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Abstract. The forecast of climate change effects on the1l Introduction

groundwater system in coastal areas is of key importance

for policy makers. The Dutch water system has been deeply

studied because of its complex system of low-lying areasFresh water is an essential resource for all types of human
dunes, land won to the sea and dikes, but nowadays large efictivities. Worldwide, agriculture is the sector consuming
forts are still being done to find out the best techniques to de@out 70% of all available fresh water (UNESCOPRESS,
scribe complex fresh-brackish-saline groundwater dynamicl4 March 2012). This makes agriculture a very vulnerable
systems. In this paper, we describe a methodology consistin§ector to changes in the water system. Densely populated ar-
of high-resolution airborne electromagnetic (EM) measure-€as and intensive agricultural activities in the coastal zone de-
ments used in a 3-D variable-density transient groundwatefand large quantities of fresh water to maintain their econ-
model for a coastal area in the Netherlands. We used th&mYy. However, fresh water in this zone is not abundant. In
airborne EM measurements in combination with borehole-addition, it is threatened by salinisation processes such as
logging data, electrical conductivity cone penetration testdateral salt water intrusion as well as upward saline seep-
and groundwater samples to create a 3-D fresh-brackish@de (Custodio and Bruggeman, 1987; Jelgersma et al., 1993;
saline groundwater distribution of the study area. The EMOude Essink, 1996; FAO, 1997; Post and Abarca, 2010;
measurements proved to be an improvement compared tpude Essink et al., 2010). The anticipated sea level rise and
older techniques and provided quality input for the model.@ssociated changes in recharge and evapotranspiration pat-
With the help of the built 3-D variable-density groundwater €ns will also intensify the pressure on the coastal ground-
model, we removed the remaining inaccuracies of the 3-DWater system.

chloride field and predicted the effects of three climate sce- Salt water intrusion into coastal aquifers, on one hand, is
narios on the groundwater and surface water system. Resulf Well-studied process worldwide which has been topic of
showed significant changes in the groundwater system, anf@ny research works in the last years (Custodio, 2010; Bar-
gave direction for future water policy. Future research shouldoW and Reichard, 2010; SWIM proceedings). Saline seep-
provide more insight in the improvement of data collection @J€, on the other hand, is so far only studied in the Nether-
for fresh-brackish-saline groundwater systems as it is of hig@nds (Oude Essink, 1996, 1999, 2001a; de Louw et al., 2010,

importance to further improve the quality of the model. 2011). Saline seepage is a process which takes place in low-
lying areas with piezometric heads lower than its surround-

ings (e.g. mean sea level). In low-lying areas with a saline to
brackish subsurface, seepage is a serious threat to fresh water
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Fig. 1. The position of the study area within the Netherlands showing the surface elevation (left panel), and a topographic map showing the
surface water, the urban areas and the Wadden Sea (right panel).

resources, leading to a reduction of the fresh groundwatea transnational project in the North Sea region) that Deltares,
volume in the shallow subsurface. In coastal areas these shal-NO, Province of Frydin, Wetterskip of Fry&in (all the
low fresh groundwater volumes, known as rainwater lensesNetherlands), Federal Institute for Geosciences and Natural
are an important fresh groundwater resource for the agriResources (BGR, Germany), and Aarhus Geophysics (Den-
culture. For this reason, nowadays different research studmark) worked together to make these AEM methods suitable
ies focus on the dynamics of these shallow rainwater lenseand accessible for mapping fresh groundwater resources over
(e.g. de Louw et al., 2011). large areas, and to use this AEM data in numerical mod-
To ensure agricultural sustainability and fresh water sup-elling tools for the prediction of climate change effects on
ply of a coastal area, both policy makers and farmers need tgroundwater systems in northern Fs! In addition to this
know the future availability of fresh groundwater and the dy- study there are other initiatives that combined AEM data and
namics of saline groundwater in the deep and shallow subsumgroundwater modelling (Sulzbacher et al., 2012). We built a
face. To implement appropriate countermeasures to proteatew geological model and a new 3-D fresh-brackish-saline
coastal fresh water resources from salt water intrusion, wegroundwater distribution with the data obtained through dif-
need to better understand the relevant salinisation processe®rent geophysical AEM campaigns using frequency domain
The possibility to more accurately predict the dynamic distri- (Resolve) and time domain (SkyTEM) helicopter-borne sys-
bution of fresh, brackish and saline groundwater has openetems. The final result is a calibrated groundwater model
the doors to hydro(geo)logists and policy makers to desigrcontaining detailed underground data. The changes to the
strategic countermeasures (Klein et al., 1998; Oude Essinlgroundwater system caused by different climate scenarios
2001b). The challenge is to produce reliable quantitative hy-are shown. Furthermore, the outcome of the model was pro-
drogeological information, good enough for these purposes.cessed with the objective that policy makers could directly
In this paper we describe a model instrument which is ableemploy it in the making of water management plans.
to assess the effects of the climate change on a coastal zone of
the northwestern part of the Netherlands. Seasonal dynamics
on the groundwater system and seasonal effects on a region2l Methods
scale of three different climate scenarios are predicted. A 3-
D variable-density transient groundwater model is built using2.1  Study area
existing data from the previous model MIPWA (Snepvangers
etal., 2007) and new data acquired with airborne electromagThe study area (3@ 30 kn?) which is located in the north-
netic (AEM) surveys. AEM has already been successfullywestern part of the Netherlands in the province of Faysl
used by e.g. Sengpiel and Meiser (1981) or Fitterman andFig. 1), borders the shallow Wadden Sea to the north-west.
Deszcz-Pan (1998) in fresh-brackish-saline groundwater enThe landscape consists of polders and other anthropogenic
vironments since the 1980s. However, it is within this frame- modified landscape elements such as dikes and dwelling

work of the Interreg IV-B project CLIWAT Www.cliwat.ey  hills. The main city and capital of the province is Leeuwar-
den, home of about 100 000 inhabitants. The study area has
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Fig. 2. Geological cross-profile showing the main geological units. For explanation of the abbreviation of the geological units, see the main
text. For the location of the profile, see Fig. 3.

an average surface elevation at mean sea level (m.s.l.) hayHolocene — HL) transgression produced a sequence of al-
ing just some dikes and cities outstanding at a higher altitudeernating sand and clay deposits (with locally some peat),
of maximum +11mm.s.l. and some low nature areas lyingranging from more than 10 m thickness in the northwest to
at—2.1 mm.s.l. The area is drained by an intricate networkless than 2m in the southeast. Figure 2 shows the general
of ditches to make the land fit for agriculture, an important geological setting in a cross-section.
component of the Friesian economy. The excess of water is Due to the geological history of the area, the hydrogeologi-
pumped out into a higher elevated water reservoir and transeal structure of aquifers and aquitards can be clearly differen-
ported to the sea. The surface water levels are kept at a cortiated. From bottom to top we find the hydrogeological base
stant summer and winter level. The artificially controlled ar- located at 270 m below mean sea level. Overlying this base
eas below sea level are called polders (van der Ven, 1993). we find the deepest aquifer which has a thickness of about
200 m and a transmissivity of 800tday 1 and is formed by

Geology the PZWA, AP, UR, PE, and URTY formations. This aquifer

) . _ - is confined by a layer 10 to 30 m thick (DR formation). Right
In the study area fluvial sediments, _ma|r_1ly consisting of sa_ndOn top we find the shallowest aquifer (BX formation) which
and occasionally clay, were deposited in the early and midyg in compared to the deepest aquifer and has a transmissiv-
dle Pleistocene (Peize-Waalre — PZWA, Appelscha — AP “ity between 30 and 300faway 1. Overlying the shallowest
and Urk — UR —formations). In the Elsterian ice age, tunnel- ., jifer. e find the Holocene layer (HL) which partly works
valleys formed and were filled with sand, sometimes cappe s a confining layer.
by clay (Peelo formation — PE). After the Elsterian, fluvial 3196 parts of the study area, the groundwater is saline
deposits were again dominant (Urk-Tynje — URTY —forma- i, the houndary between brackish and saline lying at less
tion) until th_e land-ice reached the area in the Saalian '®than 5m below surface level. Only in the south-eastern part
age and a till layer at about 10-30m depth was depositeQyt i areq the groundwater is fresh. The rich geological his-
(Drente formation — DR). The till covers the entire aréa andy,, 2 q the saline groundwater offer an ideal field to test the
dips slightly to the north-west. Its thickness is erratic and g, jication of airborne EM within variable-density ground-
canvary cons!derably over sh_ort distances. The tillis con5|d—Water models. Moreover, changes in climate and sea level are
ered to be an important layer in the groundwater flow, due t0g, o teq to have relevant effects on this coastal groundwater

its Ic,)W hydraulic cqnductlwty. Afr':er the,land"C? retr;aated, @ system and may have influence on the sustainability of the
marine transgression caused the sedimentation of sand a’ﬁesent water resources management.

clay (Eem formation — EE). Another ice-age (the Weich-
selian) did not produce land-ice in the area but widespread
aeolian cover sands: the Boxtel formation — BX. The latest
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2.2 Field data
2.2.1 Drillings

The study area is covered by more than six thousand
drillings, 95% of them only reaching a depth of 5-10m,
covering the Holocene and the upper part of the Pleistocene
deposits. We extracted all the drillings in the area from the
DINO database, the national database for subsurface data in
the Netherlandswww.dinoloket.n), in order to model the
Holocene sequence in terms of lithological content.

2.2.2 Geophysics

Several geophysical techniques were used, both airborne and
ground-based, to map the electrical conductivity of the area
providing both information on lithology and groundwater. In
the following paragraphs, we give a brief summary of the
geophysics, but for a more detailed description of the tech-

niques see Gunnink et al. (2012). Legend
L] ECPT
Ground-based geophysics 4 Clmeasurements
—— HEM
We carried out 71 ECPTs (electrical conductivity cone pen- —— skyTEM
etration tests) in order to measure the cone resistance and == == = Geological cross-section

sleeve friction (from which the lithology is determined), as Fig. 3. Study area with location of Clmeasurements and HEM and

well as the electrical CondUCti_Vity (EC) of the sediment. and SkyTEM survey lines; the location of the geological cross-profile is
the groundwater together, which we call EC(total). In Fig. 3 5i50 indicated.

the location of the ECPTSs is depicted.

Airborne EM in terms of probability that a certain voxel (volume element
in a 3-D grid) contains till, are given in Fig. 5. For more de-

We used airborne EM to map the electrical conductivity of tajls about the ANN method, see Gunnink et al. (2012).
the subsurface by means of two helicopter surveys. A fre-

guency domain EM survey (HEM) was conducted by the2.2.3 Salinity data

German Federal Institute for Geosciences and Natural Re-

sources (BGR), and a time domain EM survey (SkyTEM) In the study area, only limited information is available about
was carried out by the University of Aarhus, Denmark. Thethe chloride concentration in groundwater. In general, large
surveys showed a small areal overlap (see Fig. 3). A radaparts of the area have saline groundwater conditions with a
station for air traffic control strongly disturbed the airborne chloride concentration higher than 1000 mg.I To be able
HEM measurements; hence, an area of about 7 by 10km if0 convert the EC (total), — sediment+groundwater — to
the centre of the planned survey could not be covered. Th&C(groundwater), the influence of the lithology on the EC
data of both airborne surveys acquired in summer 2009 werétotal) needs to be determined by establishing the formation.
processed and inverted to smooth multi-layer electrical conWe measured the EC (total) and at the same location we col-
ductivity models. Siemon et al. (2009) presented a generalected groundwater samples from which we measured EC
description of both AEM methods. Details of the data collec- (groundwater). From these two sources we could obtain the
tion and processing are given in Gunnink et al. (2012). Fig-formation factor (Sect. 2.3.4).

ure 4 shows two depth-slices and two cross sections which To obtain the current salinity of the groundwater, we used
were interpolated from the AEM models. The slices showthe following datasets:

the spatial distribution of the EC, which formed a valuable
source for establishing the salinity of the groundwater. The
AEM profiles of EC were also used to determine the presence
and thickness of the till in the area. We employed an artifi-
cial neural network (AN N) to use the distinct pattern of ECin — CI- ConcentrationS, measured for this Study (16 Samp|es
the till (which is less conductive compared to the sediments at 6 locations, measured once)

above and below the till) to map the till. Results of the ANN,

— measured Cl concentrations from the Dutch subsur-
face database DINO (218 samples at 46 locations); the
latest measurements were used

Hydrol. Earth Syst. Sci., 16, 44994516 2012 www.hydrol-earth-syst-sci.net/16/4499/2012/
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Fig. 5. Probability of glacial till, as derived from AEM models (in this case the results of the HEM are shown).

— EC profiles from borehole-logs, converted to—Cl

2.3 Model

(1333 samples at 26 locations, measured once, from the

DINO database)

— EC profiles from the airborne EM, converted toCl
(> 50000 locations, measured once)

— EC profiles from the ECPTSs, converted to GI71 loca-
tions, measured once).

www.hydrol-earth-syst-sci.net/16/4499/2012/

2.3.1 Numerical code MOCDENS3D

The 3-D variable-density transient groundwater flow and
coupled salt transport is simulated with the model code
MOCDENS3D (Oude Essink, 2001a; Bakker et al., 2004;
Vandenbohede, 2008; Vandenbohede et al., 2009). It is
based on MODFLOW (McDonald and Harbaugh, 1988) and
MOC3D (Konikow et al., 1996), which has been adapted
for density differences. MODFLOW (US Geological Sur-

vey public domain) is the most widely used computer code

Hydrol. Earth Syst. Sci., 16, 4498516 2012
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Fig. 6. From a purely quantitative groundwater model schematization (MIPWA) to a schematization required for variable density modelling
(Fryshn).

for groundwater flow in porous media. Advective and hy- to bottom is as follows: 14 model layers of 0.5m, 2 model
drodynamic dispersive solute transport processes throughayers of 1 m, 10 model layers of 2m, 5 model layers of 5m,
porous media are modelled by a particle tracking techniquer model layers of 10 m, and 4 model layers of 35 m (Fig. 6).
in combination with the finite difference method (Konikow  The boundaries of the model are shown in Fig. 7. The
et al., 1996). In Dutch coastal groundwaters, chloride isdrainage network and the recharge of groundwater define
the major conservative negative ion. As such, the discusthe top boundary. The geohydrological basis is situated at
sion about salinisation is focused on that predominant so—270mm.s.l. and is the no flow bottom boundary of the
lute. Under the given circumstances in the Dutch coastaimodel. The lateral boundaries are constant flow boundaries
aquifers, the Oberbeck-Boussinesq approximation is valid aslerived from a much larger existing regional and calibrated
it is suggested that the density variations (due to concentragroundwater model that includes our study area (MIPWA
tion changes) remain small to moderate in comparison withmodel, Snepvangers et al., 2007). However, this larger model
the reference density] throughout the considered hydroge- does not take into account the density-dependent flow. As the
ologic system (Holzbecher, 1998; Nield and Bejan, 1992). Aspresent model requires fresh water heads and the study area
such, a substantial simplification of the governing differential has saline groundwater, we corrected the heads to fresh wa-
equations can be derived. For additional information on theter heads using the following equation (Oude Essink, 2001c;
mathematical formulation, see e.g. Oude Essink et al. (2010)Post et al., 2007):

2.3.2 Model discretization and boundaries Adili, j, k] = (/)(C) - pf) (AZ["] + Az[k — 1]>, 1)
o 2

The 3-D model was built with cells of 100 by 100 m. This

) ) where
resolution was chosen based on the available data and &p li, j, k] =correction of the head in the depth) (m);
good compromise between the details of the pursued knowl- [fk]’:jt’hickness of the model layér(—) (m): P ’
edge and the model runtime. Furthermore, this scale provideéXZ - . y o

) . . 0(C) =density of the groundwater (kgTh);
an optimal balance to model the regional hydrological PrO- ~ _ chioride concentration of the water (Mgarl):
cesses and local details. We divided the area in 300 columns, _ . ’

6 =reference density of the fresh water at mean ground tem-

300 rows and 50 model layers. Every model layer has a con: erature (equals 1000 kgT?)
stant thickness, but the thickness of the different model Iayerg In additio% a linear e uati.on of state counles aroundwater
differs and increases in depth. As the model output is focuse(iiloW and solu,te trans o(rqt' plesg
at the salt load from groundwater to the surface having a high port
spatial variation, we used a higher resolution for the shal-(C) = pf [1 + BcC], 2)

low part of the model. The vertical discretization from top

Hydrol. Earth Syst. Sci., 16, 44994516 2012 www.hydrol-earth-syst-sci.net/16/4499/2012/
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wheregfc is the volumetric concentration expansion gradientoriginal 100x 100x 0.5 m needs to be upscaled to the size
(mkg™1), in this case 1.34 10 6Img~1 CI~. of the voxel of the hydrological model.
The concentration used for the constant flow boundaries is
the one introduced as initial 3-D chloride field in the model Holocene deposits
(see Sect. 2.3.4).

The time horizon for which we wanted to analyze the The Holocene deposits in the area consist of alternating clay
changes of the groundwater system was the year 2100ing sand with occasionally peat. The depositional circum-
Therefore, we created a model that starts in 2005 and endstgnces resembled a “Wadden-type” environment, in which
in 2100. In order to reduce calculation time, we simulatedggng and clay occur in a fast alternating sequence. This
the first 95 yr as a steady state with stress periods of one Yealhowledge is derived from the analysis of the large amount
with a yearly average recharge. After these 95yr, a transiengf shallow drillings in the area, which allowed us to use a
simulation was carried out in order to simulate the differencestgchastic simulation technique to model the lithologies in
between a summer and a winter period. The transient simine Holocene deposits. We used sequential indicator dimula-
ulation had time steps of 10 days. Test results indicated thafion, to obtain stochastic realizations of lithological content —
2-yr period of transient simulation was long enough to obtainpeat' clay, sandy clay, fine sand and medium to coarse sand
a representative summer and winter situation. In this way, We_ \hich were used later to obtain a spatial distribution of
rapidly achieved the situation of 2100 while still being able the hydraulic conductivity. For details about the simulation
to simulate the winter and summer dynamics. technique, see Stafleu et al. (2011). We calculated 50 equi-
probable realizations of the lithology. In Fig. 8 an example is
given of one of the realizations.

The horizontal and vertical conductivity values for the
Holocene deposits were assigned to the 5 different lithology
Hydraulic conductivity is an important parameter in hydro- classes we distinguished. In Table 1 these values are given.
logical modelling and is closely linked to the geological his- They are based on data that were collected in the past from a
tory and the sediments that have been deposited. To generatéde range of sources: laboratory tests, field tests and ex-
a hydraulic conductivity field for the study area, we started byperience from users. The data collection for the hydraulic
constructing a geological/lithological model. We paid special conductivity was carried out for the entire Netherlands and
attention to the Holocene sediments, because these constituteas summarized in the values given in Table 1. As there was
the upper part of the model in which upward seepage takesever a special interest in the aquifer properties for drinking

2.3.3 Hydraulic conductivity field generation

place and canals and ditches are located. water because the groundwater is saline in this area, there are
The lithological model was constructed on a 3-D grid of no pumping tests available in the study area.
100x 100x 0.5m, a so-called “voxel” grid. For every voxel, For each one of the 50 realizations of the lithology, the

the lithology was estimated from surrounding drillings and natural logarithm (Ln) of the hydraulic conductivity for that
geological knowledge about the geological history. The hy-lithology class was assigned to each voxel. We took the aver-
drological model uses grid cells that have varying thicknessage of the 50 realizations of the hydraulic conductivity to get
with depth, and therefore the hydraulic conductivity from the a representative Ln-hydraulic conductivity for every voxel in

www.hydrol-earth-syst-sci.net/16/4499/2012/ Hydrol. Earth Syst. Sci., 16, 449816 2012
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[C] fine sand
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Fig. 8. Lithologies in the 3-D voxel model of the Holocene sequence; one out of the 50 equi-probable realizations, as calculated with the
stochastic simulation technique, is shown.

Table 1.Horizontal and vertical hydraulic conductivity (kh and kv) Pleistocene units
for the Holocene sediments.
The Pleistocene units were taken from the REGIS 11.1 model,

lithology kh[mday 1] kv[mday 1] which is a regional 2-D grid model containing top and base
peat 0.147 0.049 of aquifers and aquitards and its hydraulic conductivity. The
clay 0.010 0.003 glacial till in the current REGIS model was replaced by the
sandy clay 0.123 0.041 till as it was modelled for this study (see above).

fine sand 0.650 0.215 The 2-D grid model of top and base of the geohy-
medium to coarse sand 5.640 1.861 drological units from REGIS and their corresponding hy-

draulic conductivity were converted to a 3-D voxel model of
100x 100x 0.5m. For every voxel we determined the geo-

the Holocene deposits. After taking the exponent of the Lnhydrological unit to which the voxel belongs, based on the

of the average hydraulic conductivity, we obtained the hori-top and base of the unit. The voxel was then assigned the
zontal and vertical hydraulic conductivity for every voxel in hydraulic conductivity corresponding to that unit. The 3-D

the Holocene sequence. voxel model was completed by adding the Holocene units on
top of the Pleistocene units.
Glacial till This 3-D voxel model consists of more than 200 layers,

causing extremely large calculation times for density-driven
The glacial till is an important layer in the groundwater groundwater flow. Therefore, in the 3-D variable-density
model. Due to the clay content in the till and the fact that groundwater model, the thickness of the model layers was
it was mechanically consolidated by the ice sheet it was deincreased with depth. For every cell in the groundwater nu-
posited from, it acts as an impermeable layer. The till wasmerical model, we calculated the hydraulic conductivity (
mapped using the airborne EM models that were convertedhased on the average of the kjiyalues that corresponded to
into the probability of having till using an artificial neural the initial voxel model. In this way, the hydraulic conductiv-
network (ANN) technique (Gunnink et al., 2012). The ANN ity was upscaled correctly, since averaging the logarithmic
procedure delivered a probability of glacial till for every me- values of hydraulic conductivity amounts to the geometric
ter in the vertical direction. Going from surface-level down- mean. The exponent of the average )nfas calculated to
wards, the first interval with a probability 0.8 was chosen  obtain the hydraulic conductivity for the modelling.
as the top of the till. As soon as the probability became less
than 0.8, we assumed that the bottom of the till was reached2.3.4 Deriving a 3-D chloride field
In this way, every AEM model was converted into a top and
bottom of the till. Together with the drillings and the current The EC data derived from geophysical measurements

regional till model, the top and bottom of the till were calcu- (borehole-logging, AEM, ECPTs) were interpolated to the
lated in the study area. 3-D voxel grid using a kriging interpolation routine. This

resulted in a 3-D model of EC(total) for every voxel of

Hydrol. Earth Syst. Sci., 16, 44994516 2012 www.hydrol-earth-syst-sci.net/16/4499/2012/
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100x 100x 0.5m. To convert the EC (total) to EC (ground- y
water), we needed to know the intrinsic formation factor .
(FF). The FFK (Archie, 1942) is calculated as the ratio be- 05|
tween the total resistivity (or EC) and the resistivity of the
groundwater and is valid for clay-free sediments. Sulzbacher 0.4}
et al. (2012) used EC (groundwater) measured in boreholes . .
and EC(total) from AEM surveys to compute the formation
factor for the island of Borkum. We used boreholes to mea- . .
sure the EC(total) and to sample groundwater and measure 02p=e
the EC (groundwater). We also recorded the lithology at the

depth of measurements. Unfortunately, not all boreholes had e
EC (total) measured, and therefore the EC (total) for some of

the boreholes was extracted from the 3-D model of interpo- o1 2 N TP, O TP B
lated EC. This dataset was supplemented by 6 locations, at

which an ECPT was conducted (resulting in EC (total)) to- Fig. 9. Relation between groundwater resistivity and reciprocal of

gether with groundwater samples that were collected to meathe apparent formation factor.

sure EC (groundwater). The estimation of the lithology was

carried out by classifying the ECPT data in lithology classes ) ]

(sand, clay and sandy clay). The amount of data for estab@n intrinsic formation factor for the non-sandy sediments.
lishing the formation factor is rather limited. Only samples Therefore, we used the average; Fér the clay and sandy

in which both EC (total) and EC (groundwater) are mea- €lay from de Louw et al. (2011), which is about 3. From the

sured and from which the lithology is known can be used forgeological voxel model (see Sect. 2.3.3), we took the value
such a purpose. Only the first two data sources mentioned iff 0-05 mday* to discriminate between clay and sand. For

Sect. 2.2.3 have measured EC (total) and EC (groundwaterfVery voxel with hydraulic conductivity: 0.05 m day*, we

and for the data from the first source the EC (groundwater@Pplied the FFof 3, while for voxels with a hydraulic con-
was often lacking. ductivity > 0.05mday !, we applied a FFof 5.

From this limited dataset of EC (total) and EC (ground- All EC collected data were corrected for temperature as-

water) data, we could establish a relation for the sandy sedSuming that the temperature of the groundwater at measuring
iments between the total EC and the EC of the groundwavas 10°C. ECis standardized at 26, and therefore the EC

ter, the FF. Since our data are not clay-free, we applied afrom the field measurements was corrected to reflect the EC

correction following the method as described in Soupios etdt 25°C. _
al. (2007) to obtain the apparent formation factorgFFhe The groundwater samples, from which both EC groundwa-

relation between the FRas measured for each sample) and ter and Cf were deten_”nined, were used to construct a linear
the FR is given by regression for converting EC groundwater to CThe fit of

15 samples, which have both'Cand EC(groundwater), was
1/FFs = 1/FF + (BQV/FF) - px (3)  good with ank? of 0.97. The linear equation is

where 1/FFis the intercept of the straight line with the y-
axis, and BQV/FFrepresents the gradient. Figure 9 shows theCl (g |_1) = EC(watep S/m - 3.66 — 0.42 4)
relation between groundwater resistivity and the reciprocal
of the apparent formation factor. BQv is related to the effectswhich is similar to the regression found by de Louw et
of surface conduction, mainly due to the clay particles. Byal. (2011). In Fig. 10 the Cl distribution is shown for the
plotting the 1/Fk vs. the fluid resistivity, we obtained the upper 40 m.
FF. At this point the 3-D chloride concentration distribution
Figure 9 also shows a large variability in £FThis for voxels of 100x 100x 0.5 m was complete. To bring this
variability could be caused by an undetected variability in distribution to the 3-D groundwater numerical model, with
the lithology (especially clay content) from the interpreted increasing model layer thickness (see Sect. 2.3.2), we av-
ECPT. It could also be that the EC(total) for some boreholesgraged the In(Cl) from the detailed voxel model to the
which was determined from the 3-D model of interpolated groundwater numerical model and exponentiated the aver-
EC, is not representative for the location of the borehole. An-age chloride concentration to obtain the chloride concentra-
other option could be that the high EC of the groundwater ob-tion for the cells of the 3-D variable-density groundwater
scured the signal from the sediment. The intrinsic formationmodel. In Fig. 11 the workflow for obtaining kh, kv and I
factor for sandy sediments was nevertheless determined frons summarized.
Fig. 9. It has a value of 5.2, which is in line with values found  Although this 3-D chloride field was the result of the inter-
in sandy sediments in the Netherlands (de Louw et al., 2011)polation of high-resolution AEM measurements, the chloride
Unfortunately, there were not enough samples to calculatdield was still not in balance with the groundwater system.

1/Fa

R?=0.58
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Fig. 10.3-D chloride distribution field in the study area obtained after the interpolation of the measurements.
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Fig. 11. The flow of data and interactions for deriving vertical and horizontal hydraulic conductivities and chloride concentration for the
groundwater model.

We reached this conclusion after running the model for thedynamic equilibrium because of the sea transgressions and
first time for 50yr. Salinisation and freshening of ground- creation of low-lying polders of the last centuries (Schultz,
water are long term and slow processes that can take man$992; Oude Essink, 1996; Post, 2003); nevertheless, no ex-
decades unless extreme events occur that unbalance the sygeme events have unbalanced the system lately. Therefore,
tem (such as tsunamis or flooding) (e.g. Oude Essink and Vawhen the autonomic salinisation processes are simulated, we
der Linden, 2005). The Dutch system is not in a total state ofdo not expect substantial changes in concentrations.
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Fig. 12.Change in the volume of fresh water in the model, consequence of the inaccuracies in the 3-D field. Every line represents one slice
of the model, one cell thick.

When we first run the model with the initial 3-D chloride 2.3.6 Recharge
field, we calculated the volume of fresh to brackish ground-
water with a chloride concentration less than 1.5%fbr ev- The recharge we put into our numerical model is calculated
ery 5yr. Figure 12 shows some of the results of this analysisby the NHI (Netherlands Hydrological Instrument). The ba-
The results show that during the first 15yr the number ofsis of the NHI is a state-of-the-art coupling of the ground-
fresh-brackish water cells changes rapidly compared to thavater (MODFLOW), the unsaturated zone (metaSWAP) and
years after, indicating that the system was not yet in equilib-the surface water (MOZART-DM) models. The resolution of
rium with the model boundaries and stress terms. The reasort§e NHI is 250 by 250 m, and the groundwater flow is com-
for this non-equilibrium could depend on the transformation puted on a daily basis. One of the interim results of the NHI
of the AEM data to chloride concentration values. The factis the groundwater recharge. The recharge is calculated as
that the distinction between sandy and clayey sediments igrecipitation minus evapotranspiration plus irrigation.
set at a vertical hydraulic conductivity of 0.05 m daymight For the reference (current) situation we calculated the
filter out the small-scale variability that might have influ- mean recharge for the summer (1 April-30 September) and
enced the airborne resistivity measurements. Another reasof®r the winter (1 October-31 March) for the period 1996—
could be that the variation in thickness of the model grid cells2005 (Fig. 13). The KNMI climate scenario W+ (Fig. 13)
causes a loss of detail in the chloride concentration distri-predicts a decrease of the precipitation of 13% and an in-
bution. These inaccuracies show that there is more researdtrease of the evapotranspiration of 13 % for the summer. For
required regarding the incorporation of airborne EM tech-the winter, an increase of the precipitation of 9% and an in-
nigues in numerical modelling. crease of the evapotranspiration of 5% are forecasted (Klein

Based on this analysis, and in order to eliminate irregular-Tank and Lenderink, 2009). The recharge for this climate
ities, we decided to use, as initial 3-D chloride concentrationscenario was also calculated with the NHI.

field, the one generated after 15 yr of simulation time.
2.3.7 Model calibration

2.3.5 Surface water and drainage network
The model calibration was done by hand and consisted of ad-
The complex surface water and drainage network of Brysl justing the hydraulic properties of the glacial till until a satis-
is also characteristic for the rest of the Netherlands. In ourfactory fit between calculated and observed fresh water heads
model, we added the surface water and the drainage netwonyas achieved (90 % within an absolute error of 0.46 m). We
by means of the river and drainage MODFLOW packages.selected to adjust only the hydraulic properties of the glacial
The data we entered were originals from the earlier mentill, because the confinement of the second aquifer and its
tioned calibrated model MIPWA. This model is based on dataisolation from the first aquifer, caused by the very low per-
provided by the water board of the region about the location,meability of the till (DR formation), is a clear structure that
morphology and summer and winter levels of the surface wahas a high influence in the flow patterns. The value giv-
ter, and location and height of the drains. Nevertheless, théng the best approximation was a hydraulic conductivity of
model schematization of MIPWA follows the geological lay- 0.003 m day? for the till.
ers while our model layers have a constant thickness (Fig. 6). The 721 piezometers in the area were not all equally suit-
For that reason, we adapted all the parameters correspondirgble for the calibration. We made a selection based on their
to these packages for our model schematization. location (piezometers close to the model boundaries and to
groundwater extractions were discarded), and based on the
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Modeled head versus measured head in the calibrated model

Fig. 13.Groundwater recharge for the summer and the winter of the
present situation (left panels) and for the summer and the winter of
the W+ scenario in the year 2050 (right panels).

amount of available data (piezometers with less than 20 mea-
surements were also discarded). Finally, we calibrated the 2.
model with the data from 234 piezometers (Fig. 14). The cal-
ibration resulted in an absolute fresh water head difference
of 0.18 m for 50 % of the piezometer and 0.46 m for 90 % of
the piezometers. We considered these results satisfactory and
used the calibrated model to simulate the different scenarios.
Besides the quantitative calibration, we made a qualita-
tive validation. We used regional knowledge of the stake-
holders to identify the fit between infiltration and seepage
areas, rain water lens thickness, and regional groundwater
flow. The main regional features of the system matched the
results given by the model.

2.3.8 Model scenarios

The complexity of the climate change effects on the ground-
water model is difficult to summarize in one scenario. Every
process part of the climate change, such as an increase of
the precipitation in the winter, has specific effects that can
be best analyzed when modelled individually. Consequently,
for the calibrated groundwater model we developed three cli-
mate scenarios. Besides the three climate scenarios, we also™
simulated the changes in the system due to the present situ-
ation, i.e. the autonomic processes. The four simulated sce-
narios are the following:

Summer (current) == Winter (current)
_; L
E u./.‘ A
-; -35 3 25 2 45 4’ 4, .’“ o 1 15
Recharge [mm/d] : :‘;g v
B - 05mma E 3 A
I o05-03 T e =
[ -03--01 z *
L
0.41-0 = .
0-0.1
¥ o1-16
16-18
- Modeled fresh water head
B 13-20
I 20-22 Fig. 14. Plot showing the modelled fresh water heads versus the

B > 22 mmvd measured fresh water heads.

the others, we could differentiate the development of the
system caused by the already now ongoing processes,
and the development caused by other factors such as the
climate change (Oude Essink et al., 2010).

Climate scenario W+ for 2100 AD: we built this sce-
nario by substituting the original groundwater recharge
with a new groundwater recharge forecasted by KNMI,
the Dutch Royal Meteorological Institute (van den Hurk
et al., 2006) for the climate scenario W+. In this sce-
nario, winters are warmer and wetter, and summers are
warmer and dryer. This so-called KNMIO6 climate sce-
nario results from the regional climate models and is
based on the global climate models in the IPCC’s Fourth
Assessment report (AR4: IPCC, 2007).

3. Sea level rise scenario for 2100 AD: this scenario illus-

trates a sea level rise of 0.85m for 2100 AD estimated
by the KNMI (van den Hurk et al., 2006). A sea level
rise will cause an increase of the hydraulic head in the
aquifers which will result in an increase of the seepage
flux into the confining layer. However, the effect of sea
level rise decreases rapidly with the distance from the
Dutch coast as concluded by Oude Essink et al. (2010).
We implemented the sea level rise as a linear process.

4. Climate scenario W+ combined with sea lever rise sce-

nario for 2100 AD: this scenario is the sum of scenarios
two and three.

1. Autonomic scenario: we ran the model from 2005 to 3 Model results

2100 with the same input variables, i.e. no change in

the boundary conditions and the stress terms. In such &he model results are first described for the present situa-
way, we could analyze what are the changes that thdion, and then we compare the three KNMI-scenarios with
system undergoes due to the still present disequilib-the autonomous situation in 2100 AD in order to only show
rium. Because of this disequilibrium, saline groundwa- effects of climate change and sea level rise. From the model
ter flows upwards. This is what we call autonomic salin- results we determined fresh water heads, seepage and infil-
isation. By modelling this scenario and comparing it to tration fluxes, and salt loads to the surface water system for a

Hydrol. Earth Syst. Sci., 16, 44994516 2012
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Fig. 16. Chloride concentration under the first confining layer in the winter and the summer of 2005 (left panel), and thickness calculated
from the surface elevation of the fresh water lenses with €lL.5g 1 in the summer of 2005 (right panel).

winter and a summer situation. We define seepage as the upvhile in the summer infiltration and seepage areas can be
ward flow from the first aquifer into the top confining layer, better distinguished. Saline seepage is an important process
and infiltration as the opposite flux. Salt loads are calculatedbccurring in almost 60 % of the area which can discharge up
by multiplying the seepage flux with the chloride concentra-to 150 000 kg hal yr—1 to the surface water system (Fig. 18).
tion at the bottom of the confining layer. Additionally, we Highest salt loads occur in the low-lying polders close to the
calculated the thickness of rainwater lenses, defined as theoastline.

groundwater body with a chloride concentration less than

159 3.2 Autonomic scenario: 2100 AD

3.1 Present situation: 2005 AD The natural evolution of the system when no changes are
applied, i.e. the autonomic evolution, shows a change in
The study area is characterized by a shallow groundwatethe concentration of the groundwater. Some areas become
level and a high chloride concentration of the groundwater.fresher and others more saline (Fig. 19). In general, the chlo-
The average groundwater level lies at 0.5 m below the surfide concentration increases in the seepage areas because
face level in the winter and at 1 m below the surface in thedeeper and more saline groundwater is flowing to the sur-
summer (Fig. 15). The salinity of the groundwater at aboutface. Consequently, also salt loads will increase in the future
5m depth is quite high at the coastal zone where it reachegFig. 20), and rainwater lenses will become even thinner. The
values of 10000 mgil, whereas in the east of the region process is called autonomous salinization. Fresh rainwater
groundwater is fresh (Fig. 16). The thickest lense2(Q m) lenses become thicker in most infiltration areas, because rain-
are found in the southeast of the area (Fig. 16), although irwater is infiltrating to greater depths and replaces the saline
50 % of the area rainwater lenses are thinner than 2 m or inexgroundwater. The average variation of the freshwater lenses
istent. Seepage and infiltration figures (Fig. 17) show that inis aboutt 0.25 m with a maximum variation of abotit2 m.
the winter patterns are less defined due to the local system3d,he effect of the autonomic processes in summer and winter
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Fig. 17.Seepage and infiltration patterns under the first confining layer in the winter (left panel) and the summer (right panel) of 2005.

than 0.05 m. The extensional reach of the effect in this case
is much smaller than the effect found in other studies in

kg/halyear

o the Netherlands (Oude Essink et al., 2010) where the ef-
I 100 - 500 fects can be seen until 10km inland of the coastline and
I 00 - 1000 main rivers. The explanation can be found on the shallow-
I 000 - 2500 water bathymetry of the Wadden Sea. Since sediments give
[ 2500 - 5000 more resistance to the transmission of water pressure than
[ 5000- 10000 it would do in deeper sea bottom areas, the result is a more
[ 10000 - 20000 limited extensional effect. Furthermore, the increase of the
I 20000 - 50000 heads close to the coastline causes higher seepage fluxes
I 50000 - 150000 and therefore, higher salt loads to surface water system. Fig-

ure 23 shows that the salt load discharge can increase up to
50000 kg halyr—1. The summer and winter variations in
I m— this case are the same as we could see for the present situ-

_ ) _ _ ation, and are not accentuated due to the sea level rise.
Fig. 18.Salt load discharging from the groundwater into the surface

water in the summer of 2005. 3.5 Combination climate W+ and sea level rise scenario:
2100 AD
is practically the same; thus the described changes can bghe combination of both scenarios has substantial effects on
applied to both seasons. the pressure field. Heads increase in the summer and the win-
ter close to the coastline causing higher seepage fluxes. On
3.3 Climate scenario W+: 2100 AD the other hand, the phreatic groundwater table rises in the

_ _ o winter and drops in the summer. The combination of higher
In this scenario the visible seasonal effects enclose the moH{eads in the first aquifer close to the coastline and a lower
interesting aspect of the results. Figure 21 shows how thgyroundwater table in the summer benefits the increase of
groundwater level will rise an average of 0.10 min the winter, seepage in the summer, causing in this way the worst sit-
whereas in the summer it will drop an average of 0.50 m andation of the year. Just as in the previous scenario, due to
up to 1.5m. This will result for most areas in an increase ofsaline groundwater, the salt loads towards the surface water

the salt load (Fig. 22). increase (Fig. 24). Moreover, the thickness of the fresh water
) lenses decreases about 1 m until 10km inland in the sum-
3.4 Sealevelrise of 0.85m: 2100 AD mer and just a few centimetres less in the winter as a result

) of the saline seepage (Fig. 24). As most lenses are already
The effects of the sea level rise are most pronounced for the;,, (< 2m), the increase of seepage would probably result

freshwater-heads of the first aquifer. Heads increase aboyf problems for agriculture due to scarce fresh groundwater.
0.10m in the first kilometre from the coastline that locally

can reach up to 0.25m (Fig. 23). Farther inland the effects
of the sea level rise decrease rapidly, and, at a maximum
distance of 5 to 7.5km from the coastline, effects are less
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Fig. 19.Left panel: change in the thickness of the fresh water lenses in the summer autonomic scenario (year 2100) and present case (yea
2005). Red indicates that the thickness of the fresh water lenses decreases, and blue indicates that it increases. Right panel: change
concentration under the first confining layer between the autonomic scenario (year 2100) and the present case (year 2005). Red colours sho
salinisation and blue colours freshening of the groundwater.

mg =1 in relatively short periods and short distances. We

kg/halyear

I - 50000
I 50000 - -25000
[ -25000 - -10000

could identify them as inaccuracies, because salt transport
with groundwater flow was occurring too fast while it is a
slow and long-term process. Introducing an incorrect chlo-
ride field (a field with an unrealistic distribution of the chlo-

N 4000022503 ride concentration and not just a few inaccuracies) in the
[ -2500- 500 model will demand the model to run a simulation of up to
-500 - 500 i
ot tardan B 500 - 2500 even hundreds of years before the system reaches the equi-
Har Franskor o librium. For example, freshwater lenses under dune areas
arlingen \ 2500 - 10000

can take hundreds of years to evolve. Therefore, if the ini-
I 25000 - 50000 tial chloride field of the model does not include the lens, the
I - 50000 model will have to be run until it is formed. This explains
that the use of a good initial chloride field is of high impor-
: mio tance for the simulation of the current evolution of a coastal
_ _ ) ) groundwater system.
Fig. 20.Change in salt load between the. autonomic scenario (year With the calibrated model (50 % of the calibrated points
e oot Show an abslue eror smaler than 0.18m), we cacate
" how the groundwater system will evolve as a consequence
of the different climate scenarios. We showed that the model
area is characterized by near-to-the-surface groundwater lev-
els, high groundwater concentrations at shallow depths, and
In this study we presented the model results of different cli- high salt loads by groundwater seepage in almost 60 % of the
mate scenarios on the salinisation of shallow groundwatemrea. Due to autonomous processes, existing shallow fresh-
and surface water. We successfully combined airborne EMwvater lenses in the seepage areas decrease in thickness while
geophysical techniques with a 3-D variable-density ground-other lenses in infiltration areas grow. The worst of the three
water model. The results of the 3-D chloride field createdanalyzed scenarios is the one combining sea level rise and
with the airborne EM measurements go beyond the resultss change in the groundwater recharge. Sea level rise leads
achieved by former techniques (such as borehole-logging oto the rise of the hydraulic heads in the first aquifer, which
groundwater sampling) to create a 3-D chloride concentracauses an increase of the seepage fluxes. The effect is visible
tion distribution of the subsurface. The reason is that air-in the first 5km inland where the salt loads increase up to
borne EM offers a higher spatial resolution of the measure-50 000 kg ha' yr~1. The lower groundwater recharge in the
ments. Besides, model calculations showed that just aftesummer causes a drop of the groundwater levels.
approximately 15yr the numerical inaccuracies of the 3-D Stakeholders such as water managers and policy mak-
chloride field were removed. The inaccuracies became evers can use the quantitative model results to (1) under-
ident through changes in chloride concentration of severaktand the dominant hydrogeological processes, (2) pin-point

| 10000 - 25000

4 Conclusions
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Fig. 21. Groundwater level rise in the winter in the climate scenario W+ compared to the autonomic scenario in 2100 (left panel), and
groundwater level drop in the summer in the climate scenario W+ compared to the autonomic scenario in 2100 (right panel).
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flush the brackish surface water more frequently. However,
the results of this study stress the need of other solutions,
such as storage of fresh water.

On top of the regional needs for fresh water for irrigation
purposes, an increasing number of farmers will encounter
problems with salinisation on local scale, e.g. their own piece
of land. According to the W+ scenario, the thickness of the
fresh water lenses will diminish, or even completely disap-
pear in the summer. This might be favoured by the tradi-
tional drainage systems that were designed to discharge ex-
cess water during the winter in order to allow the farmer to

I 25000 - 50000 use machinery on his land. The results of this study show that
I : 50000 not only water quantity aspects should be taken into account
i when designing drainage systems, but also other aspects such
e ’ as the effects of diminishing fresh water lenses and salinisa-
Fig. 22. Salt load decrease (blue) and increase (red) in the climateion should be incorporated.
W+ scenario compared to the autonomic scenario in 2100. Furthermore, this study sets an important step on the com-
bination of airborne EM geophysical methods and ground-
water modelling. It shows the importance of developing a
vulnerable fresh water resources, (3) address policy tippingyood initial 3-D chloride field for long-term fresh-brackish-
points in their present water management, (4) assess the ingaline groundwater modelling. However, there are still in-
pact of climate and global change, and (5), if applicable,accuracies and limitations to the method that necessarily
come up with feasible adaptation strategies. Particularly, theaequire more research on incorporating airborne EM tech-
model results are of importance in the field of water policy niques in numerical modelling. A line of research could be
and agriculture. In the Netherlands there is a ranking systento study the possibilities of increasing the depth and resolu-
for the distribution of fresh water during periods of drought. tion of the EC measurements; to transform more accurately
The national water board is responsible for the priorities inthe EC measurements to chloride concentration, and to im-
distribution of the available water. The regional water boards,prove the initial 3-D chloride field making use of groundwa-
among others Wetterskip Frgsl, have the possibility to fur-  ter fluxes derived from numerical variable-density models.
ther detail the priorities for distribution of the available water
to the various users. The effects of climate change might im-
ply that some water users will simply not receive the water
they need according to the ranking system. Furthermore, due
to sea level rise effects in Frysi, farmers will encounter
more difficulties in the future when using surface water for
irrigation purposes. The main counteracting measure would
be to allow extra fresh water from ljssel Lake into Féysto
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