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Abstract. Upward saline groundwater seepage is leading tol Introduction

surface water salinization of deep lying polders in the Nether-

lands. Identifying measures to reduce the salt content reSalinization of surface waters and aquifers is common in
quires a thorough understanding and quantification of thecoastal areas (Custodio and Bruggeman, 1987; Post and
dominant sources of water and salt on a daily basis. How-Abarca, 2010) and deltas; in particular; are vulnerable to
ever, as in most balance studies, there are large uncertaiprocesses that may enhance salinization, such as land sub-
ties in the contribution from groundwater seepage. Takingsidence, climate change and sea-level rise (Oude Essink,
these into account, we applied a probabilistic (GLUE) end-2008). As one-quarter of the Netherlands lies below mean
member mixing approach to simulate two years of daily to sea level, upward seepage of saline and nutrient-rich ground-
weekly observations of discharge, salt loads and salt concerwater causes salinization and eutrophication of its surface
tration of water pumped out of an artificially drained polder waters (van Rees Vellinga et al., 1981; van Puijenbroek et al.,
catchment area. We were then able to assess the contributi@®004; van der Eertwegh et al., 2006). This seepage makes the
from the different sources to the water and salt balance of thgurface water unfit for irrigation and adversely affects aquatic
polder and uncertainties in their quantification. Our mod- ecosystems. Both surface water quality issues typically play
elling approach demonstrates the need to distinguish prefera role during the dryer and warmer growing season, when
ential from diffuse seepage. Preferential seepage via boilthe demand for fresh water increases but its availability is
contributes, on average, 66 % to the total salt load and onlflimited. Future rises in sea level and climate change are ex-
about 15 % to the total water flux into the polder and there-pected to increase the seepage and decrease the availability of
fore forms the main salinization pathway. With the model fresh water (e.g. Sherif and Singh, 1999; Ranjan et al., 2006;
we were able to calculate the effect of future changes on survandenbohede et al., 2008), especially in the deep polders
face water salinity and to assess the uncertainty in our pre(Oude Essink et al., 2010). To determine effective measures
dictions. Furthermore, we analyzed the parameter sensitivitfor reducing the salt loads in the deep polders we need to
and uncertainty to determine for which parameter the qualityidentify and quantify the main sources of water and salt. In
of field measurements should be improved to reduce modethis paper we will set up daily water and salt balances to help
input and output uncertainty. High frequency measurementsinderstand the dynamics observed in salt concentrations (De
of polder water discharge and weighted concentration at thé.ouw et al., 2010) and to signal problems with salinization
outlet of the catchment area appear to be essential for obduring the growing season.

taining reliable simulations of water and salt fluxes and for A polder is an artificially drained catchment in which the
allotting these to the different sources. surface water level in the ditch network is regulated by pump-
ing. Water pumped out of a polder is a mixture of seep-
age water from the upper aquifer, precipitation and water

Correspondence tcd?. G. B. de Louw admitted from a “boezem”, which is a higher lying surface
BY (perry.delouw@deltares.nl) water canal used for buffering polder water (Fig. 1). De
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Fig. 1. The geohydrology and water and salt fluxes in a lowland polder catchment area. Upward groundwater seepage from the upper aquifer
can be divided into three different types according to De Louw et al. (2010): diffuse-, paleochannel-, and boil seepage.

Louw et al. (2010) distinguished three types of groundwa-average composition would require a large number of mea-
ter seepage in a deep polder which differ in flux and saltsurements. And third, mapping of preferential groundwater
concentration: (1) diffuse, background seepage through théow routes such as boils for large catchments is an enormous
Holocene confining layer, (2) preferential seepage throughask (Becker et al., 2004; van Schaik, 2009; De Louw et al.,
permeable, sandy paleochannel belts in the Holocene cor2010).

fining layer, and (3) intense preferential seepage via boils Ajternatively, an end-member mixing approach (EMMA,
(Fig. 1). Boils are small vents in the Holocene confining Hooper et al., 1990) can be applied to estimate seepage fluxes
layer through which water discharges at high rates and whickyf water and salt indirectly from discharge and concentration
lead to strong upconing of deeper and more saline groundmeasurements at the catchment outlet. EMMA assumes that
water (Fig. 1). De Louw et al. (2010) presented evidencesp|yte concentrations in a stream result from the mixing of
that preferential seepage via boils is the main salt source ofyyg or more flow routes with a known concentration (“end-
surface waters in deep polders. In general, the contributior}nembersn) and it is often used for hydrograph separation
of groundwater seepage to stream discharge and quality igyto contributions of individual flow routes (e.g. Tiemeyer
difficult to infer directly from field data for several reasons. gt a1., 2008: Soulsby et al., 2003; van der Velde et al., 2010).
First, seepage fluxes are highly variable in space and are difgjyen the uncertainty of fluxes and concentration of the dif-
ficult to measure directly (e.g. Kalbus et al., 2009; Keery etferent sources only a combination of EMMA with an uncer-
al., 2007; Surridge et al., 2005; Murdoch and Kelly, 2003; tainty and sensitivity assessment will yield meaningful esti-
Kishel and Gerla, 2002). Second, the composition of groundmations of individual flow routes. A method to determine
water seepage varies spatially and deriving a representativie uncertainty of model predictions and model parameters —
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Study area Noordplas Polder Deep polders in The Netherlands

P TN

ol \JL

*|

|\ Pumping
station

>Omr|ngdljk \‘;g \ Germany
e
4 Belgium
Cluster of monitoring wells: screen position Q__25 S50km
h:Aq hgrw 4 deep polders: (surface water level (< -4 m MSL)
—e ]
B pumping station area below mean sea level (< O m MSL)

<

hs 1-6 discharge proportional sampling equipment
1 rain gauge
\

ls @ — main ditches
= —_ paleochannel belt in confining layer
‘ Holocene S boil
confining +-10 * bolls
layer #10 cluster of monitoring wells
12 hs surface water level

upper aquifer | 1 hgrwgroundwater level

1-14 haq hydraulic head

Fig. 2. Set up of the monitoring network of the Noordplas Polder and the location of the sandy paleochannel belts and boils (adapted from
De Louw et al., 2010).

generalized likelihood uncertainty estimation (GLUE, Beven2 Material and methods

and Binley, 1992) — is broadly used due to its conceptual

simplicity, ease of implementation and versatility at handling2.1  “Noordplas Polder” study area

different models without major modifications to the method

itself (Blasone et al., 2008a,b; Benke et al., 2008; TiemeyerThe study area is a typical lowland catchment area in a deep

et al., 2008; Kuczera and Parent, 1998; Freer et al., 1996)polder in the west of the Netherlands: Noordplas Polder (lati-

The problem of equifinality, where different parameter setstude 5204 N, longitude 0434 E) (Fig. 2). It covers 37 ki

result in the same model performance, is directly addressedf which 86 % is agricultural land (arable farming 62 %; pas-

by GLUE procedures (Beven, 1993, 2006). ture 24%) and 14 % is urban area. This former lake was
Our aim is to quantify the main salt sources in a lowland reclaimed in different phases in the period 1750-1850 AD

polder catchment area, and particularly the contribution of(Schultz, 1992). Its present mean soil surface level is about
preferential seepage via boils. We used a probabilistic tran-—5 mm.s.|. (mean sea level).

sient water and salt balance model based on end-member Geohydrologically, a 6m to 9m thick top-layer of
mixing principles to simulate two years of chloride concen- Hojocene peat, loam and clay deposits with low hydraulic
tration and discharge measurements at the polder catchmegpnductivity lies above a sandy aquifer of Pleistocene aeo-
outlet. By applying the GLUE framework, we were able 10 |ian and fluvial sediments with high hydraulic conductivity
obtain an estimate of the uncertainty in source contributionrig. 1), The hydraulic head difference between this upper
caused by the model equifinality and the uncertainty in theaquifer and the surface water (approximately 1.5m) causes

data. Using this model we calculated the effects of differenty phermanent upward groundwater seepage flux in the entire
scenarios involving climate change and adaptive strategies Opo|der area. The Holocene confining layer is partly inter-

the salt concentrations in the polder’s surface waters. sected by a network of sandy paleochannel belts caused by
erosion by tidal channels during the Holocene (van der Valk,
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1996; Berendsen and Stouthamer, 2000; Hijma et al., 2009)2010). These fluxes could be measured relatively accurately
These are in direct contact with the upper aquifer and reducen a daily to weekly basis. Multiplying the total daily pump-
the thickness of the confining clay layer. They act as pref-ing time with the pumping capacity gives the daily discharge
erential pathways for water flow and salt transport (Fig. 1).volume of the polder water. The pumping water was sam-
Besides these forms of seepage, groundwater from the uppgled automatically with a discharge-proportional frequency
aquifer also enters the surface water via boils (Fig. 1). Theto obtain discharge weighted chloride concentrations and to
location of the sandy paleochannel belts and the known boilsletermine the chloride loads out of the polder. The samples
in the Noordplas Polder are shown in Fig. 2. were mixed automatically to one bulk sample, stored in a re-
The polder is enclosed by dikes for protection againstfrigerator in the field and collected every 3 to 7 days, and
flooding. The surface water level in the Noordplas analyzed in the laboratory for chloride. Multiplying the an-
Polder is maintained at a nearly constant level of aboutalyzed discharge weighted chloride concentration by the dis-
—6.2mm.s.l. because of the agricultural requirements. Ex-<charged volume of polder water resulted in the total chlo-
cess water is pumped out into the “boezem” (Fig. 1), whichride load pumped out of the polder for every 3 to 7 days.
is a regional surface water system at a higher elevatiorDaily precipitation was measured at two locations with a
(—0.6 mm.s.l.) through which excess polder water is trans-tipping bucket rain gauge. Daily sums of the potential ref-
ported to the sea (van de Ven, 2003). During dry periodserence crop evapotranspiration (k) were calculated ac-
relatively fresh water from the “boezem” is admitted to the cording to Makkink (1957) from data of the Royal Nether-
polder at inlets (Fig. 1) in order to maintain surface waterlands Meteorological Institute (KNMI), i.e., the KNMI sta-
levels and decrease the surface water salinity in the poldetions at Valkenburg and Schiphol. Daily Edi-values were
by flushing. However, since this “boezem” water is a mix multiplied by a crop factor (Feddes, 1987) and weighted by
of fresh water from the River Rhine and water pumped fromland use.
other deep polders, its salinity may also be elevated during Water and salt fluxes into the polder via seepage and the
dry periods. Five major inlet locations of “boezem” water admission of “boezem” water are much more uncertain than
are managed by the Water Board Rijnland, whereas manyhe above mentioned balance terms. The five main inlets con-
small inlets are controlled by farmers. trolled by the water board were only measured incidentally
The major flow routes of water and salt entering or leav-and the volume of admitted “boezem” water at the small in-
ing the polder are shown in Fig. 1. Water enters the polderets controlled by the farmers is unknown. From the man-
via precipitation, three types of groundwater seepage and thagement practices of the inlets it is clear that much more
inlet of “boezem” water, and it leaves the polder via evap- “boezem” water is admitted in summer than in winter. Up-
otranspiration and the pumping stations. The major part ofward groundwater flow from the upper aquifer in the form
the precipitation surplus and seepage is temporarily store@f diffuse and paleochannel seepage cannot be measured di-
in the subsoil as soil water or groundwater before it is dis-rectly (see Cirkel et al., 2010; Keery et al., 2007; Surridge
charged. Groundwater is drained by subsurface drains an€t al., 2005; Murdoch and Kelly, 2003; Kishel and Gerla,
surface drainage in open ditches. Ditches collect the wate2002). However, the driving force of these seepage fluxes,
from subsurface tile drainage and the excess water is tranghe head difference between the upper aquifer and phreatic
ported through small canals to the pumping stations. Thewater levels, was accurately measured bi-weekly at 14 clus-
spacing of the tile drainage network is 10-20 m and the mosters of monitoring wells (see Fig. 2). Each cluster consisted
common drainage depth is 1.2m below soil surface. Theof one monitoring well in the upper aquifer, 2 to 4 groundwa-
long-term mean annual precipitation and potential evapotranter wells (in total 48) and a gauge in the ditch for surface wa-
spiration (Makkink, 1957) are 916 mm and 615 mm, respec-ter level observations. Groundwater level fluctuations were
tively. The total mean annual volume of water that is pumpedmeasured bi-weekly in the 48 groundwater wells to quantify
out of the polder is as much as 925 mm. The large differencéhe process of groundwater storage and drainage. A reliable
between precipitation surplus and polder water discharge inestimate of total boil fluxes could not be made because the
dicates the significant contribution from seepage and admittotal number of boils is not known. Although 54 boils were

ted “boezem” water to the polder discharge. found during field inventories (De Louw et al., 2010), we
are sure that this is only a small part of the total number of
2.2 Monitoring water and salt fluxes boils in the polder. As boils are rather small, concentrated

and mainly underwater phenomena, they are hard to find, es-
The groundwater and surface water monitoring programmepecially in the larger and deeper canals. At 15 boils we were
in Noordplas Polder aimed to quantify daily water and saltable to measure the boil flux, which varied between 0.5 and
fluxes into and out of the polder. The monitoring network is 100 P d—1 (De Louw et al., 2010). Although this gave us
shown in Fig. 2 and a summary of the monitoring activities a better picture about individual boil fluxes and the varia-
is given in Table 1. The most dynamic fluxes in Noordplas tion between boils, the total number of boils is unknown and
Polder are precipitation and evapotranspiration and the watherefore the total boil flux in the polder. Chloride concentra-
ter and salt fluxes pumped out of the polder (De Louw et al.,tions of the different seepage types were taken from De Louw
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Table 1. Summary of monitoring data of Noordplas Polder for period 1 August 1999 up to 1 August 2001.

Frequency No. of  Unit Average Median  Std. Min. Max. Observations/
locations location
Quantitative
Precipitation daily 2 mmul 2.93 0.76 4.19 0 40.28 731
Evapotranspiration daily 1 mntd 154 1.09 1.34 0 5.42 731
Polder water discharge  daily 2 mmd 2.53 1.66 251 0.51 18.30 731
Main inlets incidental 5 mmd! - - - - - -
Small inlets none 150 - - - - - - -
Head upper aquifer bi-weekly 14 iy 1.54 151 0.38 0.99 2.16 48
Groundwater level bi-weekly 48 mh 0.42 0.38 0.40 —-0.69 1.84 48
Surface water levelis)  bi-weekly 14 mm.s.l. —-6.37 —-6.42 041 -7.65 -5.46 48
Chloride concentration

Precipitation once 1 mgt 12 - - - - 1
Weighted ClI-conc. every 3—7 days 2 mdl 446 464 179 110 741 172
polder water discharge
Total salt load every 3—7 days 2 m‘g]1 318 275 145 14.9 140 172
Inlet water in winter monthly 4 mgit 125 130 85 70 250 12
Inlet water in summer monthly 4 mgt 245 220 160 100 500 12
Boils once 49 mgtl 1100 1300 638 337 2850 1
Paleochannel seepage twice 3 myl 592 - - 438 675 2
Diffuse seepage twice 11 m@ﬂ 117 95 96 33 281 2

et al. (2010). The chloride concentration of the upper aquifer2.3 Modelling water and salt fluxes
in areas with and without paleochannel belts in the confining
layer was taken as representative for the paleochannel ané/e combined a simple, fast End Member Mixing Approach
diffuse seepage, respectively (Table 1). The chloride concentEMMA) model with an uncertainty estimation approach, the
tration was measured in the upper aquifer monitoring well atGeneralized Linear Uncertainty Estimation GLUE (Beven
the 14 monitoring clusters from which 3 were located in ar- and Binley, 1992), to quantify the daily water and salt fluxes
eas with and 11 in areas without paleochannel belts (Fig. 2)and their uncertainties. This model links all the sources to
The average chloride concentration in the upper aquifer foithe polder water discharge, concentrations and salt loads and
areas with paleochannel belts was 592 mg/l but only basedncorporates the uncertainty in the sources. The different wa-
on 3 locations (Table 1). In the 11 sites without paleochan-ter and salt sources considered in the model are shown in
nel belts, the average chloride concentration was much loweFig. 1. Since the three types of groundwater seepage, diffuse-
at 117 mgt? (Table 1). The chloride concentration of boils , paleochannel-, and boil seepage, differ with regard to seep-
was determined at 49 boils which showed a large variationage flux and chloride concentrations, they are considered as
between 337 and 2850 mgliand an average of 1100mgH  different end-members.
(Table 1). The larger boils intended to have higher concentra-
tions (De Louw et al., 2010). As the three forms of ground- 2-3.-1 Water balance
water seepage comes from below the confining layer (deeper )
than 7 m) its composition will not change significantly due T'he balance of the surface water network of the polder is
to seasonal variation in precipitation and evapotranspirationd'Ven by:
This is confirmed by our monitoring data described in our . ,
previous work (De Louw et al., 2010). We analyzed the Qpumplt) = Qo + Qa(®) + Ogrw.i () @
groundwater composition of the upper aquifer at two mo- qump(Lg'T_l) is the pumped volume from the polder into
ments in the year (April and November) and the differencesthe “boezem” 0y, (L2 - 1) is the seepage through boils di-
were less than 5 %. rectly into the surface water networa (L3-7-1) is the
admission of “boezem” water into the polder, ainy;
(L3- T~1)is the groundwater flow into the surface water net-
work. Because the pumps maintain a constant surface water
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level, we disregarded surface water storage changes. Sinagith and without paleochannels, are only caused by a dif-
the majority of boils occur in ditches (De Louw et al., 2010) ferent hydraulic resistance of the Holocene confining layer,
boil seepageQy, is assigned directly to the surface water net- (7). As the confining layer consists of different lithologi-
work. Its flux was assumed to be constant because its drivingal layersn with thicknessd,, (L) and vertical saturated hy-
force, the head difference between the first aquifer and thalraulic conductivityk, , (L - 7~1) the hydraulic resistance
surface water level, remains relatively constant (De Louwof the Holocene confining layert(T) is defined as:

et al., 2010). We distinguished different constant water ad- d

mission fluxes from the “boezem” during the wint@aw  r, = Z = 4)
(L3-T71), and the summeR, s (L3 T~1). Infiltration (or kv

leakage) from the higher situated “boezem” into the polder . _ 1

is not considered as a separate balance term because it hgge groundwater flow rate towards ditchggich (L - 7™,

e e and tile drainsgqr (L - T71), are derived using the drainage
no significant contribution to the total water balangel(%) formula of Hooﬂg‘rr]éudt (19)40) We assumed ?here Was ng in-
due to the small area of “boezem” where such infiltration .

takes place. To account for the effects of paleochannel beltgltraﬂon from surface water during dry periods, since these
on the seepage water and salt flux we calculated the groun pflltrauon quxes. can be neglected compareq to the. tOt?"
water flux into the surface water networ@4r, ;) separately grr(l)_undwater d.ra'”‘f"ge flux because of the I|m_|ted p_erlod n
for the area with paleochannel belts in the Holocene confinV ich such infiltration takes place, the large ditch distances
ing layer ¢ = pch) and for the rest of the polder<d). (>2100 m) and the small area of surface wateR ¢6). There

) . is no surface water infiltration via subsurface drains because
In lowland catchments with free drainage, the transport of

. ) . the drains are always situated above the ditch water level.
solutes is governed by the active extent of the drainage sys-

tem (Carluer en Marsily, 2004; Wriedt et al., 2007; Tiemeyer ;.. . .(1) = (hgrw,i (1) — hs) 4[43 for hgw; > hs .
etal., 2007; Molenat et al., 2008; van der Velde et al., 2009). 1) = 0 for ham; < h s ®)
In polders, however, groundwater levels and discharge aré/@tch gnwt s

controlled by a totally artificial drainage network, and sur-
face water levels are regulated by pumps and the admissiofdri (1) = (hgrw,i (1) = har) 41l§rD for hgmwi > har
of “boezem” water. Therefore, the active drainage systemgar,i(t) = 0 for hgnw; < hor

of a polder remains constant and its discharge storage rela-

tionship for a single field can be set as representative for théVith saturated hydraulic conductivity (L-T71), layer
entire catchment. The groundwater flux towards the surfacdhickness D(L), surface water level in ditchs(L), drainage
water networkQgny.; (L2 - T~1), is derived by a separate wa- level hgr (L +hs) and spacing between parallel subsurface
ter balance of the groundwater reservoir. Seepage and prélrains, lar(L), and ditcheds(L). Because the upper 5m
cipitation are temporarily stored in the subsoil causing theof the confining layers with and without paleochannel belts
groundwater level to rise. Groundwater levels decline duedo not differ significantly from each other (De Louw et al.,
to the drainage of groundwater and evapotranspiration. Th&010), we used onkD value for both geohydrological situa-

water balance of the groundwater reservoir is given by: tions.
Finally, the total groundwater flux towards the surface wa-

ter network is calculated by:

Ogrw,i (1) = A; (Clditch,i(f) + er,i(t)) (7)

With A; the surface area of locations with«pch) and with-
out ({ =d) paleochannel belts.

(6)

" dhgrw,i (1) . dsgrw,i ()
7

(2)

= P(t) — ET(t) + gsi(t) — qditchi (t) — qar,i (t)

With ng(—) the drainable porosityhgw(L) the average
groundwater levelsgrw(L) the total groundwater storage in 232 Salt balance
the saturated and unsaturated zome(L -T~1) the pre- h

cipitation rate, ET (LT™1) the evapotranspiration ratgs;  The salt balance equation is obtained by multiplying the

(L-T~1) the seepage flux rate, aggch (L - T~) andgar  fluxes of the water balance equation (Eq. 1) with the con-

(L - T~1) the groundwater flow rate towards ditches and tile centration corresponding to the fluxes. The solute balance of
drains, respectively. The seepage flux ratgs, (L - T~1), the surface water is given by:

(diffuse seepage,=d, and paleochannel seepage; pch)

are derived by Darcy'’s law: Qpump(®) - cpump(t) = Ob - b + Qaw - caw + Qas (8)

~cas + Ogw,d(?) - cgrw,a () + Ogrw,peh(?) - cgrw,pch(?)

©)

Hpq — hgrw,i (1)
gsi(t) = w

" With cpymp (M - L~3) the concentration of the water pumped

With Haq(L) the constant hydraulic head in the first aquifer. from the polder. The boils have a constant concentration de-
Note that differences in seepage fluxes between locationsoted bycp (M - L~3). The concentration of admission water
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from the “boezem”¢, (M - L~3), is assumed to have differ- Monte Carlo simulations were carried out with two different
ent constant values for the winter,, (M - L~3), and the  prior distribution ranges (Table 2). To minimize the uncer-
summercas (M - L™3). tainty of the simulated water and salt fluxes we used ranges

The concentration of the groundwater flagay (M - L73), that were as small as possible (indicated by GA-A in Ta-
is derived from the mass balance of the groundwater reserble 2), which were mainly based on our measurements (sum-
voir for the area withi(=pch) and withouti(=d) paleochan- marized in Table 1). The size of the ranges is a direct rep-
nel belts (Eq. 9). We assumed that chloride is completelyresentation of the uncertainty of the measurements, which is
mixed in the top soil (Rinaldo et al., 2006) resulting in an influenced by factors such as type of parameter, type of mea-
average concentration for the groundwater reservoir. It is exsurement, number of locations or observations, and variation
pressed by: of the data. We applied broader ranges for the sensitivity

analysis to determine the sensitivity of the parameters within

9) the full range of plausible values for the water system under
Sgrw.i (1) consideration (indicated by GA-B in Table 2). The use of
2 different prior parameter ranges gave also the opportunity
It_he compare the model output uncertainty for a situation with
(small ranges) and without (broad ranges) the availability of
measurements. We did not include uncertainty in precipita-
dm; (1) = P(1) - cp + qsi (1) - Cs (10) tion and evaporation since they could be measured relatively

dt P s s accurately.

The model was applied for a period of 791 days of
polder water discharge, salt loads and concentration obser-

We assumed that rainfall has a constant concentratign, vations (1 August 1999-30 November 2001) of the Noord-

and that also the diffuse and paleochannel seepage fluxgyas Polder. For each day the model cqlculates the total dis-
have constant concentrationss g and cspch (De Louw et charge by pumpsQpump the concentration of the pumped

m; (1)

cgrw,i (1) =

With m; (M - L=?) the total salt mass density, which can be
derived from the salt mass balance of the groundwater rese
Voir:

- (Qditch,i(l‘) + er,i(t)) - Cgrw,i (1)

al., 2010). water,coump, the total pumped chloride loads,ymp and the
average groundwater levery. We compared these model
2.3.3 GLUE application responses with our measurements by calculating likelihoods

(Table 3) for different time scales; daily to weekly (dyn),
The calculation speed of our model allowed us to use thequarterly seasonally (season) and for the entire simulation
GLUE method (Beven and Binley, 1992) to find parame- period (tot). The Nash-Sutcliffe coefficient (NSC) (Nash and
ter sets that yielded good agreement with the measurementSutcliffe, 1970) was used to evaluate the model@gmp,
This method is based on the idea that the model does nat, mpandLpumpon daily to seasonal time scales:
have one optimal parameter set but a collection of param-

eter sets, each of which perform equally well in reproduc- i (0 — pi)?

ing the observations (Freer et al., 1996; Pappenberger et al, S 1 i=t ' ' 1

2005; Roux and Dartus, 2006). These parameter sets a T ( 52 (11)
0; — 0

derived by Monte Carlo simulation of the model equations,
randomly sampling parameters from prior distributions. A
calculated “goodness-of-fit criterion” (likelihood) based on With o; the observed ang; the predicted output value for
predicted and observed responses, evaluates how well a paime stepi ando the average observed value. We evaluated
ticular parameter combination simulates the system. Cut-ofthe total summed water and salt budgets, and average salt
criteria divide the parameter space into “behavioural” andconcentrations of the discharge water, for the entire simula-
“non-behavioural” sets. Behavioural parameter sets are thoston period €(tot)). The calculated groundwater level time
which perform acceptable on the basis of available data anderies were behavioural when they fitted within the 10 and
knowledge. For each time step, the modelled output is char90 percentiles of the 48 measured time series. The cut-off
acterized by the distribution produced by the behaviouralcriteria for the different likelihoods are listed in Table 3.
runs. As is common practice in GLUE applications, the me-We analyzed the individual NSC’s and determined the cut-
dian represents the output estimate (Blasone et al., 2008a)ff criteria which produced an equal number of behavioural
and the uncertainty ranges can be defined by the standard dedns to assign equal weight to the different NSC-likelihoods.
viation, percentiles or minimum and maximum values of the Furthermore, we set the cut-off criteria by trial and error to
distribution. fit most of our observations between the modelled uncer-
To reproduce enough behavioural runs to reconstruct comtainty ranges and to keep these ranges as small as possible.
plete and smooth behavioural parameter distributions we carThe choices of the cut-off criteria are rather subjective and
ried out 5.18 Monte Carlo simulations, sampling from uni- can be seen as the major shortcoming of such Monte Carlo
form prior distributions of 17 model input parameters. The based model evaluation method (Beven, 2006; Blasone et al.,

i=1
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Table 2. Applied ranges of prior uniform distribution of sampled model input parameters for the different GLUE-analyses (GA).

Parameter ranges for:

Parameter Name Unit Modelling  Parameter
water and sensitivity and
salt fluxes uncertainty analysis
(GA-A) (GA-B, GA-C)

Parameters that control incoming fluxes

Ob Boil seepage flux mmdt  0-1.1 0-1.1

QOas Admission flux of “boezem” water in summer mmd  0.1-1.0 0-2.2

Qaw Admission flux of “boezem” water in winter mmd  0-0.3 0-2.2

r;ch Hydraulic resistance of confining layer with paleochannel belt d 500-1000 1-1500

rg Hydraulic resistance of confining layer without paleochannel belt d 3000-6000 1-10000

Hpgq Hydraulic head in upper aquifer (0172 1.0-2.0 0-2.5

Apch Area with paleochannel channel belts in confining layer % 0.12-0.22 0.07-0.27
Chloride concentration of incoming fluxes

cb Cl-conc. of boil seepage mgt 500-2500 1-4000

cas Cl-conc of admitted “boezem” water in summer rﬁél 100-500 1-500

caw Cl-conc of admitted “boezem” water in winter mgl  50-200 1-500

Cs,pch Cl-conc. of paleochannel seepage mbl 400-800 1-1500

Cs.d Cl-conc. of diffuse seepage gl 50-250 1-500
Parameters that control gw-sw interaction

kD* Transmissivity of confining layer fd—1  0.1-10.0 0.01-20.0

hdr Level of subsurface drains Ny 0-0.6 0-1.0

Igr Spacing between parallel subsurface drains m 10-30 1-50

lditch Spacing between parallel ditches m 100-200 1-300

ndr Drainable porosity - 0.05-0.15 0.01-0.30

Ranges are based on data from a monitoring campaign (Table 1) and collected field data eXcege fdleerts (1996).

Table 3. “Goodness-of-fit” criteria (likelihoods) and cut-off criteria. Model runs are only assigned as behavioural when they satisfy all the
individual goodness-of-fit criteria.

Likelihood Cut-off criterion: Likelihood Cut-off criterion:
behavioural when behavioural when

NSC qump (dyn) >0.55 NSCqump (season) >0.90

NSCCpump (dyn) >0.55 NSCCpump (Season) >0.80

NSC Lpump(dyn)  >0.25 NSCLpump (Season) >0.85

hgrw (dyn) >10-percentile AND €(tot) - Qpump €(tot) — cpump.  <5%
<90-percentile €(tot) — Lpump

dyn =measurement time scale (days @ump, 3 to 7 days foxpump and Lpump, bi-weekly forigny), season = quarterly seasonally, tot=entire simulation period.

2008a). A strong characteristic of the applied GLUE method2.3.4 Parameter sensitivity and uncertainty analysis

is the use of likelihoods that evaluate different elements of

the water system (discharge, solute concentration and loadapart from aiming at a correct simulation of the observed

and groundwater level) at different time scales. Model runswater and salt fluxes at the polder catchment outlet, we were

are only assigned as behavioural when they satisfy all the ininterested in the sensitivity of the different parameters to the

dividual likelihood criteria. model results. As almost all model parameters are related
to measurable parameters, a sensitivity analysis also pro-
vides important information for future field data acquisition
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to reduce measurement uncertainty and improve the model’'svater availability for admission into the deep polders. Ad-
reliability. Generally, two kind of sensitivity analysis can mission water originates from one of the major Dutch rivers
be distinguished: a global sensitivity and a local sensitiv-(here the River Rhine), and this may become unsuitable if
ity analysis (Tiemeijer et al., 2007; Spear and Hornbergerfuture sea-level rise and decrease of river discharge cause
1980). With local techniques parameter interdependenciesea water intrusion further upstream on the river. In sce-
are ignored and were found to be unreliable for non-linearnario 2 we calculated the effect of a 50 % reduction of ad-
relationships between parameters and outputs which are typnitted “boezem” water in the summer. To compensate or
ical for hydrological outputs (Tiemeyer et al., 2007; Muleta even reduce the future increase of surface water salinity, it
and Nicklow, 2005). Therefore, we used the above describeds worth investigating the effectiveness of mitigation mea-
GLUE method for a global sensitivity analysis where all pa- sures. Because preferential seepage via boils is the dominant
rameters are varied at the same time. The global sensitivmechanism of salinization in deep Dutch polders (De Louw,
ity of the parameters for the model output was determinedet al., 2010), measures which reduce the contribution of boils
in two ways. First, the global sensitivity of parameters for should be effective in dealing with salinization. In scenario 3,
the total model behaviour was determined. We applied theve demonstrate the effect of reducing the boil seepage flux
GLUE method using the same cut-off criteria (Table 3) but by 30 % and do not consider the practical implications of this
with wider prior parameter ranges (indicated as GA-B, Ta-measure.

ble 2). In contrast with non-sensitive parameters which show

uniform posterior distributions close to their prior distribu-

tions, the sensitive parameters show large deviations. Th8 Results and discussion

Kolmogorov D statistics for testing of differences in distribu-

tions was used as measure of the parameter sensitivity (vaB.1 Discharge, chloride concentrations and chloride
Huissteden et al., 2009; Roux and Dartus, 2006). The inter- loads

dependencies of the model parameters were quantified by the

determination of correlation between all behavioural param-The 5.1 Monte Carlo simulations sampling from the prior
eter combinations (expressed®?). Strong interdependen- parameter ranges (Table 2) and applying the cut-off crite-
cies (indicated by a large?) also revealed which parameters ria from Table 3 resulted in 59 630 behavioural simulations
were sensitive to the total model response. Second, we testd§bA-A). The entire ensemble of the behavioural model out-
the global sensitivity of the model parameters for the individ- put of polder water discharge, salt concentration and salt
ual model output. We calculatekf between parameter val- loads are shown in Fig. 3, together with the observed time
ues and model output errors for total water volume, total saltseries. The daily observed polder water discharge, both peak
load, and mean salt concentration for the entire simulatiorand base flow, was simulated well with small uncertainty
period E(tot)). In addition,R? was calculated between pa- ranges. However, some of the observed discharge peaks dur-
rameter values and model errors on measurement time scaleg the summer period are underestimated. This may be
(€(dyn)). To focus on this short time scale, for this analysisdue to ignoring the unsaturated zone in our model concept
we used only behavioural parameter sets with absolute errorge.g. development of cracks, unsaturated overland flow). Al-
in the total water and salt balance and mean concentrationthough the range of the modelled chloride concentrations was
which were smaller than 5%. This GLUE analysis is indi- larger than the range of the modelled discharge, the observed

cated as GA-C. dynamics were well represented by the calculated median
chloride concentration. Note that the blocked shape of the
2.4 Scenario analysis measured chloride concentration and load is caused by the

collection of discharge weighted water samples every 3 to
The model was used to calculate the effects of future changeg days. For comparison the modelled chloride concentration
on surface water salinization. We applied all the behaviouraland load were also converted to average values. Both polder
parameter sets retrieved by the GLUE analysis to incorpowater discharge and salt concentration are highly variable in
rate parameter and model uncertainty into the predictionstime and show opposite responses. Low concentrations were
We then worked out three scenarios in detail. Scenario 1 il-found in periods of high discharge due to dilution by the dis-
lustrates the effect of the so-called™ climate scenario for charge of shallow groundwater and rainfall. Concentrations
the year 2100, formulated by the Royal Netherlands Meteo-gradually increased during dry periods when the contribu-
rological Institute KNMI (van den Hurk et al., 2006). This is tion of drained shallow groundwater decreases and the input
the driest of four climate scenarios which are frequently usedf salt sources becomes more dominant.
for analyses in the Netherlands. Compared to the present sit- Compared with polder water discharge and chloride con-
uation, it is characterized by greater precipitation in winter, centrations, the observed chloride loads showed an attenu-
and less precipitation and higher evaporation in the summeated variation as a function of time. For 90 % of the time,
due to higher temperatures. It is expected that sea-level risthe measured chloride loads were between 20 and 50td
and changes in precipitation surplus will also reduce freshChloride loads never dropped to less than 15%dwhich

www.hydrol-earth-syst-sci.net/15/2101/2011/ Hydrol. Earth Syst. Sci., 15, 21072011



2110 P. G. B. de Louw et al.: Quantifying water and salt fluxes in a lowland polder catchment

L 0 H’ |
- J\ o n
g © \ | I ﬁ \ i M”‘ |
R W' \,MJM VLMV | waﬂf\/\ww\w%m% y ‘w‘%‘\a\dw \A Wi
% " = Ty A
S 8 1 ﬁ 0 Lﬂ = ol i m H MﬂL
el ﬁlﬁh Ty AT | el
o] c% ] r uU:fJ j\(“j\i g Mﬂa‘z’ U Lyl *\ﬁ\%‘w g J_Lq :bf
€ - H |
fg ;— } w |
g IS il ﬂ }\ ; [*!\ fl ’ ‘ ‘ ﬂj‘

Jan 2000 July 2000 Jan 2001

Fig. 3. Observed (red) and modelled (median, black) polder water discharge, chloride concentration of discharge water and total chloride
loads. Grey area indicates the uncertainty of the model output estimate characterized by the minimum and maximum of the entire ensemble
of 59 630 behavioural simulations (GLUE analysis GA-A).

indicates a significant saline source throughout the yearnoticeable consequences, since this chloride is therefore not
even in dry periods with low discharges. Remarkably, ma-stored in the mixing reservoir like chloride from diffuse and
jor peaks of chloride loads coincided with relatively low paleochannel seepages, but is instantly released into the sur-
chloride concentrations, as they occurred during peak flowdace water without any temporal variation.

(Fig. 3). Heavy rainfall events probably mobilized “older”

water containing chloride. This chloride originates from 5 5 Quantification of salt sources

seepage which is mixed with infiltrated rainwater and tem-

porarily stored in the groundwater reservoir. The simulations ) e .
of chloride load dynamics showed less satisfactory resultdn Fig- 4, the cumulative probability distribution function for

than those of discharge and chloride concentration. This ieach source derived from all the behavioural simulations is
what we expected, because chloride loads are derived by th&'0Wn- The dominant water source is preC|p|tat|0n(.) Pre-
multiplication of water discharges and their chioride concen-CiPitation surplus £ —ET) contributes more than 55% to
trations, hence errors in both quantities will be expressed if "€ total polder water discharge. Since we did not vary the
the simulated chloride loads. The modelled peaks of chioridd’reciPitation and evapotranspiration fluxes, the range found
loads were underestimated and during base flow the modf©r this contribution is exclusively the result of the applied
elled chioride loads were slightly larger than observed. Con-cUt-off criterion€(tot) _OQPU”‘P of Table 2 that allows a wa-
sidering that total chloride loads are simulated well by apply-{€f balance error of 5%. Despite its domination of water
ing the cut-off criteriorE(tot) — Lpumpthat allows a total salt !nput, the contribution of precipitation to the total salt load

balance error of 5%, we think the underestimated simulatedS Small due to its low concentration. The contribution of

dynamics of chloride loads can be explained by shortcom-2dmitted “boezem” water to the total salt load is less than

ings in the model concepts that control the storage and dist % in the winter and about 6 % (standard deviation.3 %)
charge of chloride. First, we neglected storage of chloride inl" the summer. Salt loads derived from paleochannel seep-
the surface water. During dry periods, surface water chloridg?9€ are much larger (18%5.7 %) than those derived from
concentrations increase but transport velocities to the pump@iffuse seepage (4 % 1.6%), due to the elevated chloride
are small due to small discharges. Consequently, new raigoncentration of paleochannel seepage. However, the model

showers will accelerate the transport of stored chloride, re€Sults show that the most important salt source is upward

sulting in elevated chloride loads. Second, the assumptiofgroundwater flow through boils, with an average contribu-

that boils directly discharge into the surface water may haveion of 66 % (£7.2%) to the total salt load, despite the fact
that they contribute only 15 %H4.7 %) to the polder water
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be reduced by narrowing the ranges of the prior parameter
Quw distribution based on measurements or the literature. Table 4
8“ shows that smaller prior ranges (GA-A) also lead to smaller
s,pch . . I
- Qs uncertainty ranges in the model output. This illustrates that
— @ both model input- as well as model output uncertainty can be
reduced by incorporating field measurements. Table 4 also
shows that daily to weekly measurements of polder water dis-
charge, weighted concentration and groundwater levels are
. 0 0 o 0 100 essential for deriving an adequate set of behavioural param-
contribution to total polder water discharge (%) eters to y|9|d a correct simulation of salt and water fluxes.
, Ignoring the dynamics of the system responses leads to an
enormous increase in uncertainty of the model output and
i source distribution (GA-C). Note that despite the large un-
; certainty in the model output due to leaving out the daily to
weekly measurements, the total water and salt balance errors

1.0

06 08

probability
0.4

0.2

0.0

1.0

0.8

0.6

probability
0.4

are still less than 5 %.
To improve the reliability of the modelled water and salt
fluxes and concentrations, field data can be best collected
for those parameters to which the results are sensitive. A
0 20 40 60 80 100 ) . B L
contribution to total salt load (%) strong difference between the posterior behavioural distribu-
tion and the prior uniform distribution reveals which parame-
Fig. 4. Cumulative probability distribution function for the contri- ters can be considered sensitive (Fig. 5), and this is indicated
bution of different sources to the total polder water discharge andby large D-statistics (Table 5). Largest D-statistics were cal-
total salt load of the polder (in %) (GLUE analysis GA-A). culated for boil seepag@y, admission of “boezem” water
in the summerQ,s and winter Qaw. They have a max-
imum value above which no behavioural runs were found
discharge. In 95 % of the behavioural simulations, boils con-(Fig. 5). It is not surprising that these water balance terms
tributed more than 50 % to the total salt load of the polder. also show a large correlation with the total water balance
Upward groundwater flow from the upper aquifer via boils error (Table 5). Table 5 shows that total chloride load and
and via sandy paleochannel belts in the Holocene confinimean concentration of the polder water are dominantly de-
ing layer are both forms of preferential seepage. The aredermined by boil seepaged) and its concentratioref) as
where they occur is small compared to the total polder areaindicated by a large calculate®?. Behavioural values afy
as is apparent from Fig. 2. Our model results show thatshow a clear minimum (Fig. 5), indicating that boils must
these forms of preferential seepage together contribute abodave higher chloride concentrations. Furthermore, the large
84 % (7.2%) to the total salt load of the polder, and this sensitivity of Qp andcy is shown by their strong interdepen-
is primarily the consequence of the high chloride concentra-dency (Fig. 6). The fact that some sensitive parameters are
tions of water discharged in this way. The average calcu-correlated with each other can be used to reduce model input-
lated behavioural value is about 1400 m§ (+320mg 1) and output uncertainty. Considering that the total boil flux
for boils, which is more than two times that of paleochannel Oy is the parameter that is the most difficult to measure, its
seepage (700 mgt) and much higher than that of diffuse uncertainty can be reduced by increasing the reliability of the
seepage (170 mgt) or the average concentration of inlet parameters most strongly correlated tajtand Q4 s, which
water (150 mgtl). The concentration difference between can be measured more easily (Fig. 6).
the three seepage types can be explained by the upconing The dynamics of the model output are mainly deter-
mechanism proposed by De Louw et al. (2010). Higher seepmined by the parameters that control the interaction between
age fluxes result in upconing of deeper groundwater. Sincegroundwater storage and drainage. Some of these parameters
the salinity of groundwater increases with increasing depthshow large D-statistics, indicating a large sensitivity for the
in the Noordplas Polder, higher seepage fluxes are associatddtal system behaviour, but they do not have an impact on the

0.2

0.0

with higher chloride concentrations (Fig. 1). total modelled water and salt volumes. Tile drainage spac-
ing Igr has the largest impact on the polder water discharge
3.3 Parameter uncertainty and sensitivity dynamics, whereas drainage lexg} and ditch spacingitch

control the groundwater level and its fluctuations. Fluctu-
The posterior parameter distributions of GLUE analysis GA-ations in chloride concentration are mainly determined by
B with wider prior parameter ranges than GA-A are shown indrainable porosity:q;.
Fig. 5. The large variation in behavioural parameter value in-
dicates that there is strong equifinality. This equifinality can
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Table 4. Uncertainty ranges for three GLUE analyses with different prior parameter distributions ranges and cut-off criteria. The uncertainty
ranges are represented by the statistics of the entire ensemble of daily simulated digchargeentratiorCl and salt load. and by the
quantified source contribution to total polder water discharge and salt load in %.

GLUE analysis GA-A GA-B GA-C
Use Water and salt fluxes, Parameter sensitivity and Parameter sensitivity
source contribution uncertainty analysis and uncertainty analysis
Prior parameter Small ranges based on Wide ranges (Table 2) Wide ranges (Table 2)
ranges measurements (Table 2)
Cut-off criteria Table 3 Table 3 €(tot) — Qpump. €(tot) — Cpump.
€(tot) — Lpump< 5%
No of behaviourals 59630 2300 265641
min  mean stdev max min  mean stdev max min  mean stdev max
0] mmd-1 1.8 28 04 3.8 15 2.7 0.4 4.0 0.2 2.7 14 53.1
Cl mgl~1 330 434 37 555 299 429 48 605 120 424 92 1619
L td—1 256 318 20 385 236 320 28 417 32 322 9.1 227.0
P—ET % 547 566 09 60.7 531 57.1 14 655 13.8 56.3 2.1 67.5
Qaw % 0.0 20 13 5.0 0.0 6.7 46 2838 0.0 101 7.7 38.8
Qas % 19 112 29 189 0.1 132 45 253 0.0 16.3 8.7 40.9
Ospch % 2.7 81 23 172 0.0 6.0 46 322 0.0 3.2 5.6 35.3
Osd % 2.9 6.7 16 138 0.0 45 3.1 19.7 0.0 2.6 4.8 62.4
Ob % 52 154 47 344 0.3 125 76 3838 0.0 113 7.5 39.2
Lp g1 % 4.1 44 0.1 4.7 3.9 4.5 0.3 9.6 1.0 4.5 0.5 15.4
Law % 0.0 09 07 3.2 0.0 6.4 6.2 49.2 0.0 101 11.0 77.5
Las % 0.7 6.4 23 16.3 0.0 9.5 7.0 465 0.0 152 126 100.0
Lspch % 50 181 5.7 427 00 168 130 8838 0.0 9.5 18.9 88.2
Lsd % 0.6 38 16 1038 0.0 4.0 38 257 0.0 2.3 5.3 59.1
Ly % 353 664 7.2 847 0.7 58.8 16.1 100.0 0.0 584 207 100.0
S
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Fig. 5. Posterior behavioural parameter distributions for GLUE analysis GA-B. Units of parameter values are listed in Table 2.
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Fig. 6. Scatter diagrams for the six most strongly correlated behavioural parameter combinations (GLUE analysis GA-B).

3.4 Scenario analysis dry periods in the summers, when there is no dilution of the
saline seepage water, the average chloride concentration in-

reases from 650 to 840 mgll. This is also the period when

The model was used to calculate the effect and correspondin e demand for fresh water irriaation is the laraest. Note that
uncertainty of three different scenarios. We have discusse ) water irmgation | gest. .
e uncertainty of the predictions increases with increasing

only the calculated chloride concentrations of the polder wa- linitv durina dr riod
ter since these reflect water quality rather than loads. Fo?aIti y du ib? tytp?( odh\?f. rent m res t mpensate for
each scenario, the 59 630 behavioural parameter sets resulted S possible 1o lake diliere easures 1o compensate 1o

in an equally large ensemble of day-to-day time series the effects of future climate change and sea-level rise. Be-

chloride concentrations of polder discharge. These ensem:2YSe boil seepage is the most dominant source of salt, we

bles can be characterized by the time series of mean and Staﬁ_emonstrated the effect of reducing the contribution from

dard deviation of chloride concentration as shown in Fig. 7. oils by. 30h/|° (%cenano 3)t' Ih's Iefads tg{__}% ?'92'1'8";? Ide
As a result of the dryew™ climate scenario (used for sce- crease in chioride concentrations, from 0 9

nario 1), the chloride concentrations of the surface water ar%urmg the dry perlgdigos:g?gr ar;d t?\le (t:hlt(;]”(ie cgnc_entra-
slightly higher in summers compared to the present situas 01N> NEVET exceeds (Fig. 7). Note that reducing

tion. However, after the summer period, the chloride con-EO":;luxi.s \;]V'" .[ﬁrobably lead to an mcf:rde_?fse n th; hyldral;]hc
centration for the dryw™ scenario in the months October €ad, which will cause an Increase of difluse and paleochan-

and November is significantly larger than that for the present{:el seepage fluxes. However, since these forms of seepage

situation. During these months the cumulative precipitation ave a lower salinity, _th_e ov erall net effect will be positive
deficit between the present and future climate is at its maxi-Wlth respect to the salinization of the surface water.
mum. The model results show that a reduction in the quan-
tity of “boezem” water admitted to the polder (scenario 2)

will have a large impact on surface water salinity. During
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Table 5. Global sensitivity analysis results. The? for correlations between model input parameter values and model output error
€(tot=entire simulation period, dyn=dynamic, measurement time scale) and the Kolmogorov D statistics for each behavioural parame-
ter distribution from GA-B. Not significant (n.s.) wher? < 0.025.

€(tot)— Qpump €(to)— Lpump €(t0t)—cpump €(dyn)— Qpump €(dyn)— Lpump €(dyn)—cpump €(dyn)— hgrw D

Ch n.s. 0.320 0.490 n.s. n.s. n.s. n.s. 0.18
Op 0.143 0.322 0.201 n.s. 0.049 n.s. n.s. 0.38
Hag 0.172 0.043 n.s. n.s. 0.034 n.s. 0.032 0.23
Qaw 0.149 n.s. n.s. 0.070 0.034 n.s. n.s. 0.55
Qas 0.138 n.s. 0.067 n.s. 0.090 n.s. n.s. 0.48
rq 0.087 n.s. n.s. n.s. n.s. n.s. n.s. 0.10
rpch ~ 0.066 0.043 n.s. n.s. n.s. n.s. n.s. 0.10
lgr 0.029 n.s. n.s. 0.220 0.036 0.028 n.s. 0.21
hgr n.s. n.s. n.s. 0.050 n.s. n.s. 0.337 0.25
lditch  N.S. n.s. n.s. n.s. n.s. n.s. 0.182 0.17
kD n.s. n.s. n.s. 0.095 0.036 n.s. 0.136 0.09
cas n.s. n.s. 0.027 n.s. 0.097 0.039 n.s. 0.19
ndr n.s. n.s. n.s. 0.085 0.051 0.077 0.049 0.24
csp n.s. n.s. n.s. n.s. 0.026 n.s. n.s. 0.16
Apch NS n.s. n.s. n.s. n.s. n.s. n.s. 0.09
cs.d n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.05
caw n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.05

Cl-conc. (mg/l)
400 600 800 1000

200

o - —— scenario 0: present
—— scenario 1: climate w+ 2100
scenario 2: reduction of admission water in summer (50%)
—— scenario 3: reduction of boil seepage flux (30%)
I I I ‘
Jan 2000 July 2000 Jan 2001

Fig. 7. Calculated chloride concentration of the polder water discharge for different scenarios. The coloured lines give the mean value and
the grey areas present the uncertainty range (rtestandard deviation) derived from 59 630 simulations with behavioural parameter sets of
GLUE analysis GA-A.

4 Conclusions well. With these sets of behavioural parameters, we quanti-
fied the contribution and uncertainty of different sources to
In this paper, we have presented a probabilistic (GLUE) endthe water and salt balance of the polder catchment area and
member mixing approach to modelling daily discharge, saltthe effects of different scenarios. However, the large varia-
loads and the salt concentration of water pumped out ofion in behavioural parameter values indicates that there is
an artificially drained polder catchment area. To incorpo-Strong equifinality. This is caused by the presence of the
rate the uncertainty of model input parameters, their valuegnany sources that contribute to the water and salt balance
were sampled randomly from uniform parameter distribu-of the polder and by the uncertainty of the model input pa-
tions. The model was conditioned on measurements of dailyameters.
to weekly polder water discharge, salt concentrations and salt Despite the large equifinality and the uncertainty of many
loads leaving the polder and of groundwater levels to producef the model parameters, the dominant salt sources could be
sets of input parameters which simulate the system equallguantified within an acceptable reliability. Our modelling
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discharge, salt concentrations and salt loads could only bé&dited by: E. Zehe
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