger 24H452.6 measured and modelled heads, and recharge applied to the model cell.

Figure 5-14 Logger 10J009.1 measured and modelled heads, and recharge applied to the model cell.
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Figure 5-12 to 5-15 show a good fit between the modelled and measured heads, with residuals
around 10 cm or less at each time step. The measure heads demonstrate the spatial variability
in recharge modelled by the Onzat package. Wells located where the depth to the water table is
very shallow are highly responsive to both precipitation and evapotranspiration (Figure 5-12).
In contrast, wells located where the depth to water table is tens of metres have a more constant,
small recharge (Figure 5-14). The modelled heads respond more slowly to the boundary
conditions, and with a lower amplitude than the measured heads. This may indicate that the
specific yield in model layer 1 is too high. The application of the Onzat results to the recharge
boundary condition may also be responsible for the model delay, either because the gauge
precipitation is applied to the wrong date in the input file, or the depth to the water table is
overestimated within the package.
5.1.5 Potential sensitivity and calibration parameters
Table 5-1 summarises the spatial variation in model area and identifies potential model changes
to improve the representation of the intake reduction period. Parameter changes will be further
discussed in the sensitivity analysis, in Section 5.2.
Table 5-1 Summary of model errors and recommendations for parameters for sensitivity analysis and model
calibration.

Area

Infiltration

Drains

Canals

Heads

1

too low

too high

-

too
low

2

too low

too high

-

3

too high

too low

-

4

good

-

-

5

too low/
too high

-

-

good

AWD

too low

too high

too low

too
low

too
high
too
high
too
high

Model improvements
▲ Infiltration pond conductance
▼ Infiltration pond specific yield
▼ Drain conductance
Improve conceptual model
▲ Infiltration pond conductance
Improve conceptual model
Remove perched wells
▲▼ Infiltration pond conductance
▲▼ Canal conductance
▲ Canal conductance
▲ Hydraulic conductivity
▲ Specific yield

5.2. Sensitivity analysis
Table 5-2 provides an indication of the sensitivity of the modelled heads to a 10 % increase in
each parameter identified in Table 5-1. The error in modelled heads is calculated as the RMSE
of all head observations and is also shown as a percent change in RMSE compared to the base
model. The modelled heads were insensitive to changes in the sensitivity parameters over the
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range tested. The infiltration pond specific yield had a small impact on the head values in the
D-wells during the intake reduction.
Table 5-2 Impact of parameter changes on modelled heads.

Sensitivity scenario
Base model
Drain conductance + 10 %
Canal conductance + 10 %
Infiltration pond conductance + 10 %
= 0.25
Infiltration pond specific yield
= 0.4
= 0.8
Layer 1 specific yield + 10 %
Layer 1 hydraulic conductivity + 10 %

RMSE (m)
1.08
1.08
1.08
1.08
1.04
1.04
1.05
1.07
1.08

Per cent change
-0.3
0.0
0.0
-3.5
-3.8
-3.1
-0.8
0.3

The sensitivity of the infiltration, drain abstraction and canal abstraction to a 10 % increase in
each parameter was calculated by comparing the flow budget with the base (pre-calibration)
model. Table 5-3 shows the average change in flow budget across all stress periods, and the
maximum change in flow budget experienced in an individual stress period in response to a
10% increase in a parameter. This average approach was appropriate because the sensitivities
of the components of the flow budget are linear over the range of parameter values tested
(Appendix F, Figures F-1 to F-6). The only exception to the linearity assumption is the change
in the infiltration volume in response to a change in the canal conductance, which is non-linear
over the parameter range tested (Figure F-6). The table indicates that for some parameters, while
the average sensitivity was low, the sensitivity during the intake reduction was high. This result
is explained in detail in Appendix F.
Table 5-3 Summary of parameter sensitivities calculated for modelled flows.

Percent change in response to a 10 % increase in parameter
Infiltration
Drain abstraction
Canal abstraction
Average Maximum Average Maximum
Average Maximum
change
change
change
change
change
change
Drain
conductance
Canal
conductance
Infiltration pond
conductance
Infiltration pond
specific yield
Layer 1 specific
yield
Layer 1 hydraulic
conductivity

0.9

2.3

1.7

2.5

0.0

0.1

0.1

0.2

0.0

0.0

0.3

1.1

0.2

7.9

0.8

1.2

0.3

1.1

0.1

4.3

0.0

0.7

0.0

0.2

0.3

1.0

0.3

1.4

1.0

3.8

3.0

7.1

1.6

2.3

2.2

3.8
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When the effects of each parameter are considered in isolation, the model is most sensitive to
changes in the hydraulic conductivity of the first model layer. Additional explanations, and
charts of the sensitivity of the model to each of the parameters, are provided in Appendix F.

5.3. Manual calibration
Calibration of the model was undertaken in two steps. Firstly, the sensitivity analysis and
manual calibration of the model identified suitable calibration parameters and approximate
starting values to speed-up the automatic calibration process. The most important outcomes of
the manual calibration were the identification of input data errors and improvements to the
conceptual model of the intake stoppage. Following manual calibration, PEST was used to
optimise the parameters in the shallow aquifer, using an updated model including all model
improvements identified during the manual calibration.
Three calibration iterations were undertaken, focussing on the most sensitive parameters
identified in the sensitivity analysis. The main results of the manual calibration are summarised
below, and a full description of the results are provided in Appendix H. Improvements made to
the model based on the calibration results are listed below, and described in Appendix H:
• Removing the faulty drain flow data for UB11 and UB12.
• Correcting errors in the implementation of pumping well data and the calculation of
canal abstraction via the water balance method.
• Removing the Area 2 and 3 transport canals from the simulation during the intake
reduction period when inflow across the weirs ceased.
• Changing the conductance of ponds 26 and 30 during the intake reduction to account
for the resistance of the base sludge layer.
• Implementing a new hydraulic conductivity zone corresponding to the high conductivity
shell sand layer located between the infiltration area and the Westerkanaal.
• Implementing a new method to calculate the water level in each drain.
Figure 5-15 to 5-20 show the calibrated fit of the final model for each component of the flow
budget. Figure 5-15 shows that a good model fit was achieved for infiltration volume in infiltration areas 2, 3 and 4 during the intake reduction period, which is the primary calibration
target period. However, a poor fit was achieved in infiltration Area 1, which has the largest
infiltration volume and therefore the largest contribution to the error in the overall infiltration
volume. Improvement in the modelled fit can be expected from automatic parameter estimation
of the conductance of the Area 1 ponds and the specific yield of the pond GHB boundaries
using PEST software.
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Figure 5-15 Manually calibrated fit for total infiltrated volume and infiltration per area, final model. Modelled
values (red) compared to average measurement per stress period (green).

There is also a poor model fit in infiltration Area 5 during the intake reduction. The infiltration
measurements in Area 5 have the highest uncertainty because Area 5 river inflow is calculated
through a water balance method and not via direct weir measurements, and, undocumented
transfers of water from the Area 5 infiltration ponds to the other infiltration areas occurred
during the intake reduction period. Due to the high uncertainty in the estimates of infiltration,
no attempt was made to improve the model fit in Area 5. A full explanation is provided in
Appendix H.
Figure 5-16 shows the calibrated fit for total drain abstraction and abstraction in Areas 1, 2 and
3, which are the only infiltration areas with drains. A good model fit was achieved in Areas 2
and 3. However, in Area 1 the model overestimates drain abstraction. As Area 1 has the greatest
number of drains, it dominates the error in total drain abstraction. The poor fit in abstraction
from Area 1 drains in the final model is due to the implementation of a new methodology to
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calculate the water level in the drains (see Appendix H.4.2). The new methodology was applied
immediately prior to the final model run, and further calibration of the drain conductance
parameters was not undertaken to improve the fit in Area 1. Significant improvement in the
modelled water budget can be expected from automatic parameter estimation of individual drain
conductances using PEST software.
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Figure 5-16 Manually calibrated fit for total drain abstraction and abstraction per area, final model. Modelled
values (red) compared to average measurement per stress period (blue).

Figure 5-17 shows the calibrated fit for total canal abstraction in the final model. While the
overall model fit and the fit during the intake reduction are only average, the final model represents a significant improvement compared to the pre-calibration model fit. There is a high data
uncertainty associated with the canal abstraction measurements, which are based on a water
balance methodology. Therefore, any error in the calculation of the other flow budget
components is carried through to the estimates of canal abstraction. Known issues with the
measurement weirs at drains UB11 and UB12, and the calculation of infiltration in Area 5, are
partially responsible for the poor fit between the modelled and measured canal abstraction. An
improved fit was achieved by including direct measurements of canal abstraction from the
Boogkanaal and Oosterkanaal as calibration targets in the automatic parameter estimation.
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Figure 5-17 Manually calibrated fit for total canal abstraction, final model. Modelled values (red) compared to
volume estimated from total abstraction from the Oranjekom (green).

5.4. Automatic parameter estimation using PEST
As explained in § 3.4.3, calibration was undertaken on three separate telescopic models of the
AWD, with optimised parameters iteratively incorporated into the calibration. Some PEST
iterations resulted in unacceptable parameter estimates, unacceptable model fit, or both.
Nevertheless, each step played an important role in both improving the model conceptualisation
and refining the calibration setup. This section focusses on the final parameter estimation
(calibration iteration 11). A brief overview of the parameter estimation for the individual
infiltration areas, and the intermediate estimation steps for the entire AWD is provided in
Appendix I.
Sensitivity analysis of hydraulic parameters
In § 5.2, the sensitivity of the model to changes in the hydraulic parameters in the first model
layer was tested. The model was found to be sensitive to both parameters, and changes to the
hydraulic conductivity was the most sensitive of all the parameters tested. This basic analysis
demonstrated that these parameters should be included in the automatic parameter estimation.
In the telescopic model of the AWD, hydraulic parameters are not incorporated as a single
parameter per model layer, but as several parameter zones based on geological formations.
Further sensitivity analysis using PEST was undertaken to determine which of the spatially
distributed parameters should be included in the calibration.
The sensitivity of each parameter was taken from the PEST parameter sensitivity file. In the
.sen file, PEST calculates the sensitivity with respect to each parameter of all observations, based
on the best Jacobian matrix computed during the PEST run (Doherty, 2005). Therefore, the
sensitivities calculated here are not comparable to the sensitivities calculated in § 3.4.1. The
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sensitivities calculated by PEST can be compared between parameters to identify those parameters
which may be degrading the performance of the parameter estimation process through lack of
sensitivity. Low sensitivity parameters can result in instability in the parameter estimation
process, as their eigenvectors dominate the parameter upgrade vector (Doherty, 2005). Table
5-4 shows the results of the sensitivity analysis. A description of each parameter is provided in
Table I.1 in Appendix I. The model was found to be insensitive to the vertical resistance of the
peat layer (Hve-kv), which was excluded from the calibration process.
Table 5-4 Parameter sensitivities calculated using PEST.

Parameter
Jduin
Zvrt-z
Shell_sand
Hve-kv
Sy_ponds
Sy_Jduin

Type
hydraulic conductivity
hydraulic conductivity
hydraulic conductivity
resistance
specific yield
specific yield

Heads
0.0031
0.0032
0.0019
0.0025
0.0019
0.0093

Observation groups
GHBs
Drains
0.189
0.133
0.180
0.143
0.0822
0.033
0.0008
0.0005
0.082
0.049
0.030
0.051

Canals
0.313
0.284
0.093
0.0004
0.0272
0.315

Parameters and parameter zones
Figure 5-18 is a conceptual cross-section through infiltration Area 1, showing the parameters
used in the PEST optimisation. In total 28 parameters were optimised at different stages in the
calibration process. A full list of parameters is included in Appendix I. In addition to the
hydraulic properties of the shallow aquifer, the resistance of each drain was optimised
independently (refer to Appendix H.4.1), as were the resistances of the infiltration ponds in
each infiltration area. Pond resistances were further grouped within each area based on
historical pond cleaning, and the pond management scheme. Ponds cleaned in 2015, and ponds
frequently dry as part of the normal management strategy in the AWD, were assumed to have
a lower than average resistance. It should be noted that PEST calibration varied the resistances
of the drains and ponds, whereas the manual calibration varied the conductance of these
features. This apparent discrepancy is due to the different modelling tools used for each process.
Refer to § 3.4 for further details.

Figure 5-18 Conceptual cross-section of calibration parameters in the phreatic aquifer,
model layer 1 to 3.
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Impact of the SWI2 package
The SWI2 package was not utilised in either the manual or PEST calibration runs as it
significantly increases the simulation time. Calibration iterations 8 and 9 were undertaken using
the same optimisation parameters, initial values and weightings, to test the assumption that the
SWI2 package does not impact the observations in the shallow aquifer. Table 5-5 compares the
results of the parameter estimation between iteration 8, without the SWI2 package, and iteration
9, with the package activated. The difference between the iterations is negligible for all
optimised parameters, confirming that neglecting the fresh-saltwater interface is a suitable
methodology for calibrating parameters in the phreatic aquifer.
Table 5-5 Comparison of parameter optimisation results between iteration 8 and 9.

Parameter
jduin
jduinhv
shell_sand
sy_duin
sy_duinhv
sy_ponds

Iteration 8 - without SWI2
95 % confidence limit
Estimated
lower
upper
value
limit
limit
0.519
0.416
0.622
2.904
2.487
3.321
3.530
3.304
3.755
0.565
0.471
0.659
1.184
0.893
1.474
0.679
0.561
0.796

Iteration 9 - with SWI2
95 % confidence limit
Estimated
lower
upper
value
limit
limit
0.512
0.409
0.615
2.930
2.515
3.345
3.529
3.303
3.754
0.565
0.471
0.659
1.175
0.886
1.465
0.681
0.564
0.798

Manual control over the parameter estimation process
Tables 5-6 to 5-8 show the parameter values resulting from each calibration iteration. Not all
parameters were estimated in each iteration, as not all the telescopic models included all
parameters. As highlighted in the tables, iterations 8, 9, and 10 resulted in unreasonable or
nonphysical values for some parameters. In particular, the hydraulic conductivity and specific
yield parameters did not fall within the physical ranges for the geological formations present in
the AWD. Two measures were employed to improve the estimation performance for these
parameters. Firstly, the younger dune sands (Jduin) and younger dune sands above the peat
layer (Jduin_hv) were tied and estimated as a single parameter. This improved the stability of
the parameter estimation process and decreased the variation between the estimated values and
the previous calibration values.
The second measure was to employ prior information to constrain the estimation process. Prior
information was used to ensure PEST did not stray too far from the initial hydraulic parameters,
which were based on numerous field investigations in the AWD, and the previous calibration
of the AMWADU model. Some variation in parameter values compared to the previous
calibration was expected, due to the incorporation of additional calibration targets such as the
infiltration volume and drain abstraction and additional parameter zones such as the highconductivity shell sand. However, the likely range of these parameters is known with a high
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degree of confidence, and therefore large variations such as resulted from runs 8 to 10 are more
likely to reflect a poor model conceptualisation or poor calibration setup rather than actual
values.
In general, the use of prior information to prevent unrealistic estimation of parameter values is
not recommended. It is better calibration practice to use unrealistic parameters as a source of
information to identify problems with the model or the data, which should then be resolved
before continuing calibration (Hill and Tiedeman, 2007). Unrealistic estimation of storage
parameters in the telescopic model of the AWD could be an indication of data or modelling
issues such as unrealistic measurements for canal abstraction or overlooking a sensitive
calibration parameter. Unfortunately, time did not allow for a full investigation into these issues.
Prior information was used as a second best option to identify suitable parameters to reproduce
the intake reduction. It is worth noting that Doherty (2005) views prior information as a way to
include additional data in the model that can improve stability.
Care was taken to limit the contribution of the prior information to the objective function to less
than 5 %. This ensures that prior information does not have a greater impact than the observations, allowing the model sufficient freedom in estimating parameters. Including prior
information for hydraulic parameters not only improved the estimation of these parameters but
also improved the estimation of the resistance of infiltration ponds in Areas 4 and 5.
Calibrated parameter values
The final calibration values for each parameter are shown in Tables 5-6 to 5-8. Tables 5.6 and
5.7 show the calibrated values for pond resistance, for each pond grouping in each infiltration
area. The final pond resistance values reflect the expected values based on the cleaning and
operational schedule in the AWD. Ponds 11 and 13 have the lowest calibrated resistance. These
ponds were cleaned in 2015, and are noted by the field managers to have a very high
conductance (T. de Boer, personal communication, 13 July 2017). Area 1 ponds 6, 7, 18 and 19
have an intermediate resistance, lower than the starting value but higher than 11 and 13. These
infiltration ponds are often allowed to run dry, as a measure to decrease the volume abstracted
from the dunes. When the ponds dry, the sludge at the base on the ponds, which forms the high
resistance layer, oxidises and cracks, and can be blown away by the wind. Therefore, despite
not having been recently cleaned, these ponds are expected to have a very high infiltration rate.
The calibrated values are consistent with previous measurements which found infiltration rates
up to 60 cm/day in these ponds (Beyen, 2012). The remaining ponds, which have not been
cleaned, have a final resistance value twice the starting value.
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The ponds in Area 2 have similar calibrated resistances to the Area 1 ponds. Pond 20, which is
regularly allowed to run dry in the normal management of the AWD was expected to have a
lower resistance than the remaining Area 2 ponds but has a higher value in the final optimisation
run. However, all ponds in Area 2 are run dry frequently, so the values are not considered
unreasonable. Future calibration could consider all Area 2 ponds as a single parameter, or
include individual flow targets to improve the estimation or per pond resistances.
The resistances for ponds in Areas 3, 4 and 5 are very high. However, except for ponds 37 to
40, these ponds have never been cleaned. Ponds 37 and 40 were cleaned in 2015 but using a
boat dredging method instead of draining and cleaning the ponds. This method is not very
effective and is not expected to decrease the resistance of the ponds to the values that are
reached with dry cleaning.
The specific yields of the younger dune sands (Sy_Jduin) and infiltration pond GHB cells
(Sy_ponds) decreased respective to the initial values.
The hydraulic conductivities of the younger dune sands (Jduin, Jduin_Hv) and Zandvoort sands
(Zvrt_z) increased by 26 % respective to the initial values. The calibration in 2005 was
undertaken for average conditions with a yearly average temperature. The intake reduction
period occurred during October, so the water in the shallow aquifer was infiltrated between July
and September when temperatures were at the annual maximum (Heijboer and Nellestijn,
2002). Temperature has a significant impact on hydraulic conductivity by decreasing the
density and dynamic viscosity of the fluid. As such, the increase in the calibrated values for
hydraulic conductivity compared to the previous exercise fit within the expectations for the
different calibration conditions.
All drain resistances increased compared to the initial value (Table 5-8). This was an expected
effect of the new methodology to calculate the water levels in the drains, which incorporates
the resistance along the total length of the drain and the drain pipe into the resistance parameter.
The pre-calibration drains resistances related only to the resistance of the drain wall. It is
difficult to assess the spatial variation between calibrated drain resistances because the new
methodology had a greater effect on the calculation of heads on some drains than others. For
drains UB02, UB03, and UB06 to UB10, the application of the new methodology decreased the
heads by 0.50 to 1.00 m compared to the pre-calibration heads, leading to a large increase of
the resistance parameters. UB01 also has a high resistance, which reflects its poor drainage
performance. UB01 loses a large amount of water to the Noordoosterkanaal and clogs rapidly.
The values for UB11 and UB12 do not reflect the resistances of these drains, as all observations
were given a zero-weighting. A change in the weir system that measures the output of UB11
and UB12 during the study period meant that these values could not be incorporated into the
calibration.
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5.5. Calibrated telescopic model
5.5.1. Calibrated model performance

The ability of the calibrated model to replicate the intake reduction was assessed for the head
measurements and all components of the flow budget. Overall the calibrated model performs
much better than the pre-calibration model. Total artificial infiltration is modelled with an average error of less than 1 %, and a total summed error of 13 % (Figure 5-19).
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Figure 5-19 Calibrated model fit for total infiltration and infiltration per area.
Modelled values are shown in red and measurements in green.

The total error is dominated by the error in infiltration Area 1, which, despite several improvements to the conceptual model, does not adequately represent infiltration behaviour during the
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intake reduction. During the reduction period, there was still inflow to most ponds in Area 1,
however, the levels in the ponds were below the gauge level and could not be measured. A
water level below the gauge height but above the pond base was applied to these ponds to ensure
infiltration continued whilst there was river water inflow. In the absence of measurements of
inflow per pond, the reasonableness of the water level assumptions could not be tested. The
calibrated model still represents a significant improvement in fit in Area 1 compared to the final
manually calibrated model (Figure 5-15).
A very good model fit was achieved for infiltration in Areas 2, 3 and 4, with an average error
of less than 1 % across all stress periods (Figure 5-19). Infiltration in Area 5 is not well
simulated. As described in Appendix F, unmeasured transfers of water from Area 5 infiltration
ponds to the Van Lennepkanaal occurred during the intake reduction, leading to double
counting of some infiltration flows in Area 5. Due to the high uncertainty in the measurements,
a zero-weighting was applied to infiltration between stress periods 21 and 40. Before and after
the intake reduction the modelled infiltration is too high, despite a very high calibrated
resistance value. The resistance of the transport canals was only incorporated into the
calibration in the final optimisation run, and the final parameter value is low compared to the
pond resistances. The transport canals have never been cleaned, and they could reasonably be
expected to have a similar resistance as the ponds. An underestimated canal resistance could
result in overestimation of pond resistance in Area 5. The calibrated model could be improved
by undertaking additional optimisation of the transport canal resistance.
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Figure 5-20 Calibrated model fit for total drain abstraction and abstraction per area.
Modelled values are shown in red and measured values in blue.
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A near perfect model fit was achieved for total drain abstraction, with the total error less than
1 % (Figure 5-20). Abstraction is slightly overestimated in Areas 1 and 2, but there is a
significant improvement over the manually calibrated model (Figure 5-16). Drain abstraction
is underestimated in Area 3, but the measurements include abstraction from UB11 and UB12,
which were given a zero-weighting in the calibration due to the very high uncertainty. The
resistance of UB11 and UB12 was not optimised, but rather an average value was applied.
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Figure 5-21 Calibrated model fit for total canal abstraction.
Modelled values are shown in red and measured values in green.
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Figure 5-21 shows the final calibrated fit for canal abstraction. Abstraction is still underestimated outside the intake reduction period, despite the improvement gained from increasing
the hydraulic conductivities in the shallow aquifer. Figure 5-22 shows the modelled abstraction
against the three flow observation targets: abstraction from the Boogkanaal, abstraction from
the Oosterkanaal, and abstraction from the Oranjekom.

Figure 5-22 Calibrated model fit for canal abstraction from the Boogkanaal and Oosterkanaal (plotted together,
left), and the Oranjekom (right). Modelled values are shown in red and measured values in green.
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Figure 5-22 shows that a reasonable model fit was achieved for the Boogkanaal and the
Oranjekom, but that a very poor fit was achieved for the Oosterkanaal. There are no measured
values available for abstraction from the Oosterkanaal during the simulation period because the
measurement device was not operational. The observations are therefore average daily
abstractions. Figure 5-22 shows that while there are large variations in the modelled abstraction
in different stress periods, the average modelled value suitably matches the average measured
value. The model is therefore considered to reasonably match the canal abstraction
measurements.
The net discrepancy in the flow budget is -11,000 m3/day, which is the sum of the underestimated infiltration volume (-8,000 m3/day) and the overestimated total abstraction from the
AWD (3,000 m3/day). This is a 40 % improvement compared to the pre-calibration model. The
improvement in the water budget is translated to an improvement in the calibrated fit for the
head measurements. Figure 5-23 shows the calibrated model average residuals in the phreatic
aquifer, and Figure 5-27 shows the change in the residuals between the pre-calibration and final
calibrated models. A negative change in residual indicates that the error in the calibrated model
is less than the error in the pre-calibration model. A positive change in residual indicates that
the calibrated model resulted in an increase in error.
Overall the calibrated model shows an improved prediction of the shallow water table heads
compared to the pre-calibration model. There was little to no change in the modelled heads
outside of the infiltration areas, with most residuals varying by less than 0.05 m. Within the
infiltration areas, the model fit is improved in most P-wells by an average of 0.10 to 0.25 m.
Reducing the negative discrepancy in the flow budget increased the average height of the water
table in infiltration Area 1, improving the fit in the P-wells. However, as the heads in most Dwells were overestimated in the pre-calibration model, particularly in Area 1 (refer to § 5.1.2),
increasing the average water table height increased the error in these wells.
5.5.2. Decline in phreatic aquifer storage

The change in storage across the simulation was calculated using USGS Zone budget for the
equivalent area as the water balance calculation. Between 2 September 2016 and 13 November
2016, the cumulative modelled decline in storage was 2.6 million m3. This is 18 % higher
compared than the estimated decline in storage in the water balance calculation. The major
difference between the calculations is the contribution of natural recharge. The modelled
recharge, which considers all vegetation types and depths to the water table, contributed much
less to the shallow storage than the average estimate used in the water balance calculation.
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Figure 5-23 Summary of the calibrated model head residuals for the phreatic aquifer,
average across all stress periods.
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Figure 5-24 Change in head residuals between the pre-calibration model and the final calibrated model, where
negative values indicate that the calibrated model performed better than the pre-calibration model.

5.5.3. Movement of the fresh-saltwater interface

Figure 5-25 shows the calculated movement of the fresh-saltwater interface over the simulation
period, plotted as the difference between the initial and final positions of the interface along
three model rows. The location of the model rows with respect to the infiltration areas is shown
in Figure L-2 in Appendix L. Very little change in the interface could be observed during the
study period, which is expected due to the short simulation time and minimal usage of the deep
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wells in this period. The maximum change in the interface was around 10 cm, observed beneath
the Oosterkanaal pumping well group in the south-east of the study area. The Oosterkanaal well
group abstracted water from the deep aquifer between 3 and 15 October, and between 30
October and 11 November.
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Figure 5-25 Calculated movement of the fresh-saltwater interface during the intake reduction (11 November
height below surface minus 1 October 2016 height below surface), modelled with SWI2.

The peaks in the interface, visible in Figure 5-25 close to the Westerkanaal at the western
boundary of the study area, do not represent a physical change in the height of the interface.
These peaks are a modelling artefact resulting from the interaction between the interface and
the very thin model layers at the boundary of the study area. Similar non-physical peaks are
also observed by the eastern model boundary. Further discussion on issues implementing the
SWI2 package can be found in Appendix D.

5.6. Independent validation
The model was tested by Waternet colleagues against the period June to September 2015, to
determine whether the improved model conceptualisation and calibrated parameters are suitable
for periods outside the October 2016 intake reduction. The results of this validation are shown
in Figure 5-26. Figure 5-26 shows that a good model fit was achieved for all components in the
flow budget and that the model performs extremely well in predicting abstraction from the
drains. This validation improves confidence in the results of the scenario analysis presented in
Chapter 6.
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Figure 5-26 Result of model validation with 2015 data from the infiltration areas.
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CHAPTER 6

Results of scenario analysis
Prior to this research, the best estimate of the storage capacity of the dunes was 50 days,
considering a production demand of 83 million m3/year (Roebert, 1971). However, this
estimate was calculated when the production demand, the layout, and the management of the
dunes were quite different to the current situation. The best estimate of the dune storage
considering the current layout and management of the AWD is between two and three months
(Mosch, 1998).
The results of these modelling scenarios improve this estimate, considering different
management options and climate conditions:
• Scenario 1 calculates the storage capacity utilising only the phreatic aquifer
• Scenario 2 calculates the storage capacity utilising both the phreatic aquifer and the
deep pumping wells
• Scenario 3 calculates the storage capacity for a historical dry period.
The calculated storage capacity in days is based on a production demand equal to 70 million
m3/year or 192,000 m3/day. Following the calculations of gross storage, the ecological,
technical and water quality constraints affecting usable storage from the dunes are discussed.
The results of all the scenarios, and the constraints, are then used to identify optimal
management strategies for future intake stoppages.
These results provide a conservative estimate of the length of time for which drinking water
can be supplied to Amsterdam in the case of an intake stoppage to the AWD. If production
from the Leiduin plant is reduced, production at Waternet’s Weesperkarspel plant can be
increased to partially fulfil the deficit.

6.1. Scenario 1 – utilising the phreatic aquifer
Colleagues from Waternet responsible for daily abstraction management decisions in the AWD
prefer not to switch on the deep wells until strictly necessary, due to water quality concerns
(Ton de Boer, personal communication, 7 July 17). Both geogenic phosphorous, and chloride
resulting from upconing of the fresh-saltwater interface, are water quality concerns. Taking
this management preference into consideration, the initial scenario calculates the available
storage without using the deep wells.
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6.1.1. 1a) 90-day intake stoppage

A three-month period is considered, which is the high end of the current estimate of storage
capacity. The drains and canals are assumed to decrease from the normal operating levels to
the minimum levels after 90 days (refer to Table E-1 and Figure E-3, Appendix E). Figure 6-1
shows the abstraction from the shallow aquifer over the simulation period. The daily values are
compared to the production demand (production deficit line), which is the daily production
required to supply the target 70 million m3/year to Amsterdam.
The production demand is not met during the first stress period. This stress period represents
the day on which an unplanned intake stoppage occurs. Therefore, the normal operating levels
are applied to the drains and canals and no management measures are employed to increase the
production. Demand can only be met for 4 days without abstraction from the deep wells. The
maximum deficit in production is 86 % of the installed pump capacity, indicating that demand
can easily be met by the deep wells. There is a noticeable drop in abstraction in stress period
32 (refer to § 3.5.2). This represents the first stress period of the second model. The decrease
in abstraction is the result of the specific yield of the canals decreasing from 0.81 to 0.46. Other
changes in abstraction, such as the temporary increase following stress period 32, result from
variations in precipitation recharge.
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Figure 6-1 Modelled abstraction from the AWD under a complete intake stoppage without pumping,
canal drawdown for 90 days,1 October to 30 December 2016.

6.1.2. 1b) 60-day intake stoppage

A 90-day period cannot be met without extraction from the deep wells. The second scenario
considers a 60-day period, the low end of the current estimate of storage. Both the drains and
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canals are assumed to decrease from the normal operating levels to the minimum levels after
60 days (Figure E-4, Appendix E). The decline in levels is steeper than Scenario 1a, abstracting
more water during each stress period.
Figure 6-2 shows that demand can be met for 10 days, after which the deep wells must be
utilised. The period in which demand is met would be extended by reducing the abstraction
from the shallow aquifer over the first eight days, for example by raising the water level in the
drains until additional abstraction is required.
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Figure 6-2 Modelled abstraction from the AWD under a complete intake stoppage without pumping,
canal drawdown for 60 days,1 October to 30 November 2016.

The last 30 days of the simulation show a sharp decrease in abstraction, as no more water is
available from the surface water store, and the phreatic aquifer is depleted. Under this scenario,
74 days after the commencement of the intake stoppage the well supply deficit line is reached.
This means that the demand from Amsterdam cannot be met with 100 % extraction from the
deep wells, and alternative potable water supply must be utilised. This scenario demonstrates
that there is a significant risk if an intake stoppage lasts longer than expected. Drawing down
the canal and drain levels too quickly, and depleting the surface water storage too rapidly,
results in severe consequences if there is an unexpected, sustained stoppage.
6.1.3. 1c) Period to meet production demand without wells

It is not possible to meet either two or three months’ production demand using only the shallow
aquifer and surface water stores. Scenario 1c calculates the maximum period for which demand
can be met without utilising the deep wells. The drawdown of the canals and drains was
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determined iteratively, with the drawdown rate increased until the abstraction from the AWD
was sufficient to meet the production target.
As shown in Figure 6-3, it is possible to meet the demand for 47 days. For this scenario, the
water level in the drains was initially at the maximum, which still results in a period of overabstraction at the beginning of the intake stoppage. The weirs between the drains and the
abstraction canals can be raised to stop drain abstraction, but this is not incorporated into the
model. Therefore, it is likely that an additional two to four days of production could be achieved
compared to the modelled result.
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Figure 6-3 Modelled abstraction from the AWD under a complete intake stoppage without pumping,
1 October to 30 November 2016.

Figure 6-4 shows the daily drawdown in the canals to meet the production demand for 47 days.
There is a risk that if water levels in canals are drawn down too quickly, the banks will erode
and the canals could collapse. The maximum modelled rate of decline is 13 cm/day in the
Nieuwkanaal. This decline does not pose a risk of canal collapse (S. Duijvenbode, personal
communication, 18 August 2017). However, the modelled rate of decline in the
Witteveldkanaal is too great to be supported by the size of the culvert. This constraint is
incorporated into all future scenarios.
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Figure 6-4 Rate of drawdown in the canals under a complete intake stoppage without pumping,
1 October to 30 November 2016.

6.2. Scenario 2 – utilising the phreatic aquifer and the deep wells
Scenario 1 demonstrates that a maximum of 45 to 50 days of production can be met by
depleting the surface water and phreatic aquifer stores. To sustain a longer period of intake
stoppage, extraction from the deep wells is required. The maximum pumping capacity of the
deep wells is 94,100 m3/day.
6.2.1. 2a) 90-day intake stoppage with pumping

Scenario 2a considers whether the 90-day intake stoppage modelled in scenario 1a can be
sustained by utilising pumping from the deep wells. The drains and canals are assumed to
decrease from the normal operating levels to the minimum levels after 90 days, and the
production deficit in each time step is met by one or more well groups (Figure 6-5). In this
scenario, any physical or water quality constraints limiting the use of the deep wells are
ignored. Figure 6-6 shows that extraction wells can be used to meet production demand for 92
days. After 92 days, the drains and canals are at their minimum levels, and all well groups are
extracting at their maximum capacity.
There is less abstraction from the shallow aquifer in this scenario compared to scenario 1a,
despite the same drawdown in the canals and drains. Depressurisation of the deep aquifer
increases the volume of leakage from the shallow aquifer through the leaky clay aquitard. This
results in slightly less abstraction from the shallow aquifer during each stress period. When the
well extraction is at the maximum capacity, there is on average 5 % less abstraction from the
drains and canals (refer to Appendix J).
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Figure 6-5 Reasonable pumping schedule to meet production deficit during a 90-day intake stoppage,
showing the contribution of different well groups to production.
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Figure 6-6 Abstraction from the AWD employing a reasonable pumping schedule for a
90-day intake stoppage, with complete depletion of the surface water store.
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6.2.2. 2b) Maximum length of the intake stoppage

This second pumping scenario demonstrates how extraction from the deep wells can be used
to sustain an intake stoppage for longer than three months. The deep wells are utilised at full
capacity from the first day of the intake stoppage. The rate of decline in the canals and drains
is iteratively determined to maintain production for as long as possible. Figure 6-7 shows that
production can be met for a maximum of 112 days. The small under abstraction from day 44
to day 60 is balanced by a small over abstraction either side of this period.
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Figure 6-7 Abstraction from the AWD with pumping at full capacity and minimum decline in canal levels.

6.2.3. 2c) Current management scenario

Under the current operating procedures at Waternet, if there is a production shortage that cannot
be managed by increasing artificial infiltration, the canals are drawn down to the calamity water
levels before the deep wells are utilised. This scenario replicates the current management
strategy. The calamity levels are higher than the minimum operational levels (Table E-1 and
Figure E-5, Appendix E). Figure 6-8 shows that the calamity levels are reached after 10 days
without artificial infiltration. The wells are then utilised to meet production demand and are at
full pumping capacity 30 days after the commencement of the intake stoppage. Production
demand can be met for 98 days.
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Figure 6-8 Abstraction from the AWD under the current management strategy.

6.3. Scenario 3 – intake stoppages with dry conditions
Scenario 3 shows the effect that climate conditions have on the ability of the AWD to withstand
an intake stoppage. The intake stoppage modelled in scenarios 1 and 2 is compared to a
historical dry period, 1 August to 30 November 2009. Both the precipitation recharge and the
starting position of the groundwater table were lower than the 2016 period.
Figure 6-9 shows the difference in starting heads and precipitation recharge between the two
study periods. Over most of the study area, the groundwater table was 20 to 40 cm lower in
2009 compared to 2016. This means that initially there is less water available in the shallow
storage. There were two zones where the opposite trend can be seen. The dark red area in
infiltration Area 2 corresponds to Pond 24, which was dry at the start of the simulation period
in 2016, but active in 2009. The other region with higher heads in 2009 is between the
Nieuwkanaal and the Oosterkanaal to the south of the study area. In 2016 there was an average
of 3.2 mm/day of precipitation during the simulation period. In 2009, there was on average 1.7
mm/day.
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Figure 6-9 Difference in starting heads (2009 minus 2016, left) and precipitation (right) between the 2016
normal scenario and the 2009 dry scenario.
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Figure 6-10 Modelled abstraction from the AWD under a complete intake stoppage
without pumping, 1 August to 30 November 2009.

Figure 6-10 shows the abstraction from the shallow aquifer in the absence of pumping from
the deep wells. Production can be met for only 2 days. Abstraction is noticeably less than in
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the 2016 scenario, and nearly reaches the total capacity of the wells. Over the whole simulation,
abstraction was 9.7 % lower in 2009. The greatest deficit occurs in stress period 46, with the
volume required from the deep wells 92,700 m3, which is 95 % of the installed pump capacity.
Figure 6-11 shows the modelled abstraction from the AWD with pumping to meet the
production deficit. Pumping is at full capacity from 46 days after the commencement of the
intake stoppage, and production can be sustained for 90 days.
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Figure 6-11 Modelled abstraction from the AWD under a complete intake stoppage in dry conditions
with pumping from the deep wells, 1 August to 30 November 2009.

6.4. Comparison between production scenarios
Table 6-4 compares the results of the scenarios. The results are provided in terms of the
capacity of the AWD in days, which is comparable to the previous estimate of two to three
months (Mosch, 1998). The modelling shows that the storage capacity of the AWD is greater
than previously estimated, with a maximum period of 112 days. Even under dry conditions, the
AWD can sustain an intake stoppage of 90 days provided the deep wells are utilised
immediately. The results are also provided in terms of total production over the period in which
the demand is met. The total production is higher than the demand times the capacity because
in all simulations there is initially a short period of over abstraction.
Total production is then split into the contributing volumes from each component of the surface
and groundwater stores. The usable capacity of the storage and abstraction canals is 2 million
m3. The usable surface water volume is limited by the height difference required to sustain flow
through the culverts between the canals. In most simulations, the maximum surface water
volume is utilised within two to four months.
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Extraction from the deep aquifer is limited by the number of pumping wells and the maximum
capacity of the pumps. The total pumped volume depends on how quickly the deep wells are
utilised when an intake stoppage occurs. The results show that there is a trade-off in exploiting
the volumes from the shallow and deep aquifers. Utilising the deep wells immediately reduces
the depletion of the shallow aquifer and increases the length of time over which an intake
reduction can be withstood. This longer period also maximises the potential that a precipitation
event will occur, adding to the volume of recharge that can be exploited. On the other hand,
extraction from the deep wells reduces by 5 % the volume abstracted from the shallow aquifer
by increasing leakage.
Finally, the contribution of usable storage from the phreatic aquifer is calculated. The usable
storage is only calculated for the period in which the demand is met, and is not the total volume
of shallow storage that can be abstracted from the AWD with the current infrastructure.
Initially, the usable storage is high because artificial infiltration causes mounding of the
groundwater table under the infiltration areas. This volume is depleted rapidly, as can be seen
from the high discharge from the drains at the beginning of the simulations. As the level of the
water table declines, the rate of abstraction from the shallow storage also declines and is then
controlled by the rate of drawdown of the canal levels. Figures 6-8 and 6-11 show that
abstraction from the shallow aquifer continues once the canals are on the minimum levels, but
at rates too low to meet the production demand.
Comparing the usable storage in Table 6-4 with the decline in shallow storage estimated for
the intake reduction in Chapter 4 and § 5.5.2, the volumes are approximately equivalent despite
the difference in calculation periods. This discrepancy is explained by leakage from the shallow
to the deep aquifer. Leakage contributes to the decline in storage, and this was estimated at 1.5
million m3 during the intake reduction. However, leakage is not included in the calculation of
usable storage, because it does not directly contribute to production. A proportion of the
leakage from the shallow aquifer contributes to the volume pumped from the deep aquifer, and
thus indirectly contributes to production. Once this calculation difference is considered, the
volumes are comparable.
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6.5. Environmental constraints on usable storage
In addition to drinking water production, the AWD provides an important environmental
conservation function. There are two main ways Waternet manages the AWD to achieve
environmental outcomes related to hydrology: maintaining the levels in the infiltration ponds
during bird breeding season, and preventing water table fluctuations that can damage the dune
slack habitats. When an intake stoppage occurs, there are serious risks to protected flora and
fauna. In the absence of river water inflow for greater than a few days, the water levels in the
infiltration ponds cannot be managed within +/- 10 cm as required to protect water bird nests.
This means that during the breeding season, water bird nests will be exposed to predation. The
effect of an intake stoppage on the dune slack habitat depends on both the rate and total decline
in the water table. Three scenarios, 1a, 2b and 3a, are used to demonstrate how management
decisions and climate conditions can affect the dune slack habitat during an intake stoppage.
6.5.1. 90-day canal drawdown scenario under normal conditions

Initially, a three-month intake stoppage is considered, managed by drawing down the water
levels in the drains and canals to their minimum after 90 days. Figure 6-12 shows the modelled
groundwater heads at the beginning and end of the intake stoppage and the drop in the water
table across the simulation. As expected, the greatest drop in heads occurs within the infiltration
areas, with the shallow storage rapidly depleted through abstraction from the drains and canals.
The greatest drop in heads is seen in infiltration Area 5, where the levels in the Nieuwkanaal
and the Witteveldkanaal are reduced to nearly six metres below the normal operating levels.
The drop is also significant in Areas 1 and 2 near the Westerkanaal, due to the presence of the
high conductivity shell sand layer. There is much less change outside of the infiltration areas.
On average, the water table drops by a few centimetres up to 0.5 m. The distance to the
abstraction and storage canals is much greater outside of the infiltration areas, and it takes more
time to deplete the aquifer in this region. In addition, the groundwater table is not mounded
like under infiltration Areas 1, 2 and 3, resulting in a less steep gradient toward the canals.
Figure 6-13 shows the change in wetness classes resulting from the drawdown of the water
table. Thirty days after artificial infiltration ceases, there is a significant reduction in all three
wetness classes. After 90 days without artificial infiltration, virtually all the very wet, wet and
dry zones within the infiltration areas have become very dry, with the depth to the water table
greater than two metres. A small area of moist dunes remains near the Huppelkanaal, which
has a fixed outlet preventing the water level being reduced. In a real situation, the water level
of the Huppelkanaal would also be expected to decrease through slow infiltration. Outside of
the infiltration areas, the wetness classes are largely retained, indicating that the dune slacks in
this region are less vulnerable to intake stoppages as the level of the water table does not decline
as rapidly.
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1 October 2016 – Day 0

30 December 2016 – Day 90

Change in water table (Day 0 minus Day 90)

Figure 6-12 Modelled groundwater heads at the start and end of the intake stoppage, and
change in the water table over the simulation period, 1 October to 30 December 2016.
1 October 2016 – Day 0

31 October 2016 – Day 30

30 December 2016 – Day 90

Figure 6-13 Modelled area in each wetness class at the start, middle and end of the intake stoppage,
normal conditions, 1 October to 30 December 2016.
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Table 6-1 Area lost per wetness class due to intake stoppage,
normal conditions, 1 October to 30 December 2016.

Wetness class
Type
m below surface
very wet
0.0 - 0.5
wet
0.5 - 1.0
dry
1.0 - 2.0

1-Oct
52.1
89.5
298.4

Area per class (ha)
31-Oct
30-Dec
3.9
0.5
9.5
3.4
130.9
46.6

Area lost (ha)
31-Oct
30-Dec
48.2
51.6
80.0
86.2
167.5
251.8

Table 6-1 estimates the loss of dune slack habitat based on the modelled change in wetness
classes over the simulation period. No attempt has been made to analyse the effect of a decline
in the water table on the dune slack species. The resilience of the communities will depend on
many factors in addition to the decrease of the water table, such as the species, age,
precipitation during the period, the presence of perched water table conditions and how quickly
the water table recovers following the intake stoppage. The estimated loss of habitat does
indicate that the dune slacks are highly vulnerable to intake stoppages in the absence of deep
well extraction.
6.5.2. 90-day canal drawdown scenario under dry conditions

The impact on the dune slack habitat under dry conditions is also shown. Figure 6-14 shows
the modelled groundwater heads at the beginning and end of the intake reduction for the 2009
scenario and the drawdown over the simulation period. Differences between the 2016 and 2009
scenario are not immediately obvious.
1 August 2009 – Day 0

30 October 2009 – Day 90

Change in water table (Day 0 - Day 90)

Figure 6-14 Modelled groundwater heads at the start and end of the intake stoppage, and
change in the water table over the simulation period, 1 August to 30 October 2009.
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1 August 2009 – Day 0

31 August 2009 – Day 30

30 October 2009 – Day 90

Figure 6-15 Modelled change in wetness classes between the start and end of the intake stoppage,
dry conditions, 1 August to 30 October 2009.

The differences become clear, however, when the impact on the wetness classes is mapped in
Figure 6-15. By day 30, there is 30 % less dune slack habitat compared to the 2016 scenario,
and by day 90 less than half as much habitat is remaining (Table 6-2). Like the 2016 scenario,
almost all the dune slack habitat within the infiltration areas has converted to the very dry class
by day 90. In addition, most of the habitat to the south of the Nieuwkanaal is also lost.
Table 6-2 Area lost per wetness class due to intake stoppage, dry conditions,
1 August to 30 October 2009.

Wetness class
Type
m below surface
very wet
0.0 - 0.5
wet
0.5 - 1.0
dry
1.0 - 2.0

1-Aug
52.9
92.5
269.8

Area per class (ha)
31-Aug
30-Oct
3.9
0.5
6.0
1.0
90.9
17.9

Area lost (ha)
31-Aug
30-Oct
49.1
52.4
86.5
91.5
178.9
251.9

Dry years represent a greater risk to the ecological function of the dunes. A larger and more
rapid drop in the water table affects a greater proportion of the dune slack habitat and decreases
the resilience of the dune slack communities.
6.5.3. Maximum intake stoppage

The dune slack habitat is also impacted by management decisions. Figure 6-16 shows that
limiting the drawdown in the drains and canals minimises the drop in heads in the shallow
aquifer. Compared to Figure 6-12 and Figure 6-14, the heads in day 90 are higher under this
scenario, particularly in Area 5, and in Area 1 near to the Noordoosterkanaal.
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1 October 2016 – Day 0

30 December 2016 – Day 90

Change in water table (Day 0 - Day 90)

Figure 6-16 Modelled groundwater heads at the start and end of the intake stoppage, and
change in the water table over the simulation period, minimum decline in canal levels,
1 October to 30 December 2016.
1 October 2016 – Day 0

31 October 2016 – Day 30

30 December 2016 – Day 90

Figure 6-17 Modelled change in wetness classes between the start and end of the intake stoppage,
minimum drawdown of the canal levels, 1 October to 30 December 2016.

While there is still a significant reduction in all three wetness classes after 30 days without
artificial infiltration, there is nearly 50 % more habitat remaining then under the 2016 base
case, and more than 100 % additional habitat compared to the 2009 simulation. Figure 6-17
shows that 90 days after artificial infiltration ceases there are additional areas of protected
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habitat located near Pond 36 in Area 5, near pond 12 in Area 1, and near the Banaartkanaal and
Westerkanaal in Area 1. An additional 11 ha of habitat is protected compared to Scenario 2016
scenario and an additional 42 ha compared to the 2009 scenario (Table 6-3).
Table 6-3 Area lost per wetness class due to intake stoppage, minimum drawdown of canal levels,
1 October to 30 December 2016.

Type
very wet
wet
dry

Wetness class
(m below surface)
0.0 - 0.5
0.5 - 1.0
1.0 - 2.0

1-Oct
52.1
89.5
298.4

Area per class (ha)
31-Oct
30-Dec
5.6
0.7
16.6
4.2
188.2
56.6

Area lost (ha)
31-Oct
30-Dec
51.4
46.5
85.4
72.9
241.8
110.1

6.6. Constraints on utilising the deep aquifer
6.6.1. Regulatory constraints

The sum of shallow and deep extraction of natural dune water is limited to 12.7 million m3/year
by the environmental licence conditions. Under normal operating conditions, this regulation
can limit the volume extracted from the deep wells. If additional production capacity is
required, more pre-treated Rhine water is infiltrated into the dunes. However, when there is a
complete intake stoppage, there is no alternative management strategy to meet the regulations,
and production relies on natural dune water. The regulatory limit represents 66 days of
production demand if there is no inflow of pre-treated river water. In a calamity scenario, the
regulations are likely to be breached. How quickly the regulatory limit is reached depends on
the volume of natural dune water that has already been extracted in that year.
6.6.2. Reduced pump capacity

The pumping scenarios in Scenario 2 and 3 were modelled assuming a constant volume is
abstracted by each well group in each stress period. This volume is the capacity of the pumps,
between 12 and 20 m3/h, and is imposed on the model as a boundary condition. This scenario
considers the decline in extraction that may occur due to depressurisation of the deep aquifer.
When the pressure in the aquifer decreases, the head that the pump must overcome to bring the
water to the surface, increases. If all else remains equal, the pump will abstract a smaller
discharge. The change in the pump capacity with changing head is a characteristic of the pump
displayed through a pump curve. An example pump curve for a pump used by Waternet is
provided in Appendix K.
Figure 6-18 shows the drawdown in the deep aquifer (model layer 7) resulting from pumping
at full capacity for 90 days. On average, the drawdown within the infiltration area is 1.66 m.
The maximum drawdown is nearly 4 m and occurs where the Sprenklekanaal well group
(SPRK) meets the Van der Vliet well group (VDVL). In this area, there is a clay aquitard both
above and below the sandy aquifer. Reading from the pump curve in Appendix K, a drawdown
of 1.7 m decreases the pump capacity by around 3 m3/h. Waternet is currently installing
112

variable frequency pumps in the deep wells. Variable frequency pumps allow for the energy
supplied to the pump to be increased if additional head needs to be overcome. With these
pumps, the additional 1.7 m of head could be managed by increasing the pump frequency. This
moves the pump curve upwards in the discharge-head axis, and the discharge from the pump
will not decrease.
Even in those well groups which do not currently have variable frequency pumps, if needed
the valves between the wells and the collector pipes can be manually opened to increase the
flow. During an intake stoppage, all measures will be taken to ensure the pumps can operate at
full capacity. Therefore, while it is important to consider the effect drawdown in the deep
aquifer could have on the pumps, this is not a practical constraint on extraction.

Figure 6-18 Heads in the deep aquifer (model layer 7) at the beginning and end of the simulation, and
drawdown across the simulation period.

6.6.3. Water quality constraints

The impact of pumping on upconing of the fresh-saltwater interface is a serious concern in the
AWD. Historically, over-abstraction from the deep aquifer led to upconing of both brackish
and saline water, with concentrations in the most vulnerable wells reaching 2000 mg/L of
chloride (Olsthoorn and Mosch, 2002). In the current situation, salinization is prevented by
maintaining the freshwater bubble through artificial recharge, and by limiting extraction from
the deep wells. During an intake stoppage, utilisation of the deep wells represents a risk that
salinization will re-emerge. Here, the movement of the fresh-saltwater interface is presented
for two scenarios, one with pumping at full capacity under normal conditions (Scenario 2c),
and the second with pumping at full capacity under dry conditions (Scenario 3b). The
movement of the interface is modelled with the SWI2 package.
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Modelled movement of the fresh-saltwater interface
Figure 6-19 shows the spatially distributed movement of the interface across the simulation
periods. In the 2016 scenario, there were 150 days of pumping at full capacity, whereas in the
2009 scenario the simulation ended after 120 days. The movement is calculated as the position
of the interface after the last stress period, minus the position of the interface in the first stress
period. The figure shows that the interface rises more under the 2016 scenario, as expected
after a longer pumping time. In both cases, upconing can be seen underneath the pumping well
groups of the Rechte-Schusterkanaal and the Nieuwkanaal in the south of the study area, and
the Boogkanaal in the north. Less interface movement is seen below the Oosterkanaal well
group and almost no movement under the other well groups.

Figure 6-19 Movement of the fresh-saltwater interface (position at the final time step minus position at the
initial time step) with pumping at full capacity for 150 days in 2016 (left) and 120 days in 2009 (right).

The results shown in Figure 6-19 match the expectations of the well groups vulnerable to
salinization based on the geology of the dunes and historical measurements. Figure L-1 in
Appendix L shows the position of the clay aquitard beneath the deep aquifer, relative to the
locations of the pumping well groups. The well groups showing an interface rise of more than
3 m are all located in areas were the clay aquitard is not present. There is some increase in the
fresh-saltwater interface below the mid-section of the Nieuwkanaal group despite the presence
of the clay layer in this location. It is likely that the upconing in this area is due to the absence
of the Waalre Formation loams which form a discontinuous confining layer below the Drente
Formation clays.
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The rise in the interface does not correspond to the location of the pumping wells in two
locations. There are two possible explanations for the rise in the interface to the north of the
Noordoosterkanaal pumping group. Either upconing corresponds to the disappearance of an
aquitard layer, within the cone of depression of the pumping wells, or the rise is a unphysical
result of the instabilities in the SWI2 package associated with thin model layers. Instabilities
in the SWI2 package are responsible for the interface rise at the western boundary of the model
area, as shown in Figures 6-21 to 6-23.
Three cross-sections were constructed through the most vulnerable well groups to show the
movement of the interface in more detail (Figure 6-20 to 6-22). The positions of the crosssections relative to the pumping well groups are shown in Figure L-2 in Appendix L. Model
row 11 bisects the Boogkanaal group, row 151 bisects the Rechte-Schusterkanaal group, and
row 251 bisects the Oosterkanaal group. Upconing under the pumping well groups can be seen
clearly, with a maximum increase in the interface of 5.2 m in 2016, and 4.1 m in 2009, below
the Boogkanaal well group.
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Model column, west to east from the Westerkanaal to the Haarlemmermeer Polder
Figure 6-20 Movement of the fresh-saltwater interface after 150 days of pumping at full capacity under normal
(2016) conditions in three model rows, modelled with SWI2.
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Model column, west to east from Westerkanaal to the Haarlemmermeer Polder
Figure 6-21 Movement of the fresh-saltwater interface after 120 days of pumping at full capacity under dry
(2009) conditions in three model rows, modelled with SWI2.

Figure 6-22 shows the movement of the interface with time, looking at a single model row, in
the 2016 scenario. The change in the interface from the initial position is shown after 56 days,
126 days and 150 days of pumping at full capacity, showing the development of upconing
beneath the Rechte-Schusterkanaal well group with sustained well extraction. As explained in
§ 5.5.3, the peaks and troughs in the interface near to the Westerkanaal are the result of thin
model layers and not physical processes.
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Figure 6-22 Movement of the fresh-saltwater interface after 56, 126 and 150 days of pumping at full capacity
under normal (2016) conditions model row 151, modelled with SWI2.
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Comparison of model results to historical salinization data
The results were tested against historical data to determine whether conclusions regarding the
risk of salinization can be made despite the problems encountered modelling with the SWI2
package. The results are supported by both previous measurements and previous modelling of
the fresh-saltwater interface in the AWD.
Historically, the most severe salinization occurred in the well group at the south end of the
Oosterkanaal. Extraction from this group began in 1925. Figure 6-23 plots discharge from the
well group against chloride concentrations in three of the worst-affected wells, for the period
1925 to 2016. The figure shows that severe salinization occurred only after nearly 30 years of
abstraction at rates higher than the current capacity of the pumping wells. Cross-sectional
SEAWAT modelling of historical salinization of the Oosterkanaal pumping group was
undertaken by Olsthoorn (2010). The modelling showed that the brackish interface reaches the
filter screen after 31 years. This information indicates that a rise in the interface of two metres
after 150 days of extraction is reasonable.
The greatest modelled rise in the interface occurs under the Boogkanaal pumping group.
Pumping near the Boogkanaal began in 1903, and was ceased in 1978 due to the increase in
chloride concentration in the wells. During the period of salinization, there were 79 pumping
wells extracting a total of 3.6 million m3/year. The rate of increase in the brackish interface
was estimated between 1 and 3 m/year, depending on the total extracted volume (Kooiman,
1983). In this modelling, extraction from the Boogkanaal pumping group was approximately 1
million m3 over the 150-day simulation period. The modelled rate of increase in the freshsaltwater interface is, therefore, higher than historical measurements. No parameters in the deep
aquifer were adjusted for this modelling. The ratio of vertical to horizontal hydraulic
conductivity was set to 1, which likely overestimates the rise in the interface.
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Figure 6-23 Historical abstraction and chloride concentrations in the Oosterkanaal well group, showing
salinization in response to unsustainable extraction from the deep aquifer (data from the Waternet database).
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Analysis of salinization risk during intake stoppages
Based on the comparison to historical data and modelling, the modelled increase in the freshsaltwater interface is reasonable. The maximum modelled rise of the fresh-saltwater interface
is just over five metres. The measured depth from the well filters in the deep aquifer to the
fresh-brackish interface (300 mg/L isoplane) is more than 40 m for all well groups (Kamps,
2010). Dispersion effects, which are not taken into account with the SWI2 package, mean that
the rise of the brackish interface will be greater than the rise of the saltwater interface.
Historically, the measured rise in the brackish interface under the AWD was around 5 times
greater than the rise in the saltwater interface after sustained over-abstraction of the deep
aquifer (Schuurmans, 1983 in Olsthoorn and Mosch, 2002). Assuming a similar rise in the
brackish interface as was observed during historical salinization periods, these results indicate
that there would be little or no increase in chloride concentration in the deep wells after
pumping for 150 days. This means that chloride is not a constraint on usable storage during an
intake stoppage of this duration.
While the risk of salinization of the deep wells is low over the short period of an intake
stoppage, further analysis considering dispersion effects should be undertaken using
SEAWAT. The modelling should consider the effect of pumping on the width of the brackish
zone, and the decreased storage in the freshwater bubble, especially if multiple intake stoppages
occur in quick succession. Further recommendations on saltwater modelling are provided in §
7.2.4.
Phosphorous
Water extracted from the deep aquifer has a phosphorous concentration of around 1 mg/L due
to leakage through the peat and clay layers. High phosphorous concentrations can contribute
to algal plumes if the deep wells are utilised in the summer months. However, colleagues of
Waternet responsible for drinking water production are confident that this risk can be managed
by the current post-treatment system if an intake stoppage occurs (S. Duijvenbode, personal
communication, 18 August 2017). Therefore, phosphorous does not represent a constraint on
utilising the deep wells during an intake stoppage.
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CHAPTER 7

Conclusion and recommendations
7.1. Conclusions
A telescopic model of the AWD infiltration areas was calibrated using PEST software to
optimise parameters in the shallow aquifer. The calibration improved the model fit to flow
observations by 40 %. The calibrated model was validated against an independent historical
period, and the performance of the model was suitable for use in analysis of intake stoppage
scenarios.
The scenario analysis shows that the AWD can meet production demand during a complete
intake stoppage for a maximum of 112 days if the deep wells are utilised immediately. This
represents a 25 % increase on the upper end of the previous estimate of two to three months’
capacity. In terms of production, the AWD is more capable of withstanding an intake stoppage
than previously believed.
The results show that management decisions over the first days of an intake stoppage are the
most important factor in determining how long the AWD can withstand an intake stoppage.
Production can be met for 47 days by rapidly drawing down the levels of the canals and
depleting the surface water and shallow aquifer store. However, this strategy is extremely risky
if an intake stoppage lasts longer than expected. Once the minimum canal levels are reached,
drinking water demand from Amsterdam cannot be met with any existing management
measures in the AWD.
Utilising the deep wells as soon as the intake stoppage occurs results in the greatest period of
production. Therefore, the current Waternet management plan does not represent the best
strategy in terms of maintaining production. Waiting until the calamity levels are met before
beginning deep well extraction foregoes 1.4 million m3 of production from the deep aquifer.
This results in two weeks less production capacity than Scenario 2b, which begins full capacity
pumping on the first day of the intake stoppage.
Dry conditions represent a small risk to production from the AWD in the event of an intake
stoppage. The difference between the 2009 and 2016 scenarios is two days’ capacity or 3 % of
total production. However, the risk to the dune ecology is much greater. Only half the dune
slack habitat remains after a one-month intake stoppage under a dry scenario compared to
normal conditions. Under either scenario, an intake stoppage of greater than one month is a
serious risk to the health of the dune ecosystem. The best way to manage an intake stoppage
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considering ecological objectives is to maintain the water levels in the canals, particularly the
Zwartveldkanaal and the Nieuwkanaal, to maintain the level of the water table in Area 5.
Both the environmental objectives and the regulatory licence conditions represent serious
constraints on usable storage from the shallow aquifer under normal conditions. However,
under a calamity situation such as a prolonged intake stoppage, these constraints will be
breached to maintain drinking water supply.
Water quality is not a constraint on the utilisation of the deep wells over 150 days, the
maximum period of an intake stoppage considered in this study. The main constraint on
production from the deep aquifer is the maximum capacity of the pumping well groups. The
drawdown in the deep aquifer after sustained pumping can reduce the discharge from the deep
wells, but this can be managed by using variable frequency pumps or by manually increasing
discharge through manipulation of the valves between the wells and the collector pipes.
The risk of generating brackish water by sustained utilisation of the deep wells, decreasing the
size of the freshwater bubble and reducing the available storage, has not been considered in
this research. This risk is particularly high if multiple intake stoppages occur leading to
successive pumping-induced contractions then recovery of the freshwater bubble.

7.2. Recommendations
7.2.1. Management measures

This research supports several recommendations for the management of the AWD, which
would improve the ability of the system to withstand an intake stoppage:
1. When an unplanned intake stoppage of unknown duration occurs, the deep wells should
be utilised immediately to minimise the drawdown of the canal water levels and
maintain the height of the water table for as long as possible.
2. Initially, extraction should occur from those well groups protected from salinization by
the presence of the underlying clay and loam aquitards.
3. The water level in the Huppelkanaal should be permanently raised to increase the
shallow groundwater storage in infiltration Area 3, and to improve the performance of
drains UB09 and UB11.
4. Measures to improve the performance of UB01 and UB02 should also be explored, for
example, by extending infiltration pond 13 to the east and preventing drain water from
flowing to the Noordoosterkanaal.
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7.2.2. Improved data collection in the dunes

The AWD is an extensively studied area and there is a large volume of generally very highquality observation data. However, the ability to accurately calibrate the telescopic model using
flow observations was hampered by poor or incomplete data sets. During calibration,
abstraction from drains UB11 and UB12 were given a zero-weighting due to the lack of
confidence in the flow data. Infiltration in Area 5 was similarly given a zero-weighting because
transfers from infiltration ponds 37 to 40 to the Van Lennepkanaal were not measured.
Abstraction from the canals was included as a calibration target but given a lower relative
weighting than other abstractions due to the absence of measurements from the Oosterkanaal
during the intake reduction.
Confidence in the modelling results relies on the confidence in the calibrated model parameters,
as well as the confidence in the other data inputs, and the accuracy of the conceptual model.
The confidence in both the calibrated parameters and the conceptual model would be improved
by incorporating as many properly weighted flow observations as possible. To improve the
next round of calibration, it is recommended that:
5.

The outflow weirs of drains UB11 and UB12 are calibrated to ensure accurate flow
measurements are recorded in the Waternet database.

6.

Measurement at weir ST12 is improved to directly measure the infiltrated volume in
Area 5.

7.

Transfers between infiltration areas are measured automatically, or are at minimum
noted in the daily logs, including information on the date, time and volume of the
transfer.

8.

Additional loggers are installed in the phreatic aquifer in infiltration Areas 2, 4 and 5.

There is no recommendation to improve data collection from the Oosterkanaal, as the measurement system was only temporarily offline, which unfortunately coincided with the intake
reduction.
7.2.3. Improvements to the telescopic model
9.

As described in Chapter 5, the spatial discretisation of the infiltration areas is not
sufficient to model the heads in the D-wells. Most D-wells are therefore overestimated
in the modelling. A better calibration result could be achieved by modelling the
infiltration areas with a smaller grid size. This is an option if further calibration is
undertaken on the telescopic model.

10.

Significant improvements to the modelling of the canals are expected to be made by
using the MODFLOW lake package. With the river package, the water level is a userimposed boundary, and MODFLOW computes the flow to and from the canals based
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on that level. With the lake package, the water level is simulated by MODFLOW based
on the water balance, which is a function of inflow/outflow resulting from head
differences between the aquifer and the lake. Precipitation, evaporation and anthropogenic inflows and outflows can also be simulated. The storage capacity of the lake is
calculated automatically based on the lake geometry, which is an input into the model.
There are two very clear benefits from using the lake package in future modelling of
intake stoppages. Only one model is required for each event, because the storage
parameter is calculated automatically, and the canal levels do not need to be determined
iteratively to achieve the desired abstraction, the abstraction is the boundary condition
on the model and the levels will be calculated by MODFLOW.
11.

The results of the fresh-saltwater interface modelling show that the SWI2 package is
not stable, and the package does not provide suitable results in areas where the aquitards
are modelled with very thin layers. Improvements to the model structure should be
undertaken to remove these very thin layers before further analysis with SWI2.

12.

Using the multi node well (MNW) package with MODFLOW-2005 should be
considered to increase the accuracy of modelling deep well extraction. The impact of
changing from the WEL to the MNW package on the movement of the fresh-saltwater
interface should be explored.

7.2.4. Improvements to the model calibration

A combination of manual and automatic parameter estimation was undertaken to improve the
conceptual model of intake stoppages, and to determine optimum parameter values for the
telescopic model. For the first time, calibration was undertaken for processes in the infiltration
area, and drain abstractions and infiltration volumes were incorporated as calibration targets.
Calibration of the regional AMWADU model will be undertaken over the next several months.
The following recommendations, based on the experience during this study, are for both the
upcoming AMWADU calibration and any future calibration of the telescopic model:
13.

The calibration of pond resistance would be improved by measuring the inflow to the
infiltration ponds, and calibrating the resistance to individual pond infiltration volumes.
Currently only the total flow to each infiltration area is known, and the partition of flow
to each infiltration pond is assumed to be equal.

14.

The calibration run time would be significantly decreased by employing parallel PEST.
This would allow for more calibration iterations to be undertaken, and a larger number
of parameters to be considered than was possible in this study. Utilising parallel PEST
requires an update to the PEST modelling methodology used in this study.

15.

Sensitivity analysis and calibration of the shell sand layer hydraulic conductivity
showed that incorporating this layer improves the model of the AWD. However, due to
a lack of data, the shell sand was incorporated as a zone based on an approximation of
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its likely location. Calibration of the hydraulic conductivity in the phreatic aquifer could
be improved by utilising pilot points, instead of parameter zones. Pilot points represent
a 2D scalar dataset where parameter values are estimated. Values between the points
are interpolated based on a kriging methodology (Doherty et al., 2010). Pilot points
could improve the representation of shell sand layer, and remove the potentially
arbitrary delineation between the Jduin and JduinHv parameters, which were tied in
this study to improve stability. Pilot points can also be used in combination with zones,
but in this case the lack of definition of the shell sand formation means that pilot points
would be best implemented by taking only the starting values from the current
conductivity zones.
16.

Recommendation 5 discusses decreasing the grid size in the infiltration areas to
improve the modelling of the drains and D-wells. However, the regional model already
has a significant run time, and decreasing the grid size would further increase the
computational burden. A better option for the regional model could be to decrease the
weighting of the D-well head observations to reflect the known inability of the model
to reproduce the measurements.

17.

The telescopic model was calibrated when the recently infiltrated water had a high
temperature, and flow rates were near the maximum. A thorough study would also
consider the sensitivity of the AWD to intake stoppages under different seasonal
conditions. During the winter months, calibrated values for pond resistance are
expected to be higher, and values of hydraulic conductivity lower than in this study.
Future work should consider multi-year calibration of the telescopic model to achieve
an average set of parameter values which can be used for scenario analysis at any time
during the year.

18.

Calibration to some phreatic observation wells is problematic due to the presence of the
discontinuous peat layer resulting in perched water table conditions. For this research,
wells known to be beneath the peat layer with very high residuals in the pre-calibration
model were zero-weighted in the calibration process. A better option would be to
calibrate the model using the difference in heads between model layers 1 and 3 as the
calibration target.

19.

Further calibration of the resistance of the transport canals should be undertaken, as
non-optimum parameter values are likely impacting the values for pond resistance in
Area 5.

20.

The model parameters impacting on upconing of the fresh-saltwater interface were not
considered in the calibration. The ratio of vertical to horizontal hydraulic conductivity
is important for modelling with the SWI2 package, and additional parameters such as
dispersivity are required if future modelling utilises SEAWAT. Further research should
be undertaken to determine the suitability of these parameters, and if necessary,
calibration of the deeper aquifer should also be undertaken.
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7.2.5. Further scenario analysis

This study represents the first attempt to quantify the ability of the AWD to withstand an intake
stoppage under different climate conditions and management scenarios. The following additional scenarios would improve the understanding of the system behaviour and add to the risk
management strategy for future intake stoppages:
21.

Scenario 4 considers the effects of pumping on the upconing of the fresh-saltwater
interface using the SWI2 package, which ignores dispersion. The effect on the brackish
interface is then inferred from historical data. Future work should replicate Scenario 4
considering variable-density flow and dispersion using SEAWAT. The results should
show the change in chloride concentrations in the deep pumping wells over time. It is
not recommended that a SEAWAT model is created for the whole telescopic model
area, because the computational time would be significant. Rather, two child models
should be created, one modelling a well group outside of the clay aquitard, such as the
Boogkanaal group, and one modelling a well group above the clay aquitard. These
models should be calibrated using historical chloride concentration and discharge
measurements. A pumping period of longer than 150 days could also be considered, to
determine the period over which the wells can safely pump at full capacity before
salinization occurs.

22.

The longer-term impact of saline upconing after pumping ceases should also be
considered in future work, namely:
a) The effect of increased dispersion on the thickness of the brackish zone, and
decreased volume of the freshwater bubble.
b) The effect of the migration of saltwater towards the Haarlemmermeer Polder.

23.

There is a high risk that an intake stoppage could be followed by a second intake
stoppage, during the period when the surface water store and shallow aquifer are
depleted. Under this scenario, there are very few management options that can be
employed to increase production. The rate at which the stores can be replenished is
therefore a very important factor in managing the future risk of intake stoppages. The
rate at which the fresh water bubble can be replenished following an intake stoppage,
should be modelled for both wet and dry years. In addition to the current management
strategy, new options to increase the rate of recovery should be explored, such as
artificial aquifer recharge of the deep aquifer. Artificial recharge with pre-treated water
has a second benefit in that it is free from phosphorous.

24.

In many areas of the dunes, the dune slacks are supported by perched water tables above
the discontinuous peat layer. The current model cannot simulate perched water
conditions. Therefore, the effects of drawdown in the phreatic aquifer on the dune slack
habitats may be overestimated. Future work should improve the modelling of the
vulnerability of the dune slacks by including perched conditions.
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25.

The groundwater vegetation maps would be improved by utilising the isohypse map
methodology explained in Chapter 3, rather than a basic groundwater table map. The
improved vegetation class maps, and the results of 16 and 17 above, should then feed
into an eco-hydrological study of the effects of intake stoppages on dune slack habitats.

26.

PEST in prediction mode should be used to analyse the storage capacity range, in days,
based on the parameter prediction uncertainty.
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Measures to improve ecological function in
the AWD
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A

Figure A-1 Location of the dune area managed to promote recolonisation of dune slack species, showing A) the
extraction canal closure, B) the storage canal, and C) the Oosterkanaal.
(Gemeente Waterleidingen Amsterdam, 2005).
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Normal operating levels for infiltration ponds

Infiltration Area 1
Pond 3-4-5
Pond 6
Pond 7
Pond 8
Pond 10
Pond 11-12
Pond 13
Pond 14
Pond 15
Pond 16
Pond 17
Pond 18
Pond 19
Infiltration Area 2
Pond 20
Pond 21
Pond 22-23
Pond 24
Infiltration Area 3
Pond 26
Pond 27
Pond 28
Pond 30
Pond 31
Pond 32-33
Infiltration Area 4
Pond 1-2-9
Infiltration Area 5
Pond 25-29
Pond 34-35-3637-38-39-40
Pond 25-29
Pond 34-35-3637-38-39-40

Normal operating
level (m NAP)

Management period

Allowable variation (cm)

6.80
6.05
5.60
6.20
6.80
6.70
6.65
6.50
6.65
6.00
5.70
5.70
4.50

1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July

+10/-20
Swampy until NAP +6.15 m
Dry until NAP +5.70 m
+10/-20
+10/-20
+10/-20
+10/-20
+10/-20
+10/-20
+10/-20
+10/-20
Swampy until NAP +5.80 m
Swampy until NAP +4.60 m

5.40
5.45
5.50
-

1 February to 15 July
1 February to 15 July
1 February to 15 July

Dry until NAP +5.60 m
Swampy until NAP +5.55 m
Swampy until NAP +5.60 m
dry

5.10
6.20
6.50
5.20
6.20
6.15

1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July
1 February to 15 July

7.00

-

all year

6.40

1 January to 1 October

7.05

1 January to 1 October

6.20

1 October to 1 January

6.85

1 October to 1 January
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Swampy until NAP +5.20 m
+10/-20
+10/-20
Swampy until NAP +5.30 m
+10/-20
+10/-20
+/- 10
+/- 10
+/- 10
+/- 10
+/- 10
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Data sources and collection frequency
Measurement
Rainfall
Rainfall gauges #6 and #11
Continuous gauge
Evapotranspiration
Makkink reference ET
Site specific evapotranspiration
Inflows
WRK1, WRK2, WRK3
Water supply to infiltration areas 1-5
Outflows (abstraction from AWD)
Area #1 – drains U1 to U3
Area #1 – drains U4 to U6
Area #2 – drains U7 and U8
Area #3 – drains U9 to U12
Storage canal abstraction
Natural dune water abstraction
Deep well extraction
Abstraction from Oranjekom
Storages
Drain water level
Infiltration pond water level
Storage canal water level
Groundwater level outside drain
Groundwater monitoring bores
Logged groundwater bores
Leakage to the deep aquifer
AMWADU result

Measurement type

Frequency

Meteorological station
Continuous

Daily
Hourly

Meteorological station
Calculated using UZR package
in AMWADU

Daily
As calculated

Continuous
Calculated from flow in supply
canals

Hourly

Hand measurement
Continuous
Continuous
Continuous
Continuous
Continuous
Per group monitoring
Continuous

2 days/week
Hourly
Hourly
Hourly
Hourly
Hourly
As needed
Hourly

Continuous
Hand measurement
Continuous
Hand measurement
Hand measurement
Continuous

Hourly
2 days/week*
Hourly
Hourly
Monthly
Hourly

Modelled value

As needed

Hourly

*During the intake stop the water level of the infiltration ponds could not be measured after a certain period,
because the water level was below the gauge level.
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Application of the SWI2 package
This appendix describes the application of the SWI2 package with MODFLOW-2005. Initially
the convergence issues experiences with the regional AMWADU model are explained, then
the application of the SWI2 parameters to the telescopic model of the infiltration areas are
described.
D.1 SWI2 package and model convergence issues
In the AMWADU and telescopic models very thin layers are used to model discontinuous
aquitards. In the AMWADU model, these thin layers cause convergence issues at the coastal
boundary. SWI2 can draw the interface through a model layer, which is a new feature not
present in the SWI package incorporated in the AMWADU model. Convergence issues are
likely the result of this feature. Figure D-1 demonstrates how SWI2 models the movement of
the interface between layers when a pumping well results in upconing.

Figure D-7-1 Convergence issues resulting from very thin model layers.

These convergence issues were solved by reducing the size of the AMWADU model through
telescopic mesh refinement. The telescopic model has removed the thin layers at the coast line,
allowing accurate calculation of the fresh-saltwater interface and convergence of the head
solution. Telescopic mesh refinement removed the North Sea river cells from the western
model boundary and replaced them with a GHB cells in each model layer. Correct modelling
of saltwater inflow and fresh water outflow at the western boundary required careful
application of the ISOURCE parameters to the GHB cells.
D.2 Definition of zones
The fresh-saltwater interface was modelled as a sharp boundary using the stratified option
(ISTRAT = 1). A single surface (NSRF = 1) depicts the interface between the freshwater and
saltwater and the brackish mixing zone is ignored. This implementation is shown conceptually
for the AWD in Figure D-2. Values of the dimensionless density were set to 0 for the freshwater
zone and 0.021 for the saltwater zone.
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Figure D-2 Conceptualisation of the zone parameters for the AWD.

Application of the ISOURCE parameters
Correctly attributing the ISOURCE parameters is the most complex part of applying the SWI2
package. The SWI manual, page 41, states: “The type of water for sinks and sources is specified
in the SWI2 input file through the ISOURCE parameter. The water type for sinks and sources
must correspond to one of the density zones defined for the model. The ISOURCE value is used
to define the correct zone to apply to known boundary condition source terms, Gn, in equation
50. Each cell has one value for ISOURCE.
1. ISOURCE > 0. Sources and sinks are of the same type as water in zone ISOURCE. If
such a zone is not present in the cell, sources and sinks interact with the zone at the top
of the aquifer.
2. ISOURCE = 0. Sources and sinks are of the same type of water as the water at the top
of the aquifer.
3. ISOURCE < 0. Sources are of the same type as water in zone ISOURCE. Sinks are the
same water type as the water at the top of the aquifer. This option is useful for modelling
the ocean bottom where sources of water are saltwater and groundwater sinks
(submarine groundwater discharge) discharge water from the zone at the top of the
aquifer” (Bakker et al., 2013).
Figure D-3 graphically demonstrates how these parameters apply to individual boundary cells.
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Figure D-3 Graphical explanation of the ISOURCE parameters.

All cells must have an ISOURCE parameter, however the value only affects the simulation for
boundary cells with external sources or sinks. All non-boundary cells are set to ISOURCE = 0.
Fresh and salt sinks and sources must be correctly applied to the river boundaries, general head
boundaries and cells containing pumping wells.
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Figure D-4 ISOURCE parameterisation for a) the regional and b) the local groundwater flow model.
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Data sets for scenario design
Table E-1 Canal levels for scenario analysis.

Canal
Oranjekom
Barnaartkanaal
Van der Vlietkanaal
CD-kanaal
Noordoosterkanaal
Westerkanaal
Westerkanaal dam 26
Barnaartkanaal
Zwarteveldkanaal dam 7
Zwarteveldkanaal dam 6
Sprenkelkanaal
Nieuwkanaal dam 32
Schusterkanaal dam 9
Schusterkanaal dam 27
Witteveldkanaal
Sprenkelkanaal dam 4
Nieuwkanaal dam 29
Schusterkanaal dam 34
Oosterkanaal
Boogkanaal
Duizendmeterkanaal
Huppelkanaal east
Huppelkanaal middle
Huppelkanaal west

Gauge
PK01
PK02
PK03
PK03
PK04
PK05
PK06
PK08
PK09
PK10
PK11
PK12
PK14
PK15
PK16
PK17
PK18
PK19
PK26
PK27
PK30
PK31
PK32
PK33

Minimum
level
[m+NAP]
-1.00
2.30
-0.50
-0.50
-0.80
-0.50
-0.50
2.30
1.80
1.80
-0.50
-0.50
2.30
-0.50
-0.50
-0.50
-0.50
-0.50
-2.20
-2.10
2.75
3.45
3.00
2.25
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Adjusted
minimum
[m+NAP]
-1.00
2.30
-0.40
-0.40
-0.70
-0.50
-0.40
2.40
1.90
1.80
-0.50
-0.20
2.30
-0.20
-0.50
-0.40
-0.30
-0.30
-2.20
-2.10
2.75
3.45
3.00
2.25

Calamity
level
[m+NAP]
-0.10
2.90
1.80
1.80
0.10
0.40
0.40
3.05
4.30
4.35
1.30
3.85
3.25
3.25
4.85
2.75
3.85
3.85
-1.05
-1.50
2.75
3.45
3.00
2.25

Normal
level
[m+NAP]
0.50
3.05
2.00
2.00
0.60
0.70
1.00
3.30
4.70
4.50
1.45
6.00
4.70
4.70
6.10
3.15
4.70
4.70
-0.75
-1.20
2.75
3.45
3.00
2.25

Maximum
level
[m+NAP]
0.75
3.25
3.00
3.00
0.80
1.00
1.30
3.50
5.00
5.00
3.00
6.30
5.00
5.00
6.25
3.60
5.00
6.00
-0.30
0.00
2.75
3.45
3.00
2.25

Figure E-1 Methodology for determining the canal storage coefficient, example from the Nieuwkanaal (Schuurmans, 1988).
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Figure E-2 Modelled location of dune slack species in the AWD, in 2013
(Geelen and Kamps, 2016).
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Figure E-3 Canal level drawdown for Scenario 1a, minimum levels reached in 90 days.

Figure E-4 Canal level drawdown for Scenario 1b, minimum levels reached in 60 days.

Figure E-6 Canal level drawdown for Scenario 2c, current management scenario.
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Sensitivity analysis
This appendix provides a detailed explanation of the response of the model to each of the
sensitivity parameters. Charts of the most sensitive flows to each parameter change are
provided. Figures F-1 to F-6 show the average response of the model to each parameter across
all time steps. The model is most sensitive to changes in the hydraulic conductivity of the first
model layer.

Modelled abstraction from aquifer (m3)
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R² = 0.9868
5.E+06

R² = 0.9861
4.E+06
3.E+06
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1.E+06
Infiltration
0.E+00
-40%
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Drain abstraction
-10%
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Canal abstraction
20%

30%

40%

Percentage change in drain conductance
Figure F-1 Modelled infiltration, drain abstraction and canal abstraction in response to a +/- 30 %
change in drain conductance, sum of all time steps.

Modelled abstraction from aquifer (m3)
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Canal abstraction
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20%

30%

40%

Percentage change in infiltration pond conductance
Figure F-2 Modelled infiltration, drain abstraction and canal abstraction in response to a +/- 30 %
change in infiltration pond conductance, sum of all time steps.
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Modelled abstraction from aquifer (m3)

R² = 0.9861
5.E+06
4.E+06

R² = 0.9997

3.E+06
2.E+06

R² = 0.9868
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Infiltration
0.E+00
0.20

0.30

Drain abstraction
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Canal abstraction

0.70

0.80

0.90

1.00

Specific yield of GHB cells
Figure F-3 Modelled infiltration, drain abstraction and canal abstraction in response to changes in the
specific yield of GHB cells between 0.25 and 0.99, sum of all time steps.

Modelled abstraction from aquifer (m3)
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Percentage change in specific yield
Figure F-4 Modelled infiltration, drain abstraction and canal abstraction in response to a +/- 30 %
change in the specific yield of model layer 1, sum of all time steps.
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Modelled abstraction from aquifer (m3)
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Percentage change in hydraulic conductivity
Figure F-5 Modelled infiltration, drain abstraction and canal abstraction in response to a +/- 30 %
change in the hydraulic conductivity of layer 1, sum of all time steps.
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20%

30%
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Conductance of canal river cells
Figure F-6 Modelled infiltration, drain abstraction and canal abstraction in response to a +/- 30 %
change in canal conductance, sum of all time steps.

F.1 Drain conductance
Increasing the conductance of the drains increases the drain abstraction. It also increases the
amount of infiltration from the GHB cells because the groundwater level near the drains is
lowered (Figure F-7). Canal abstraction is insensitive to changes in the drain conductance.
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Reducing the drain conductance reduced the overall error in the modelled flow budget, because
drain abstraction was significantly overestimated in the pre-calibration model.
6.00

Freshwater head (m NAP)

Freshwater head (m NAP)

6.00
5.00
4.00
3.00
2.00
1/09/2016

26/09/2016 21/10/2016 15/11/2016

5.00
4.00
3.00
2.00
1/09/2016

26/09/2016 21/10/2016 15/11/2016

Figure F-7 Impact of varying drain conductance on modelled heads in wells D021.1 (left) and D043.1 (right).
Measured values (blue), drain conductance increased by 30 % (red) and conductance decreased by 30 % (grey).

Figure F-8 shows that changes in drain conductance have a greater effect on abstraction in the
period before and after the intake reduction, when the modelled groundwater table is higher and
there is a steeper gradient toward the drains. Abstraction from Area 1 was slightly more
sensitive to changes in drain conductance (2.4 % change per 10 % change) than abstractions
from Area 2 and 3 (1.6 % and 1.7 % change per 10 % change respectively).

Abstraction from drains (m3/day)
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1/10/2016

16/10/2016
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Figure F-8 Measured (blue) and modelled total drain abstraction with simulation time: Drain conductance
increased by 30 % (red), pre-calibration model values (black), and drain conductance decreased by 30 % (grey).
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F.2 Infiltration pond conductance
Inflow through the GHB cells is determined by the specified head, the conductance in each cell,
and the calculated head below each pond. The measured height of water in the infiltration ponds
is used to specify the head in the GHB cells. If the modelled heads are close to the measured
groundwater table, under- or overestimation of infiltration suggests the conductance is not
optimised. In Area 1, infiltration is significantly underestimated, suggesting the pond
conductance is too low, whereas overestimation in Area 3 suggests the pond conductance is too
high. Increasing the conductance of the infiltration ponds increases infiltration, abstraction from
the drains, and total abstraction. The infiltrated volume is more sensitive to pond conductance
when the level of the ponds is rising or falling, because the model responds more quickly to
changes in the pond level when the conductance is increased (Figure F-9).

Infiltrated volume (m3/day)
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16/09/2016

1/10/2016
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31/10/2016

Figure F-9 Measured (blue) and modelled total infiltration with simulation time: infiltration pond conductance
increased by 30 % (red), pre-calibration model values (black), and drain conductance decreased by 30 % (grey).

Considering the whole simulation period, increasing pond conductance reduced the error
between modelled and measured infiltration volumes. Increasing pond conductance reduced the
modelling error in infiltration Areas 1 to 4, but increased the error in Area 5 (Figure F-10).
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Figure F-10 Modelled infiltration in response to changes in the infiltration pond conductance between -30 % of
the pre-calibration values (grey) and +30 % of the pre-calibration values (red), compared to the measured
infiltration volume for each infiltration area (blue).

F.3 Infiltration pond specific yield
As described in § 3.3.3, a specific yield of 1.0 was applied to the pond general head boundary
cells to compensate for the loss of the unmeasured volume when the water level in the ponds
was below gauge level. Increasing the specific yield increased the abstraction from the drains
and total abstraction from the infiltration areas. The artificially high storage coefficient may be
a controlling factor resulting in overestimated drain abstraction.
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Figure F-11 shows that increasing the specific yield increases the amplitude of inflow
fluctuations through the GHB cells, with higher infiltration outside of the period of intake
reduction and lower infiltration during the intake reduction. When the water level in the ponds
is raised prior to the intake reduction, a high specific yield prevents the calculated groundwater
table from rising, maintaining the difference between the GHB cell level and the calculated
water table, resulting in more infiltration. Conversely, during the intake reduction, a high
specific yield means the calculated groundwater table drops less quickly, so there is less
difference between the GHB cell water level and the calculated groundwater table, and less
water enters the aquifer. Therefore, applying a specific yield of 1.0 is not a suitable modelling
decision to compensate for lower pond infiltration during the intake reduction.
Reducing the specific yield of the infiltration pond GHB cells reduced the total error between
the modelled and measured infiltration, confirming the assumption that the storage beneath the
ponds was overestimated. However, considering spatial differences between the infiltration
areas, reducing specific yield reduced the modelling error in Areas 1, 4 and 5, but increased the
error in Areas 2 and 3. Infiltration in Areas 2 and 3 were overestimated in the pre-calibration
model.

Infiltrated volume (m3/day)

3.E+05
3.E+05
2.E+05
2.E+05
1.E+05
5.E+04
0.E+00
1/09/2016

16/09/2016

1/10/2016

16/10/2016

31/10/2016

Figure F-11 Measured (blue) and modelled total infiltration with simulation time: specific yield = 0.99 (red),
specific yield = 0.40 (black), and specific yield = 0.25 (grey).

Increasing the GHB cell specific yield has the greatest impact on drain abstraction during the
intake reduction. During the reduction, the additional stored volume is available for abstraction
by the drains (Figure F-12). As drain abstraction is overestimated in the model, increasing
storage increases the error between the measured and modelled values.
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Abstraction from drains (m3/day)
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Figure F-12 Measured and modelled total drain abstraction with simulation time: specific yield = 0.99 (red),
specific yield = 0.40 (black), and specific yield = 0.25 (grey).

F.4 Layer 1 specific yield
The specific yield of the phreatic aquifer above the peat layer was varied while the initial presensitivity analysis value for infiltration pond storage was retained. Both head and flow
observations were relatively insensitive to changes in the specific yield, indicating that these
processes are primarily controlled by other parameters, such as the storage of the infiltration
pond GHB cells and the conductances. Canal abstraction was the most sensitive to changes in
specific yield.
F.5 Canal conductance
Changing the canal conductance had almost no effect on the model. Infiltration and drain
abstraction were insensitive to changes in canal conductance. A very small increase in canal
abstraction was achieved by increasing the conductance (Figure F-13). The conductance
applied to the canal river cells is already high. Small changes to the conductance therefore have
little impact on the modelling result. The canal conductance was not used as a parameter in the
model calibration due to its insensitivity.
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Figure F-13 Measured (blue) and modelled canal abstraction with simulation time: canal conductance
increased by 30 % (red), pre-calibration model values (black), and canal conductance decreased by 30 %
(grey).

F.5 Layer 1 hydraulic conductivity
The hydraulic conductivity was varied without changing the ratio of conductivity values
between the zones. Increasing the conductivity of layer 1 increases the infiltration volume, and
the abstraction from the drains and canals. Infiltration and abstraction from the canals were
more sensitive to changes in the hydraulic conductivity compared to abstraction from the drains,
which are in model layer 2. Abstraction from canals is more sensitive to changes in the
hydraulic conductivity than any other parameter. Figure F-14 shows that increasing the
hydraulic conductivity decreased the error in abstraction from the canals outside of the intake
reduction period.
Hydraulic conductivity is much more important than the canal conductivity for canal abstraction. The resistance of the canals is a small additional resistance that deforms the
groundwater flow path near the canal. Increasing the hydraulic conductivity, which acts across
the entire length of flow between the infiltration pond and the canal, has a much greater impact
on the flux to the canals than changing the canal conductance.
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Figure F-14 Measured (blue) and modelled canal abstraction with simulation time: hydraulic conductivity
increased by 30 % (red), pre-calibration model values (black), and hydraulic conductivity decreased by 30 %
(grey).
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Example script to alter MODFLOW input files
#!/usr/bin/env python2
# -*- coding: utf-8 -*"""
Created on Sun Jul 2 14:21:08 2017
@author: Philippa
"""
import numpy as np
filename = 'D:\Philippa\Python\InputFiles\Amwadu07.ghb'
outputfile = 'Amwadu07_It3_Run2.ghb'
with open(filename) as f:
lines = f.readlines()
layer = ['1']
cpondList =
['3','4','5','6','7','10','12','11','13','15','16','17','18','19']
intpondList = ['20','21','22','23']
ncpondList =
['2','9','37','38','39','40','1','8','14','24','25','26','27','28','
29','30','31','32','33','34','35','36']
C = 1
D = 1.25
E = 1
dataPrint = []
for ii in lines:
list_temp = ii.split()
if len(list_temp)>3 and list_temp[0] in layer and list_temp[-1]
in cpondList:
list_temp[-2] = str(C*float(list_temp[-2]))
elif len(list_temp)>3 and list_temp[0] in layer and list_temp[1] in intpondList:
list_temp[-2] = str(D*float(list_temp[-2]))
elif len(list_temp)>3 and list_temp[0] in layer and list_temp[1] in ncpondList:
list_temp[-2] = str(E*float(list_temp[-2]))
list_temp.append('\n')
dataPrint.append(' '.join(list_temp))
#
print dataPrint[-1]
file = open(outputfile,'w')
for ii in dataPrint:
file.write(ii)
file.close()
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Manual calibration results
This appendix describes all the steps undertaken during the manual calibration of the model.
Three iterations were undertaken. Each iteration consists of several model calls. During each
iteration, major improvements to the conceptual model were made based on the modelling
results. As a result, each iteration begins with a description of a new base model, containing all
the improvements from the previous iteration. The parameter changes and their impacts on the
model are then described, and finally recommendations for the next iteration are outlined.

H.1 Calibration iteration 1
Six parameters were considered: the specific yield of the GHB cells representing infiltration
ponds, the conductances of the clean and uncleaned infiltration ponds, the conductances of the
cleaned and uncleaned drains, and the conductance of the canals. The model fit is calculated
based on RMSE of the flow budget, the RMSE of the head observations, and a weighted total:
1

1

1

𝑛

𝑛

𝑛

𝜑𝑄 = √ Ʃ(𝑖𝑛𝑓𝑖𝑙𝑡𝑚𝑜𝑑 − 𝑖𝑛𝑓𝑖𝑙𝑡𝑚𝑒𝑎𝑠 )2 + Ʃ(𝑑𝑟𝑎𝑖𝑛𝑚𝑜𝑑 − 𝑑𝑟𝑎𝑖𝑛𝑚𝑒𝑎𝑠 )2 + Ʃ(𝑐𝑎𝑛𝑎𝑙𝑚𝑜𝑑 − 𝑐𝑎𝑛𝑎𝑙𝑚𝑒𝑎𝑠 )2
1

𝜑ℎ𝑒𝑎𝑑𝑠 = √𝑛 ∑(ℎ𝑚𝑜𝑑 − ℎ𝑚𝑒𝑎𝑠 )2
𝜑𝑡𝑜𝑡𝑎𝑙 =
Where:

𝜑𝑄
100

(H2)

+ 𝜑ℎ𝑒𝑎𝑑𝑠
φQ
φheads
φtotal

(H1)

(H3)

is the RMSE based of the flow observations, and n is hourly measurements
is the RMSE based on head observations
is the weighted sum of the objective functions

H.1.1 Base model
The base model is the pre-calibration model which is described in Section 5.1 of the main report.
No changes were made to the base model before the calibration process. However, it is
important to note that the sum of square residuals for the base model in Table H-1 at the end of
this section is different from the value recorded in Table 5.3 in Section 5.2 of the main report
due to removal of the observation wells affected by perched water table conditions in the
phreatic aquifer. The calculated square residual for the base model in Table H-1 is comparable
to the calculated square residual for all manual calibration runs, but is not comparable to the
sensitivity scenario runs.
H.1.2 Model run 1 – change in specific yield of GHB cells from 1 to 0.4.
The reduction in the specific yield of the GHB cells was based on the sensitivity scenarios
which varied the yield between 0.25 and 0.99. A specific yield of 0.4 produced the lowest model
error of all the sensitivity scenarios. Changing the specific yield reduced the error in the flow
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budget by 16 %, and increased the error in the simulation of heads by 2 %. The significance of
the improvement in the model meant that a value of 0.4 was implemented through the remaining
parameter testing. Note that in the sensitivity analysis the flow budget was not sensitive to a 10
% increase in the specific yield. However, changing the specific yield to 0.4 represents a 60 %
decrease which has a much more significant effect on the model.
Infiltration
Figure H-1 and H-2 show the model fit for total infiltration and infiltration per infiltration area.
A near perfect model fit for total infiltration was achieved by adjusting the specific yield from
1 to 0.4. There was a small delay between the modelled and measured infiltration in the last
four stress periods, with the modelled infiltration lagging the measurements.
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Figure H-1 Sum of infiltration from all infiltration areas, measured (black) versus modelled (red) values.

However, the spatial variation in error between the infiltration areas was more significant.
Infiltration in Area 1 and Area 2 was overestimated before and after the intake reduction, and
underestimated during the intake reduction. Area 3 had a very good model fit before the intake
reduction, however the model overestimated infiltration during the intake reduction and in the
recovery period. Area 4 has an overall good model fit, whereas Area 5 has a poor model fit
across the entire simulation time.
In infiltration Areas 2 and 3, the model predicted around 10,000 m3/day of infiltration during
the intake reduction despite no inflow of pre-treated river water to these areas during the period
(see circled areas in Figure H-2). This result indicates a discrepancy between the conceptual
model applied to the water balance calculation, and the application in the numerical modelling.
In the numerical model, all ponds are removed (head and conductance set to 0) once the water
level is below the gauge level. However, no change is made to the head or conductance of the
transport canals as the water levels are not regularly measured. During the intake reduction, a
160

constant level in the transport canals means a large volume is infiltrated when the modelled
water table drops. In infiltration Areas 2 and 3 this causes a significant error. A revised
conceptualisation of the transport canals is applied in calibration Iteration 2.
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Figure H-2 Modelled (red) and measured (black) infiltration in each infiltration area.

Drain abstraction
Figure H-3 shows the overall drain abstraction, which was too high across the entire simulation
period. However, there was an 11 % reduction in drain abstraction in Run 1 compared to the
baseline model, resulting from the decreased GHB specific yield. Most of the over abstraction
error occurred in Area 1 (Figure H-4).

161

90,000
80,000

Drain abstraction m3/day

70,000
60,000
50,000
40,000
30,000
20,000
10,000
0
1/09/2016

16/09/2016

1/10/2016

16/10/2016

31/10/2016

15/11/2016

Figure H-3 Modelled (red) and measured (blue) abstraction from all drains.

Figure H-4 shows that Area 2 reproduces the pattern of error seen in the infiltration results, with
both infiltration and drain abstraction overestimated outside of the intake reduction, and
underestimated during the intake reduction.
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Figure H-4 Modelled (red) and measured (blue) abstraction from drains in Area 1 (left) and Area 2 (right).

Area 3 has a reasonable model fit, except for the final two stress periods which are significantly
underestimated (circled in Figure H-5). Area 3 contains four drains, UB09, UB10, UB11 and
UB12. Figure H-6 shows the measured hourly abstraction (in m3/day for each hour) from each
drain in Area 3 for the simulation period. The large increase in drain abstraction at the end of
the simulation period is due to an increase in abstraction from UB11, and a temporary peak in
abstraction in UB12.
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Figure H-5 Modelled (red) and measured (blue) abstraction from drains in Area 3.
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Figure H-6 Hourly measured abstraction from drains in Area 3.

The water levels applied to each model drain cell are provided in Figure H-7. The levels are
taken from the Waternet database, and are interpolated based on the measured levels at each
drain outlet. In UB09, UB10 and UB12, the measured abstraction follows the changes in
measured water levels in the drains. That is, an increase in water level corresponds to a decrease
in abstraction, and a decrease in water level results in an increase in abstraction. Raising or
lowering the height of the weir at the drain outlet is the method by which abstraction from the
drains is controlled.
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Figure H-7 Water levels applied to all model drain cells corresponding to each drain in Area 3.

However, comparing Figure H-6 and H-7, the measured abstraction from UB11 does not
correspond to the change in water level at the drain outlet. At the end of the simulation period,
the water level increases, and so does the measured abstraction from the drain. The modelled
abstraction from the drain decreases as expected from an increase in water level (Figure 5).
Discussion with colleagues from Waternet provided new information on the quality of the
measurements of abstractions from drains UB11 and UB12. During the period immediately
following the intake reduction, work was undertaken on the weirs at the outlets of these drains
due to poor measurement performance (P. Kamps, personal communication, 6 July 2017).
It was recommended that the abstraction measurements from UB11 and UB12 are not used to
assess the model performance. The weir data for UB11 and UB12 was also used in the
construction of the water balance and the calculation of the abstraction from the canals. The
water balance was updated, and revised estimates for drain and canal abstraction based on this
information, were applied in calibration Iteration 2.
Canal abstraction
Figure H-8 shows that canal abstraction is underestimated outside of the intake reduction
period. There is less than 10 % error between modelled and measured total abstraction from the
AWD, which is the sum of the abstraction from the drains, canals and deep pumping wells.
Therefore, most of the underabstraction error from the canals can be explained by the
overabstraction from the drains. Reducing abstraction from the drains should result in a better
model fit for the canals.
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Figure H-8 Modelled and estimated canal abstraction.

During the intake reduction, the model is out of phase with the estimated changes in canal
abstraction. A comparison between pumping data applied to the water balance and the model
identified an error in the water balance calculation. Revised estimates of canal abstraction with
corrected pumping well data have been incorporated into calibration Iteration 2.
Head observations
Residuals for the base model are provided in § 5.1 of the main report. Due to the similarity
between the heads of the base model and the Iteration 1 models, this figure is not reproduced
for the optimisation model runs. Model Run 1 resulted in a 2 % increase in the objective
function calculated from the squared head residuals compared to the base model.
Figure H-9 shows a comparison of the absolute average value of the phreatic aquifer head
residuals for all stress periods between the base model and model Run 1. Positive values, shown
in red, represent an increase in the error in the modelled heads compared to the base model.
Conversely, negative values, shown in blue, indicate that the model has improved compared to
the base model. Comparing the average residuals between each model standardises the error in
the loggers, which have residuals calculated daily, with the manually monitored wells which
only have single measurements.
As Figure H-9 shows, decreasing the specific yield of the infiltration pond GHB cells had only
a small impact on the modelled heads. In most observation wells, the average residuals did not
change, or changed by < 0.05 m from the base model to Run 1. Some improvement in the model
was seen in infiltration Area 2. Over the entire simulation period, decreasing the specific yield
of the infiltration pond GHB cells decreased drain abstraction and increased infiltration. The
effect is that more water is stored in the phreatic aquifer, increasing the height of the
groundwater table. Over the entire simulation period, the level of the water table was
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overestimated in the base model, so increasing the groundwater table is expected to increase
the head error in Area 2.

Figure H-9 Change in the error in modelled heads between the base model run and model Run 1.

However, looking at the time series for modelled flows (Figure H-10), during the intake
reduction period decreasing the specific yield decreased the infiltration and increased drain
abstraction, decreasing the groundwater table for a few weeks. As the Area 2 measurements
were taken during the intake reduction between the 17 and 21 October, the effect is a decrease
in the RMSE.
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Figure H-10 Change in infiltration Area 2 infiltrated volume (left) and drain abstraction (right)
between the base model and model Run 1. Measured values are shown in black (left) and blue (right).

H.1.3 Model run 2 – increase the conductivity of the cleaned ponds by 25 %
Ponds cleaned in 2015 are in Areas 1 and 5 (circled in Figure H-11). Increasing the infiltration
of the clean ponds should decrease the underestimation error in infiltration Area 1. However,
infiltration in Area 5 is already overestimated so increasing clean pond conductance will
increase the error in this area. Changing the pond conductivity had a very small impact on the
model result when compared to Run 1. As predicted, infiltration increased in Areas 1 and 5, but
with less than 1 % in each area. An overall increase in infiltration, and a very small increase in
the abstraction from the canals resulted in a 1 % reduction in the objective function calculated
for the flow budget. Due to the similarities in values between Run 1 and Run 2, charts of Run
2 are not provided.
Discussion with colleagues from Waternet provided new information on the cleaning of the
infiltration ponds in Areas 1 and 5. Ponds in Area 1 were drained and the sludge completely
removed from the dry bottom of the pond by scraping. In contrast, the ponds in Area 5 were
not drained, but cleaned by dredging from a boat, which is thought to be less thorough (P.
Kamps, personal communication, 6 July 2017). Based on this information, the conductivity of
the cleaned ponds in Areas 1 and 5 were not varied by the same factor in progressive calibration
iterations, as the infiltration rate in Area 1 is expected to be much higher than in Area 5.
Continued underestimation of infiltration in Area 2 suggested that the conductance of Area 2
ponds should also be increased. New information was received on the management of ponds in
Areas 1 and 2 near the Westerkanaal (G6, G7, G18, G19, G20, G21, G22 and G23). These
infiltration ponds are often allowed to run dry, as a measure to decrease the volume abstracted
from the dunes. When the ponds dry, the sludge at the base on the ponds, which forms the high
resistance layer, oxidises and cracks, and can be blown away by the wind. Therefore, despite
not having been recently cleaned, these ponds have a very high infiltration rate. Previous
research found the infiltration rate in pond G20 to be 60 cm/day (Beyen, 2012). The high
infiltration capacity of frequently dry ponds is considered in calibration Iteration 2.
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Figure H-11 Location of cleaned and uncleaned infiltration ponds.

H.1.4 Model run 3 – decreased the conductivity of uncleaned ponds by 25 %
Decreasing the conductivity of the uncleaned ponds is aimed at infiltration Area 5 where infiltration is overestimated outside of the intake reduction period. As there are many more
uncleaned than cleaned ponds, changing the conductivity of uncleaned ponds had a greater
impact on total infiltration volume than the change to clean pond conductivity simulated in Run
2. There was a 1 % decrease in infiltration and a 1 % decrease in canal abstraction resulting in
a 4 % increase in the objective function for flows compared to model Run 1. Due to the
similarities in values between Run 1 and Run 3, charts of Run 3 are not provided. The square
residuals for head measurements were insensitive to this parameter change.
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As decreasing the conductivity of the uncleaned ponds increased the objective function and no
further information supporting the parameter change was available, this parameter was not
adjusted in progressive calibration iterations.
H.1.5 Model run 4 – increase the conductivity of the cleaned drains by 25 %
Increasing the conductance of the cleaned drains is aimed at reducing the underestimated
infiltration in Areas 2 and 3. A small increase in drain abstraction from Area 1 is also expected,
which will increase the overestimation error in this area. Drain abstraction was increased by 4
% in Area 2 and 3 % in Area 3 compared to Run 1. Overall drain abstraction increased, which
increased the objective function for flow by 4 % compared to Run 1. However, there is still a
benefit to be gained from further increasing the conductance of the cleaned drains in
combination with the decrease in conductance of uncleaned drains in Run 5. Due to the
similarities in values between Run 1 and Run 4, charts of Run 4 are not provided.
Model Run 4 achieved the lowest square residual for the head measurements of any run in
Iteration 1, a 2 % decrease compared to Run 1. The decrease in residuals is due to a decrease in
the overestimation error in the levels of the D-wells D021.1, D021a.1 and D023a.1 near UB03.
H.1.6 Model run 5 – decrease the conductivity of the uncleaned drains by 25 %
The only drains that have not been recently cleaned are UB03 to UB06, located in infiltration
Area 1 (Figure H-12). Decreasing the conductance of the uncleaned drains reduced drain
abstraction from Area 1 by 5 %, resulting in a 3 % decrease in the objective function for flows
compared to Run 1. Graphically little difference in flows can be seen, so charts for Run 5 are
not provided.
Figure H-13 shows the modelled versus measured abstraction from drains UB01 and UB02
located in infiltration Area 1, which have been recently cleaned and were not adjusted in this
model run. Figure H-13 shows that drain abstraction is significantly overestimated in these
drains. Discussion with colleagues from Waternet identified issues with the performance of
UB01 and UB02 in the field. Despite being cleaned recently, these drains perform poorly, with
a large amount of water lost from the drain to the Noordoosterkanaal in the north (P. Kamps,
personal communication, 6 July 2017). This means that drain abstraction does not follow the
measured water levels at the drain outlet, which are applied to the model after some adjustment.
Flow northwards also causes UB01 to clog rapidly, further decreasing abstraction. Calibration
Iteration 3 explores reducing the conductance of UB01 and UB02 to account for this
information.
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Figure H-12 Location of cleaned and uncleaned abstraction drains.
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Figure H-13 Modelled (red) versus measured (blue) abstraction from drains UB01 (left) and UB02 (right).
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H.1.7 Summary of results of iteration 1
Table H1 summarises the results of the calibration iteration. The variation in parameters for
each model run are shown in the table as percentages of the base model value, where 100
represents the initial value.
Table H-1 Summary of parameter changes and calibration results for iteration 1.

Conductances
Model
runs
Base 1
1
2
3
4
5

Sy
ponds
100

40

Clean
ponds
100

Uncleaned
pond
100

125

Clean
drains

Calibration results

Uncleaned
drains

100

100

75
100

100

125
100

75

Canals

ΦQ

Φtotal

Φheads

(weighted)

100

325
272
269
283
281
264

0.87
0.88
0.88
0.88
0.87
0.87

4.12
3.59
3.57
3.71
3.68
3.51

Based on the results of iteration 1, the following model changes are implemented in future
calibration iterations:
Infiltration:
• Reduce overestimation during the intake reduction by improving conceptualisation of
transport canals in Area 2 and 3.
• Increase overall infiltration by increasing conductance of regularly dry ponds (G6, G7,
G18, G19, G20, G21, G22 and G23) in Areas 1 and 2.
• Decrease overestimation in Area 5 by reducing conductance of ponds cleaned by boat
(G37, G38, G39, G40).
Drain abstraction:
• Remove abstraction data based on faulty discharge measurements for UB11 and UB12,
update water balance and estimates of canal abstraction.
• Reduce conductance of UB01 and UB02 to account for clogging and water loss from
the drains to the Noordoosterkanaal.
Canal abstraction:
• Update water balance and estimate of canal abstraction with correct pumping data.
• Implement new parameters controlling abstraction from canals.
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H.2 Calibration iteration 2
This iteration focussed on correcting issues with the conceptual model and data inputs,
identified in the first iteration. Only model improvements and no parameter adjustments were
made during the three model runs. For this reason, the three model runs are titled with the names
of the new base models, to differentiate them from parameter optimisation runs.
H.2.1 Base model 2a
The results of Iteration 1 identified several data errors which needed to be corrected before
parameter optimisation occurs. Figure H-14 shows the revisions made to remove the faulty weir
data from drains UB11 and UB12. The large increase in abstraction at the end of the simulation
period was removed, and the time series recalculated based on interpolating between the hourly
measurements.
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Figure H-14 Hourly drain abstraction calculated from weir measurements,
and corrected values for UB11 (left) and UB12 (right).

Figure H-15 shows the corrected pumping well data used to revise the water balance. The increase in extraction from the deep wells is the result of incorporating additional well groups.
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Figure H-15 Deep well abstraction per day used to calculate the original water balance
compared to correct values applied to the numerical model.
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Of all the infiltration areas, the highest data uncertainty is associated with Area 5. There are
two methods to calculate the volume of river flow to Area 5: by taking the measurements from
weir ST12, or by taking the total inflow from the WRK pipelines, minus the calculated inflow
to the other four infiltration areas. Figure H-16 shows the difference between these methods.
The measurements from ST12, which were originally used to compare the goodness of fit of
the model result, are known to be of poor quality. Therefore, the water balance method was
used for comparison in Iteration 2 and subsequent iterations. The increase in infiltration in Area
5 caused the overall objective function to increase significantly.
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Figure H-16 Infiltration for Area 5 comparing values calculated from weir ST12
to values calculated from total WRK inflow.

Figure H-17 shows the resulting estimate of canal abstraction once all the corrections described
above were applied to the water balance calculation.
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Figure H-17 Initial water balance calculation of canal abstraction and final canal abstraction based
on revised drain and pumping well data.
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The results from Iteration 1 also identified an error in the conceptualisation of the transport
canals in Areas 2 and 3 during the intake reduction. For Iteration 2 Run 1, the conductance of
the transport canals 05 and 06 was reduced to 0 during the period when there was no inflow to
Areas 2 and 3. The most significant results for these model changes are shown in Figure H-18
to H-20. Figure H-18 shows the improvement in the fit between the modelled and measured
drain abstraction considering the improvements to the data for UB11 and UB12.
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Figure H-18 Total drain abstraction (left), and drain abstraction from Area 3 (right),
showing improved model fit to revised values from UB11 and UB12.

60,000

40,000

50,000

m3/day

50,000

30,000
20,000

Infiltration

Infiltration

m3/day

Figure H-19 shows the improvement in fit during the intake reduction in infiltration Area 2 and
3 resulting from the improvement to the conceptualisation of the transport canals during this
period. There is a large modelled peak in infiltration in Area 3 during the intake reduction
(circled) which is addressed in the second model run.
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Figure H-19 Infiltration in Area 2 (left) and Area 3 (right), showing improved model fit during
the intake reduction when transport canals 05 and 06 are removed.

Figure H-20 shows the improvement in the fit between the modelled and measured canal
abstraction. While canal abstraction is still significantly underestimated before and after the
intake reduction period, the fit within the intake reduction period has improved with the
modelled and measured values more in phase.
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Figure H-20 Total canal abstraction, showing improved model fit during the intake reduction
due to model and data improvements.

H.2.2 Base model 2b
The second model attempts to solve two issues with the modelled infiltration in Area 3. The
large modelled peak in infiltration during the intake reduction (Figure H-19) is the result of the
boundary conditions applied to the GHB cells representing Pond 26. The Waternet database
recorded a head measurement for 20 and 21 October whereas the pond was below gauge level
for the remainder of the intake reduction period. This temporary increase in water level was
likely a management decision to protect fish stocks in the infiltration pond (Ton de Boer,
personal communication, 13 July 2017). Applying this data to the model resulted in a large
infiltration volume during those stress periods, when the modelled level of the groundwater
table was low.
Similarly, while the level in Pond 30 was very low during the intake reduction, the height never
dropped below the gauge level and it was therefore not removed from the model. During the
intake reduction water entering the model from Pond 30 causes the discrepancy between the
measured and modelled values seen in Figure H-19. The boundary conditions applied to the
GHB cells representing Ponds 26 and 30 are shown in Figure H-21.
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Figure H-21 Boundary conditions applied to the GHB cells representing Pond 26 (left)
and Pond 30 (right) in Iteration 2 model 2a.
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Ponds 26 and 30 have not been cleaned in the last 20 years and a significant build-up of sludge
on the base of the ponds provides a high resistance layer. When the water level is very low,
almost no infiltration occurs from these ponds (Ton de Boer, personal communication, 13 July
2017). Model 2b sets the head level in Pond 26 to 0 on 20 and 21 October, and the conductance
of Pond 30 to 0 during the intake stoppage (time step 23 to 38) to account for this resistance
layer. The result of these changes is shown in Figure H-22. A large volume of water was
discharged from the aquifer into the infiltration ponds during the intake reduction period
(circled). This error is addressed in model 2c.
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Figure H-22 Total infiltration in all areas (left) and Area 3 (right), showing improved model fit during the intake
reduction when the conceptualisation of ponds 26 and 30 was improved.

H.2.3 Base model 2c
Model 2c solves the error in infiltration in Area 3 shown in Figure H-22. This error was caused
by setting the specified head in the GHB cells of infiltration Pond 26 to 0, but not changing the
conductance in the same time steps. Model 2c changes the conductance of Pond 26 to 0 on 20
and 21 October. The result of this change is shown in Figure H-23.
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Figure H-23 Total infiltration in all areas (left) and Area 3 (right), showing improved model fit
during the intake reduction when the conceptualisation of pond 26 was improved.

H.1.4 Summary of the results of iteration 2
Table H-2 summaries the results of the second iteration of manual calibration. Implementing
the model improvements caused a large increase in the objective function calculated from flows
compared to the base model. This was due predominantly to a larger underestimation error in
the infiltration volume. However, the model improvements slightly reduced the error between
the measured and modelled heads.
Table H-2 Summary of parameter changes and calibration results for iteration 2.

Calibration results
Model

Model improvements implemented

ΦQ

Φheads

Φtotal
(weighted)

Base
2a
Base
2b
Base
2c

Corrects data errors for UB11 and UB12,
pumping well data and canal abstraction.
Corrects conceptual model for transport canals.
Corrects conceptual model for infiltration
Area 3 – ponds 26 and 30.
Corrects conceptual model for infiltration
Area 3 – pond 26.

455

0.87

5.42

501

0.86

5.88

482

0.86

5.69

H.3 Calibration Iteration 3
The base model for Iteration 3 introduces a new parameter, the hydraulic conductivity of a
highly conductive shell layer located between the infiltration areas and the Westerkanaal at the
western boundary of the AWD. Implementation of this additional conductivity zone in model
Layer 1 was considered necessary to improve the conceptualisation of the dune area, and to
improve the calibrated fit for canal abstraction. The conductance of the unclean infiltration
ponds, the conductance of the clean drains, and the conductance of the canals were removed
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from the calibration process as they were either insensitive, or caused the objective function to
increase.
H.3.1 Base model – implementation of high conductivity zone
The base model for Iteration 3 contains all model improvements made during Iteration 2, and
the increased conductance of the recently cleaned infiltration ponds identified in Iteration 1. In
addition, the model includes a new high conductance zone in model Layer 1, shown in Figure
3-12 of the main report. This layer was identified through bore logs, and confirmed through
heat transport investigation (Liu, 2016). Initially a value of 30 m/day was estimated for the high
conductivity zone. No changes to drain conductance were included in the base model.
Implementing the high conductivity zone and the increased pond conductance in Area 1 reduced
the objective function for flow observations by 11 % compared to the final model in Iteration
2. However, the objective function for heads increased by 3 %. The effect of increasing the
conductivity of the shell layer on the phreatic water table is discussed further in the explanation
of the line search.
Infiltration
Figure H-24 shows the improved fit for total infiltration and infiltration per area infiltration.
The major improvements are in Area 1 during the period prior to the intake reduction. A very
good model fit was achieved by increasing the conductance of the cleaned ponds. There is still
a significant underestimation of infiltration during the intake reduction. Increasing the cleaned
pond conductance does not increase infiltration during the intake reduction. This is because
ponds with high conductivity respond quickly to reduced flow, and fell dry shortly after the
beginning of the intake reduction period.
Significant improvements in the fit of Area 2 and 3 during the intake reduction were achieved
by implementing the model improvements described in Iteration 2. The model continues to
underestimate infiltration in Area 2 prior to the intake reduction, which can be addressed by
increasing the conductivity of the frequently dry ponds (20 to 23) in subsequent model runs. A
large peak in infiltration occurs in Area 3 in the second last stress period, during the recovery
from the intake reduction. A similar peak is also seen in Area 2, and the overall infiltration
volume (circled). The source of this peak could not be identified.
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Figure H-24 Total infiltration and infiltration from Areas 1 to 5, showing improved model fit due to
improved conceptualisation and increased pond conductance. Modelled values are shown in red
and measured values in green.

A test of the reasonableness of the pond conductance values was undertaken by comparing
modelled infiltration to field measurements. The modelled infiltration in Ponds 11 and 13
during stress period 3, which is an average of the 5 days between 27 and 31 August, were
compared to measurements taken on 29 August 2016. Infiltration in Ponds 3, 5, 8 and 10 were
compared to average infiltration rates calculated from infiltration tests (Table H-3). As can be
seen from the Table H-3, the model values are in good agreement with the measurements,
except for Pond 13 which is overestimated, suggesting the conductance is too high. The
calibrated values for Area 1 ponds other than Pond 13 are therefore reasonable, and should not
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be increased further. However, in calibration runs where drain conductance is decreased, further
adjustment may be required to prevent a decrease in infiltration.
Table H-3 Modelled and measured infiltration rates for Area 1 infiltration ponds m3/day.

Pond
11
13
3
5
8
10

Measurement
13,631
9,850
3,885
2,039
2,651
3,369

Model 27/8
13,040
13,670
3,970
2,128
2,440
3,140

Model 6/9
3,640
2,488
2,410
3,280

Model 26/9
3,683
2,552
3,100
3,260

There is a significant discrepancy between the modelled and measured infiltration in Area 5
during the intake reduction. Modelled infiltration is very low or negative between 4 and 15
October, while the measured infiltration is between 20,000 and 30,000 m3/day during the same
period. The modelled infiltration is calculated as the sum of the flow in and out of all GHB cells
in each area in each stress period. Figure H-25 shows the exchange of flow between the Area 5
GHB cells and the aquifer. During the intake reduction, there is net modelled inflow from the
aquifer to the infiltration ponds, causing the negative infiltration values.
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Figure H-25 Modelled inflow (blue) and outflow (red) from Area 5 GHB cells.

Figure H-26 shows the measured water levels in infiltration ponds in Area 5, which are applied
as specified heads to the GHB cells in the model. These levels are compared to the measured
water levels in the abstraction canals surrounding Area 5, which are applied to the river cells in
the model. The gauge level closest to each infiltration pond is used for comparison. As can be
seen in Figure H-26, the water level in the abstraction canals is always lower than the level in
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the infiltration ponds, resulting in a gradient towards the abstraction canals and inflow from the
ponds to the aquifer.
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Figure H-26 Modelled inflow and outflow from Area 5 GHB cells.

Figure H-27 shows the modelled heads in Area 5 during six stress periods: two prior to the
intake reduction, three during the intake reduction, and the final stress period, after the
groundwater levels have recovered. Looking to the north-east corner of the infiltration area, the
heads above NAP + 7.00 m represent the marshy area where groundwater is close to or above
the ground surface. From the 1 to 15 October the modelled heads show the modelled groundwater table in this area falling, as the marshy zone is drained by the infiltration ponds. This
drainage partially accounts for the modelled outflow from the aquifer to the ponds.
There is no logger data in Area 5 to determine the accuracy of the model in reproducing changes
in the groundwater table. Assuming the model adequately represents the decrease of the
groundwater table during the intake reduction, the inflow from the aquifer to the infiltration
ponds should be reflected in the measurements of infiltration to Area 5. Discussions with the
field managers of the AWD introduced new information regarding the management of Area 5
during the intake reduction which could account for this discrepancy.
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Figure H-27 Layer 1 modelled groundwater heads in infiltration Area 5, showing the drainage of the
marsh area by the infiltration ponds during the intake reduction period.

When the intake shortage in Areas 1 to 3 was identified, water was taken from Area 5 infiltration
Ponds 37 to 40, which have a very high water level, to the Van Lennepkanaal (Ton de Boer,
personal communication, 13 July 2017). No records exist of the date, time, or volume of these
transfers. As the river inflow to Area 5 is calculated based on total WRK inflow minus the flow
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to the other four infiltration areas, the volume of any transfer from Area 5 is double counted in
the water balance, and infiltration measurements. If the volumes taken from the ponds were
balanced by inflow from the aquifer, there would be no change in the level in the ponds and no
evidence of the extraction in the pond water balance. In the absence of any further information,
no adjustment to the infiltration measurements for Area 5 were made. To ensure comparability
between the model runs, infiltration in Area 5 was not removed from the calculation of the
objective function, however no model adjustments to improve the fit in Area 5 were considered.
Drains
Figure H-28 shows the total and per area abstraction from the drains. A good model fit was
achieved in Areas 2 and 3 after the model improvements implemented in Iteration 2. The model
continues to overestimate abstraction in Area 1 drains, which can be addressed by decreasing
the conductivity of the drains in subsequent model runs. Decreasing drain conductivity also
decreases infiltration, so pond conductance will be increased simultaneously to account for this
positive feedback effect.
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Figure H-28 Total drain abstraction and abstraction from Areas 1 to 3, showing improved model fit due to
model improvements for Area 3. Modelled values shown in red and measured values in blue.

Canals
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Figure H-29 shows a small improvement in model fit for total canal abstraction after the
implementation of the high conductivity shell layer between the infiltration areas and the
Westerkanaal. Increased conductivity increases the flux towards, and therefore abstraction from
the canals.
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Figure H-29 Total canal abstraction, showing improved model fit due to implementation of
the high conductance shell sand in model Layer 1.

H.3.2 Stepwise increase in the k value of shell sand layer
Five model runs were undertaken, consecutively increasing the hydraulic conductivity of the
shell layer to determine the optimum value. The change in infiltration volume, drain abstraction
and canal abstraction are provided in Figure H-30 to H-32, for hydraulic conductivities ranging
between 40 and 80 m/day. Increasing the conductivity of the shell layer had a very small
positive impact on infiltration volume and a very small negative impact on drain abstraction.
The impact on total canal abstraction was also small, but considering the length of canal
adjacent to the high conductivity zone, compared to the total length of canals in the AWD, there
was a significant increase in flux in this zone.
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Figure H-30 Total infiltration volume for a hydraulic conductivity of the shell layer of 40 m/day (red),
60 m/day (grey) and 80 m/day (blue), compared to the measured values (green).
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Figure H-31 Total drain abstraction for a hydraulic conductivity of the shell layer of 40 m/day (red),
60 m/day (grey) and 80 m/day (blue), compared to the measured values (black).
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Figure H-32 Total canal abstraction for a hydraulic conductivity of the shell layer of 40 m/day (red),
60 m/day (grey) and 80 m/day (blue), compared to the measured values (green).
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Increasing the shell layer conductivity significantly reduced the objective function for flows,
by around 10 % per 10 m/day increase in conductivity. Increasing from 40 and 60 m/day
decreased the residuals for total canal abstraction, however increasing from 60 to 80 m/day
increased the canal abstraction error. Increasing conductivity from 40 to 80 m/day decreased
the residuals for infiltration and drain abstraction.
Increasing the shell layer conductivity increased the square of the head residuals by
approximately 2 % per 10 m/day increase in conductivity. As expected, the main impact on
heads was seen in infiltration Areas 1 and 2 near to the Westerkanaal. Increased residuals were
associated with P-wells in Area 1, near to ponds 6 and 7, and in the D-wells measuring the
performance of UB07. In this area, the modelled groundwater table was already underestimated,
so increasing the hydraulic conductivity directly adjacent increased the error in the modelled
heads.
H.3.3 Model run 1 to 4 – adjusting the conductance of the drains and ponds
The remainder of the model runs in Iteration 3 focussed on optimising two parameters: drain
conductance and pond conductance. The calibration focussed on Areas 1 and 2 where the largest
errors in the flow budget occur. Manually calibrating these parameters is difficult because of
the feedback effects they have on the components of the flow budget. Decreasing the drain
conductance reduces the error in drain abstraction, but increases the error in infiltration volume.
The opposite effect occurs when the pond conductance is increased.
The lowest error was achieved by:
• Increasing the conductance of the Area 1 ponds by 25 %, on top of the increased
conductance of Area 1 ponds built into the base model,
• Increasing the conductivity of the Area 2 ponds by 50%, and
• Decreasing the conductance of the drains by 25%.
Figure H-33 shows the modelled and measured drain abstraction values for each drain in Area
1 for the final model run. Except for UB05 and UB06, drain abstraction is still significantly
overestimated. A better calibration result for drain abstraction could be achieved through
automatic parameter estimation, where many more parameter values and combinations can be
tested than is possible through manual calibration.
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Figure H-33 Modelled and measured abstraction from each drain in Area 1, final model run of Iteration 3.
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H.3.3 Summary of the results of iteration 3
Table H-4 summaries the results of the third iteration of manual calibration.
Table H-4 Summary of parameter changes and calibration results for iteration 3.

Sy
pond

Unclean
Clean pond
drain
conductance
conductance

K shell
layer
(m/day)

Calibration result
ΦQ

Φheads

Φtotal
(weighted)

Base 3

30

436

0.88

5.24

Stepwise
increase in k

Model
calls

40
50
60
70
80

397
361
331
308
290
348
327
304
294

0.88
0.89
0.90
0.90
0.91
0.96
0.96
0.91
0.90

4.85
4.50
4.21
3.98
3.81
4.44
4.23
3.95
3.84

125

100

125
150
165
150

75
50
50
75

40

1
2
3
4

80

Despite the continued decrease in the objective function, the stepwise increase in the k of the
shell sand was ceased after the parameter reached 80 m/day. This was because the parameter
reached the upper bounds of a reasonable estimate. Further exploration of the parameter was
undertaken during the PEST calibration.

H.4 Final model
The final manual calibration model adopts the best parameter values from model Run 4 of
Iteration 3 (Table H-5). The model also implements a new methodology for calculating the
levels in the drains, and represents the most accurate conceptualisation of the AWD during the
intake reduction period of any of the models tested.
Table H-5 Parameter values and calibration results for Base model 4.

Model
calls
Base 4

Sy
pond
40

Unclean
Clean pond
drain
conductance
conductance
150

75

K shell
layer
(m/day)
80
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Calibration result
ΦQ

Φheads

330

1.07

Φtotal
(weighted)

4.37

H.4.1 Original drain level methodology
The C-pipes, which measure the heads inside each drain are only monitored four times a year.
Between measurements, heads in the C-pipes are interpolated based on the changing heads at
the drain outlet, and resistance along the drain pipe (Figure H-34). For many reasons, there are
not always head measurements available at the drain outlets. In the absence of measurements,
heads are estimated from the estimated flows along the drain which are based on the average
level in the drain, and the average water level in the infiltration ponds closest to the drain. Under
normal operating conditions, when the water level in each pond is at or close to the average
level, this methodology is suitable. However, during an intake reduction or stoppage, there is
no water in the ponds and the methodology is not suitable.

Figure H-34 Schematic of drain measurements.

H.4.2 Improved drain level methodology
The new methodology directly applies the water level at the drain outlet to the drains. This
ignores resistance along the drain and removes dependence on estimates of drain flow. To
compensate for the much lower drain level, and therefore higher abstraction, the conductance
of each drain must be increased. The conductance of the drain will now be a combination of the
conductance of the drain wall, which was originally applied in the model, and the conductance
(or inversely, the resistance) along the total length of the drain and the drain pipe. Therefore,
the conductance of each drain is effectively independent of every other drain, and should be
optimised independently. It is not possible to optimise the conductance of each drain manually
as there are too many parameters to consider. Further optimisation is left to the automatic
parameter estimation software PEST (Doherty, 2005).
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Figure H-35 Comparison between drain water levels between the old methodology (red) and the new
methodology (blue), for drains displaying a significant difference.

H.4.3 Results
Implementing the new methodology increased the objective function by 24 % compared to the
final model of Iteration 3 due to increased drain abstraction. However, as explained above,
manual calibration is not a suitable process to optimise so many independent parameters.
Significant improvement in the modelled water budget can be expected from automatic parameter estimation using PEST software.
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– PEST calibration results
This appendix provides additional results of the PEST calibration iterations undertaken both
with the telescopic models of the individual infiltration areas and the larger telescopic model of
the whole system. Table I-1 describes all the optimised parameters. Not every parameter was
used in each iteration.
Table I-1 List of calibration parameters.

Parameter
Jduin

Description
Hydraulic conductivity of the younger dune sands, model layer 1
Hydraulic conductivity of the younger dune sands above the peat
Jduin_Hv
layer, model layer 1
Zvrt-z
Hydraulic conductivity of the Zandvoort sands, model layer 3
Shell_sand
Hydraulic conductivity of the shell sands, model layer 1
Hve-kv
Resistance of the peat layer
Sy_ponds
Specific yield of the infiltration pond GHB cells
Sy_Jduin
Specific yield of the younger dune sands, model layer 1
Specific yield of the younger dune sands above the peat layer,
Sy_Jduin_Hv
model layer 1
cndub01
Resistance of drain UB01, infiltration area 1
cndub02
Resistance of drain UB02, infiltration area 1
cndub03
Resistance of drain UB03, infiltration area 1
cndub04
Resistance of drain UB04, infiltration area 1
cndub05
Resistance of drain UB05, infiltration area 1
cndub06
Resistance of drain UB06, infiltration area 1
cndub7/8
Resistance of drains UB07 and UB08, infiltration area 2
cndub09
Reistance of drain UB09, infiltration area 3
cndub10
Resistance of drain UB10, infiltration area 3
cndub11
Resistance of drain UB11, infiltration area 1
cndub12
Resistance of drain UB05, infiltration area 1
cndub06
Resistance of drain UB06, infiltration area 1
ccndarea1
Resistance of infiltration ponds 11 and 13, cleaned in 2015
Resistance of infiltration ponds 6, 7, 18 and 19, frequently
drcndarea1
allowed to run dry in normal management of the AWD
ncndarea1
Resistance of all remaining ponds in Area 1
Resistance of infiltration pond 20, frequently allowed to run dry
ccndarea2dr
in normal management of the AWD
ccndarea1
Resistance of all remaining ponds in Area 2
ccndarea3
Resistance of all ponds in Area 3
ccndarea4
Resistance of all ponds in Area 4
ccndarea5
Resistance of all ponds in Area 5

Notes
tied to Jduin
insensitive
tied to
Sy_Jduin
-

Table I-2 lists the models used in all the PEST calibration iterations. A decription of the models
and the interaction between them can be found in § 3.4.3 of the main report.
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Table I-2 Summary of PEST calibration iterations.

Step
1
2
3
4
5
6
7
8
9
10
11

Calibration model
TSMa1
TSMa123
TSMa123
TSM whole AWD
TSMa1
TSMa123
TSMa123
TSM whole AWD
TSM whole AWD – with SWI2 package
TSM whole AWD
TSM whole AWD – with prior information

Areas optimised
1
2
3
1 to 5
1
2
3
1 to 5
1 to 5
1 to 5
1 to 5

No. of parameters
11
4
6
8
9
4
4
10
10
12
13

I.1 Optimisation of infiltration Area 1
Optimisation of Area 1 was undertaken using the telescopic model of only infiltration Area 1
and its abstraction canals (TSMa1). Two calibration rounds were undertaken using TSMa1. The
second calibration round incorporated optimised hydraulic conductivity and storage parameters
from the telescopic model of the entire AWD, as well as starting values of drain and pond
conductance from step 1. The objective function is not comparable between the rounds, because
different weightings were applied to the observation groups. Canal observations were not
included as calibration targets because not all canals were included in the model.
Calibration step 1 resulted in a significant improvement in the model fit across the head, drain,
and pond observations (Figure I-1, I-2 and I-3). The horizontal axis of the figures are a
combination of several observation time series. A 62 % decrease in the objective function was
achieved. A less significant change was observed in calibration step 5, because the initial values
were already close to the optimum parameters. A 16 % decrease in the overall objective function
was achieved, however the fit between the modelled and measured heads became slightly worse
after calibration (Table I-3).

Table I-3 Change in objective function after calibration steps 1 and 5.
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Figure I-1 Fit between modelled and measured heads in the phreatic aquifer in Area 1, before and after
calibration.
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Figure I-2 Fit between modelled and measured infiltration in Area 1, before and after calibration.
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Figure I-3 Fit between modelled and measured drain abstraction in Area 1, before and after calibration.

Table I-4 shows the correlation coefficient matrix for all Area 1 parameters. The highest correlation between any two parameters during step 1 was 0.37, indicating that correlation between

parameters did not adversely affect the performance of PEST (Hill, 2007). The matrix for step
5 is not shown, but the highest correlation between a parameter set was -0.32. The ratio between
the highest and lowest eigenvalues was 104 in step 1 and 101 in step 5, indicating that parameter
insensitivity did not adversely affect the performance of PEST (Doherty, 2005).
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Table I-4 Correlation coefficient matrix for Area 1 optimisation, step 1.
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I.2 Parameter optimisation for Area 2
Optimisation of Area 2 was undertaken using the telescopic model of infiltration Areas 1, 2 and
3 (TSMa123). Four calibration rounds were undertaken using TSMa123, one using only observations from Area 2 (step 2), one using only observation from Area 3 (step 3), and two containing observations from Areas 2 and 3, and incorporating optimised hydraulic conductivity and
storage parameters from the telescopic model of the entire AWD (step 6 and 7). The objective
function is not comparable between the step 2 and step 6 because a different number of
observation points was included in each step. Canal observations were not included as
calibration targets because not all canals were included in the model.
Calibration step 2 resulted in a significant improvement in the model fit for the flow observations (

Figure I-4 and I-5). However, the error in modelled heads increased slightly (Figure I-6). The
model fit for head observations was improved in step 6 when improved hydraulic conductivity
and storage parameters were included in the model. A 34 % decrease in the objective function
was achieved in step 2 and a 12 % decrease in step 6 (Table I-5).
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Figure I-4 Fit between modelled and measured infiltration in Area 2, before and after calibration.

Figure I-4 shows a poor model fit directly after the intake reduction period. In the first four
stress periods after intake recommenced, the modelled infiltration is zero while the measured
infiltration rises to 35,000 m3/day. This discrepancy is due to implementation of the pond gauge
measurements in the model. Infiltration is assumed to be zero when the ponds are below gauge
level, and the head and conductance of the ponds are set to zero to account for this. However,
the measurements are based on the inflow across the transport canal weir. As the model cannot
use these measurements to optimise the parameters in Area 2, they were given a zero weighting
in the calibration.
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Figure I-5 Fit between modelled and measured drain abstraction in Area 2, before and after calibration.
7.00

6.00

5.00

4.00

3.00

2.00

1.00

Calibration step 6

Figure I-6 Fit between modelled and measured heads in the phreatic aquifer in Area 2, before and after
calibration.
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Table I-5 Change in objective function after calibration steps 2 and 6.
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Contribution
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Step 2
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value
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Table I-8 shows the correlation coefficient matrix for all Area 2 parameters. The highest
correlation between any two parameters during step 1 was -0.60, indicating that correlation
between parameters did not adversely affect the performance of PEST. In step 6 the correlation
was increased to 0.76, but was still well below the threshold of 0.95. The ratio between the
highest and lowest eigenvalues was 102 in both step 2 and step 6, indicating that parameter
insensitivity did not adversely affect the performance of PEST.
Table I-6 Correlation coefficient matrix for Area 2 optimisation, step 2.

sy_ponds
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-0.383
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1.00

I-3 Parameter optimisation for Area 3
Optimisation of Area 3 was also undertaken using TSMa123. The initial objective function is
lower in step 7 because the observations from drains UB11 and UB12 were given a zero
weighting. Canal observations were not included as calibration targets because not all canals
were included in the model. Calibration step 2 resulted in a significant improvement in the
model fit for both the head and the flow observations (Figure I-7, I-8 and I-9). A 54 % decrease
in the objective function was achieved in step 3 and a 67 % decrease in step 7 (Table I-7). The
contribution of the drain observations to the objective function was reduced to nearly zero in
step 7. However, as drains UB11 and UB12 were given a zero weighting, this improvement
relates only to UB09 and UB10.
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Table I-7 Change in objective function after calibration steps 3 and 7.

Step 3
Final
value

Initial
value
Φtotal
Contribution
of heads
Contribution
to drains
Contribution
of ponds

Initial
value

Step 7
Final
value

823

268

Per cent
change
-67%
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456

Per cent
change
-54%

199
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-36%

199

123

-38%

424

196

-54%

276

14

-95%

365

133

-64%

348

130

-63%

Table I-8 shows the correlation coefficient matrix for all Area 3 parameters. The highest
correlation between any two parameters during step 3 was 0.24, indicating that correlation
between parameters did not adversely affect the performance of PEST. The ratio between the
highest and lowest eigenvalues was 101 in both step 3 and step 7, indicating that parameter
insensitivity did not adversely affect the performance of PEST.
Table I-8 Correlation coefficient matrix for Area 3, optimisation step 3.
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Figure I-7 Fit between modelled and measured heads in the phreatic aquifer in Area 3,
before and after calibration.
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Figure I-8 Fit between modelled and measured infiltration in Area 3, before and after calibration.
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Figure I-9 Fit between modelled and measured drain abstraction in Area 3, before and after calibration.

I-4 Parameter optimisation for the entire AWD
The calibrated conductances for each infiltration area were used as initial values in the calibration model of the entire AWD. Additional parameters were optimised using the larger
telescopic model, including the hydraulic conductivity and storages of the different geological
layers in the first and third model layers. I-10 to I-14 show the calibration results of four
calibration iterations of the entire AWD. A good model fit was achieved for both heads, and
components of the flow budget in calibration steps 8, 9 and 10. However, the optimised
hydraulic parameters were not within the expected ranges based on field data and previous
modelling exercises. For some parameters, such as the hydraulic conductivity and specific yield
of the younger dune sands, the calibrated values were not within the physically possible ranges.
Based on these results, prior information was employed to constrain the optimisation to
reasonable values for hydraulic parameters.
The calibration coefficient matrix for the final parameter estimation run is provided in Table I9. The highest correlation between any two parameters was -0.87, between the resistance of the
ponds and drains in Area 2 (cndarea2 and cndu7u8). As this is below the threshold of ± 0.95
(Hill and Tiedman, 2007), it is concluded that correlation between parameters did not adversely
affect the performance of PEST. The ratio between the highest and lowest eigenvalues was 103
in both indicating that parameter insensitivity did not adversely affect the performance of PEST.
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Effect of pumping on abstraction from the
shallow aquifer
In Scenario 1a, § 6.1.1, the canals and drains are reduced from their average levels to the
minimum operation levels in 90 days. The scenario was reproduced with extraction from the
deep wells at maximum capacity, 94,000 m3/day, to calculate the reduction in abstraction from
the shallow aquifer resulting from increased leakage to the deep aquifer. Averaged across all
stress periods, pumping from the deep wells results in 6 % less abstraction from the canals
(Figure J-1) and 4 % less abstraction from the drains per day (Figure J-2).
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Figure J-1 Difference in abstraction from the canals due to the influence of pumping on leakage between the
shallow and deep aquifers.
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Figure J-2 Difference in abstraction from the drains due to the influence of pumping on leakage between the
shallow and deep aquifers.
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Pumping curve for scenario analysis
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Movement of the fresh-saltwater interface
This appendix provides additional figures for the analysis of the movement of the freshsaltwater interface as a result of pumping at full capacity to meet production demand during an
intake stoppage.

Figure L-1 Location and extent of the clay aquitard (shaded grey).The clay aquitard lies below the deep aquifer.
The wells are screened in the first 10 m of the deep aquifer.

Row 11

Row 151

Row 251

Figure L-2 Model layer 7 showing the position of model rows 11, 151 and 251 for analysis of the movement of
the fresh-saltwater interface. The deep wells are shown in yellow and the GHB cells in brown.
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