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Abstract

The search for management strategies to cope with projected water scarcity and water
quality deterioration calls for a better understanding of the complex interaction
between groundwater and surface water in agricultural catchments. We separately
measured flow routes to tile drains and an agricultural ditch in a deep polder in the
coastal region of the Netherlands, characterized by exfiltration of brackish regional
groundwater flow and intake of diverted river water for irrigation and water quality
improvement purposes. We simultaneously measured discharge, electrical conductivity
and temperature of these separate flow routes at hourly frequencies, disclosing the
complex and time-varying patterns and origins of tile drain and ditch exfiltration. Tile
drainage could be characterised as a shallow flow system, showing a non-linear
response to groundwater level changes. Tile drainage was fed primarily by meteoric
water, but still transported the majority (80%) of groundwater-derived salt to surface
water. In contrast, deep brackish groundwater exfiltrating directly in the ditch
responded linearly to groundwater level variations and is part of a regional
groundwater flow system. We could explain the observed salinity of exfiltrating drain
and ditch water from the interaction between the fast-responding pressure distribution
in the subsurface that determined groundwater flow paths (wave celerity), and the
slow-responding groundwater salinity distribution (water velocity). We found water
demand for maintaining water levels and diluting salinity through flushing to greatly

exceed the actual sprinkling demand. Counterintuitively, flushing demand was found to
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be largest during precipitation events, suggesting the possibility of water savings by

operational flushing control.

Keywords

Groundwater — surface water interaction; direct measurements; flow separation;

agricultural field; salinization

Highlights

e We physically separated and measured flow paths to an agricultural ditch
e High frequency measurements revealed dynamic origin of drain and ditch outflow
e Tile drains transport the majority of groundwater-derived salts to surface water

e Salinity variations explained by interaction of water velocity and wave celerity

Surface water flushing demand was found to greatly exceed sprinkling demand

Abbreviations

BSL — Below mean Sea Level

BGS — Below Ground Surface

EC — Electrical conductivity

TDS — Total Dissolved Solids

SW-GW - Surface water — groundwater

CVES — Continuous Vertical Electrical Sounding
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1 Introduction

Delta areas are hotspots for human settlement and agriculture, owing to their fertile
soils, low relief and easy transport connections (Aerts et al., 2009). Delta areas also pose
specific challenges related to flood risks, infrastructure construction in unconsolidated
sediments, and salt water intrusion threatening fresh groundwater resources (Custodio
and Bruggeman, 1987). In many deltas groundwater table lowering, resulting from
artificial drainage, causes an upward flow of brackish and nutrient rich groundwater,
with adverse effects on surface water quality (De Louw et al., 2011b). Exfiltration of
brackish groundwater is a major concern in low-lying polder areas in the Netherlands
and is generally mitigated by diluting the surface water system with diverted river water
(Van Rees Vellinga et al., 1981). The prospect of decreasing river discharges (Forzieri et
al., 2014) and hence increasing water shortages has, however, prompted Dutch water
managers to seek alternative strategies and minimize the intake of diverted river water
(Delta Programme Commissioner, 2013). Alternative strategies require detailed
knowledge of the flow of water and solutes in these areas, specifically regarding the
exfiltration of brackish groundwater and the fate of diverted river water during summer

periods.

Polders are artificially drained, embanked tracts of low elevated land that originated as
reclaimed lakes, embanked floodplains or embanked and drained marshlands and are
common throughout the coastal zone of the Netherlands (Schultz, 1992). Polders are

intensively drained by tile drains and ditches, and agriculture is generally the dominant
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landuse. Polder surface water levels are maintained within narrow limits by pumping
excess water, consisting of both precipitation excess and exfiltrating regional
groundwater flow, onto the “boezem”, a receiving system of canals. In summer,
diverted river water is transported by the boezem and taken in by polders via weirs or
inlet culverts to supplete precipitation deficits and, as already noted, flush the surface
water system to mitigate the adverse effects of exfiltrating brackish groundwater (Van

Rees Vellinga et al., 1981).

Hydrological and chemical catchment response is a reflection of the wide variety of flow
routes followed by water droplets entering surface water, each acquiring a distinct
chemical signature along its route (Sophocleous, 2002). The linkage between flow routes
and hydrological response is most direct in headwater streams or ditches, where
interaction between surface water and its surroundings is highest. Headwater streams
have therefore always been prime focus areas of hydrological study (Sophocleous, 2002).
Encouraged by the recent IAHS “Panta Rhei” initiative (Montanari et al., 2013), focusing
hydrological research on change in hydrology and society, attention has shifted
somewhat away from pristine natural catchments to actively managed agricultural
catchments. While some studies report emerging linear and thus simpler behavior (Basu
et al., 2010), both profound modifications to natural hydrologic functioning and
intermittent direct human impacts complicate the hydrologic and chemical response of
actively managed agricultural catchments (Montanari et al., 2013; Rozemeijer and

Broers, 2007).
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In polder and other low-land agricultural catchments, tile drains are a major pathway for
exfiltrating groundwater and associated solutes (De Louw et al., 2013; Kennedy et al.,
2012; Rozemeijer et al., 2010; Tiemeyer et al., 2006; Van der Velde et al., 2010b; Velstra
et al., 2011). The importance of tile drains is irrespective of whether solutes originate
from agricultural practices at the ground surface or from regional groundwater
exfiltration, the dominant source of solutes in Dutch polders (Griffioen et al., 2013).
With solutes originating from the ground surface, groundwater flow to an agricultural
ditch was found to only be a significant transport route after tile drains had run dry
during summer periods (Rozemeijer et al., 2010). For a site where solutes originated
from regional groundwater flow, Van den Eertwegh (2002) estimated, based on mixing
equations, groundwater flow to agricultural ditches to account for between 20 and 50%
of annual chloride loads. In selected polders boils, localized preferential seepage
pathways intersecting a low-permeable confining layer (De Louw et al., 2010), form a
dominant solute pathway. Boils may contribute up to 60% (De Louw et al., 2011b) or 80%
(Delsman et al., 2013) of exfiltrated solutes. The fate of diverted irrigation water
understandably received much attention in irrigation schemes in arid regions (e.g.,
Kahlown and Kemper, 2004), but few studies attempted to attribute water loss from
drainage channels to either groundwater infiltration or evaporation (e.g., Bosman, 1993).
While water shortages and water quality deterioration are also a factor in more humid
climates, we know of no studies that measured and attributed water loss in these
climates. Rozemeijer et al. (2012) traced the propagation of diverted river water in an

agricultural polder catchment in the Netherlands and found diverted river water to
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follow short-circuit flow routes, never reaching headwater ditches. Delsman et al. (2013)
investigated flow routes in an agricultural deep polder catchment using environmental
tracers, revealing relatively constant contributions of regional groundwater and diverted

river water, while tile drain flow dominated discharge events.

No study, however, comprehensively studied all incoming and outgoing flow routes in
an agricultural polder catchment receiving inputs from both regional groundwater flow
and diverted river water. Moreover, water (and solute) balance terms that are generally
considered unimportant in humid climates may prove important in understanding
catchment behaviour in dry summer periods. This understanding is crucial to outline
management strategies that focus on mitigating the effects of increasing water
shortages and deteriorating water quality in agricultural areas. This paper therefore
specifically focuses on the growing season and investigates (1) flow routes of
precipitation and brackish regional groundwater to tile drains and headwater ditches,
including the fate of diverted river water, (2) resulting surface water solute dynamics,
and (3) implications for water management, on both seasonal and event scales. To this
end we physically separated and measured tile drain and ditch flow routes of water and
associated solutes in a representative agricultural field in the coastal region of the
Netherlands during the meteorologically different 2012 and 2013 growing seasons.The
significant salinity contrast between precipitation and brackish regional groundwater
allowed detailed geophysical mapping of their subsurface distributions and relatively

easy computation of the regional groundwater contribution in measured water fluxes.
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2 Materials and methods

2.1 Study area

We studied the interaction between a ditch and a 900 m x 125 m agricultural field inthe
Schermer polder, located 20 km north of Amsterdam, the Netherlands (52.599° N, 4.782°
E) (Figure 1). The Schermer polder is a former fresh water lake (48 km?) reclaimed in
1635 AD. Average yearly precipitation and Makkink reference evaporation (Makkink,
1957) amount to 880 mm and 590 mm respectively. Relief is essentially flat at a surface
elevation of 4.0 (£ 0.14) m below mean sea level (BSL). The field is drained with tile
drains, installed at a depth of 1.0 m below ground surface (BGS) at 5 m intervals, and
ditches on both sides of the field. Tile drains discharge in the northern ditch, in which

the surface water level was maintained at a constant 5.0 m BSL with a pump, whereas
the water level in the southern ditch'was maintained at 4.7 m BSL. Potatoes and lettuce

were grown on the field for the first and second year of study, respectively.

Geohydrology of the area is characterized by Holocene marine deposits of the Naaldwijk
formation, consisting of marine clays to loamy to coarse sands (Weerts et al., 2005).
Shallow 2 m corings on the field revealed a consistent 20 — 40 cm thick tillaged clay layer
on top of fairly homogeneous loamy sand. This sandy layer extends to a depth of at least
17 m, as evidenced by an existing coring on the western end of the field. The Naaldwijk
formation extends to 20 m BGS, where it overlies a thick aquifer of fluvial sands of the

Kreftenheye and Urk formations (Weerts et al., 2005). Regional groundwater flows in an
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easterly direction and belongs to a system with infiltration in the coastal dune area to
the west of the study area and exfiltration in the Schermer polder. Groundwater in the
area is brackish to saline (around 5 g/I Cl), as a result of free convection during marine
transgressions around 5000 y BC (Delsman et al., 2014; Post et al., 2003). The hydraulic
gradient at the study area ensures a constant upward groundwater flow, estimated at
0.5 mm/day (I.C.W., 1982). The corresponding exfiltration of brackish to saline
groundwater adversely affects surface water quality. The annual precipitation excess
ensures the development of shallow rainwater lenses (De Louw et al., 2011a) on top of
the upward flowing brackish groundwater flow, which allows for the cultivation of salt-
sensitive crops. Boils, preferential pathways for exfiltrating groundwater (De Louw et al.,

2010), were not present at the field site.

Water management in the Schermer polder is exemplary for polders in the
Netherlands.Surface water levels are maintained at a constant level, by pumping out
excess water in wet periods and taking in diverted river water when evaporation rates
exceed precipitation and groundwater inflow. During the growing season (Apr — Oct) the
polderdrainage system is continuously flushed with additional diverted fresh river water
to dilute the saline groundwater input into the drainage system. The ditch on the
southern end of the field is in open connection with the main canal and receives this
diverted river water, the northern ditch does not. The average amount of diverted river
water use was estimated at 0.4 mm/d (0.7 mm/d in summer) over the entire Schermer

polder area (Oosterwijk, 2009).
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Figure 1

2.2 Measurement setup

To allow separate measurements of both tile drain fluxes and groundwater flux directly
into a ditch, we isolated a 35 m stretch of ditch by inserting two steel bulkheads down
to a depth of 1 m below ditch bottom. The bulkheads were connected by a 160 mm
diameter tube to act as a culvert for the rest of the ditch (Figure 1, Figure 2). The
bulkheads were each placed exactly between two tile drains, such that a groundwater
divide extended from the barriers across the agricultural field. As both surface water
level and groundwater head differences between both sides of the barriers were
minimal, we assumed fluxes across these boundaries to be negligible. In this isolated
ditch stretch, all seven tile drains were interconnected and flowed out into a 100 L
reservoir positioned in the ditch bank (reservoir 1 in Figure 1). Water was intermittently
pumped out of this reservoir, maintaining free outflow conditions. Discharge was
measured using a digital turbine flow meter (MSD Cyble, Itron, France) and electrical
conductivity (EC) in the reservoir was registered at 15 min intervals (CTD-Diver,
Schlumberger, Netherlands). We installed two additional 100 L reservoirs to allow
measurement of both incoming and outgoing water fluxes to and from the ditch. The
ditch flowed out into reservoir 3 (through a filter to prevent pump clogging), containing

a pump to provide a small constant flux back into the ditch, and an overflow into
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reservoir 2. In a water-surplus situation net inflow into reservoir 1 was positive and
flowed out into reservoir 2, where it was pumped out and measured. In a water-
shortage situation however, net inflow into reservoir 1 was negative and caused a water
level drop, triggering the inflow of external water, representing diverted river water,
into reservoir 1 and subsequently into the isolated ditch stretch. Quantity and EC of
both in- and outgoing water fluxes were measured analogously to the tile-drainage

setup.

Groundwater heads were measured in two adjacent piezometers screened at 0.8 — 1.0
m and 1.8 — 2.0 m BGS, at 9 locations perpendicular to the ditch both at and between
tile drain locations. Groundwater heads below the ditch were measured in a piezometer
located in the centre of the ditch, screened at 2.55 — 2.75 m below ditch bottom, an
additional piezometer screened at 1.8 — 2.0 m BGS measured groundwater heads on the
roadside of the ditch. Piezometers were equipped with automated pressure and
temperature loggers (Diver, Schlumberger, Netherlands) and measured at 15 min
intervals. ECs were recorded in nine shallow-screened piezometers, and the piezometer
screened at 2.55 — 2.75 m below the ditch bottom (CTD-Diver). We transformed
measured point water heads to equivalent freshwater heads (Post et al., 2007). For
brevity, we refer to equivalent freshwater heads as groundwater heads throughout the
remainder of this paper. Piezometers were concentrated around the ditch; the furthest
piezometers are located only 6 meters from the ditch bank. We opted for this setup to

minimally interrupt day-to-day agricultural use of the field, while the narrow tile drain



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

spacing will ensure an only limited zone-of-influence of the ditch. Ditch water level and
EC were measured at 15 min intervals using a pressure sensor in a stilling well located in
the centre of the ditch (CTD-diver; from Oct 2012 onwards also by a Unik 5000, General
Electric, Germany). We used a straightforward Kalman-filtering approach, based on
reported sensor variances (Table 1), to combine the two ditch water level
measurements and minimize the resulting uncertainty. We installed soil moisture
sensors (CS616, Campbell Scientific, USA) at 6 m from the ditch bank, both at and
between tile drains, at 10, 25, 50 and 85 cm BGS, and calibrated for the encountered soil
types. Groundwater temperature was measured around the ditch — field interface with
five temperature sensor arrays perpendicular to the ditch, three along the ditch bank,
and a further one placed horizontally in the ditch along its bank. These arrays each
consisted of a 4 m PVC rod containing 10 thermistors (S-THB, Onset, USA) located at 35
cm intervals from the bottom end. Ditch evaporation was measured using a floating
evaporation pan, equipped with pressure sensors (Unik 5000, General Electric and
176PC, Honeywell, USA). Missing periods were filled using a fitted linear correction to
calculated Penman evaporation values. Meteorological data were obtained from a
meteorological station located on the south-eastern end of the field, consisting of a
tipping bucket rain gage (ARG-100, Env. Systems, UK), solar radiation (SKS 1110
pyranometer, Skye Instr., UK), air humidity and temperature (HMP35, Vaisala, Finland),
barometric pressure (VU Amsterdam, Netherlands), wind speed (A100R, Vector Instr.,
UK) and direction (W200P, Vector Instr., UK), and soil heat flux via thermocouple soil

temperature measurements at 0.1 and 0.2 m depths. Crop condition and growth stage
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were inspected visually on a weekly basis. We measured soil hydraulic properties using
both falling-head permeameter tests (Eijkelkamp, Netherlands) on core samples at
different depths, and slug-tests (Beers, 1983) in existing piezometers. Continuous
vertical electrical soundings (CVES; ABEM Terrameter SAS 4000, Sweden) with 0.5 m
electrode spacings was performed on 29 March, 2012 and electromagnetic induction
measurements were performed every 0.2 m in transects parallel to and perpendicular to
the ditch on 11 February, 2014 (DUALEM 421, Dualem, Canada), to assess groundwater

salinity distribution.

Measurement periods were from 30 May 2012 to 1 Dec 2012 and from 15 Apr 2013 to 1
Oct 2013. The measurement setup was partly dismantled in the intermediate period to
allow field cultivation. Estimated measurement uncertainty of measured parameters
and measurement devices is listed in Table 1. All ECs were converted to Total Dissolved
Solids (TDS) using an EC-TDS relation derived specifically for the coastal region of the
Netherlands (Stuyfzand, 2014), its applicability was checked using 26 available local
chemical analyses (Appendix 1). To comprehensively investigate flow routes to the ditch,
we subsequently: (1) established the hydrological response of the field to the prevailing
meteorological conditions, (2) investigated groundwater salinity and the salinity
dynamics in exfiltration to tile drains and the ditch, and the resulting surface water
salinity response, (3) separated flow route contributions to exfiltration fluxes, (4)

quantified the exfiltration flux response to groundwater level variations, and (5)
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investigated the hydrological and solute response of the field to both a wet and a dry

period in more detail.

Table 1

2.3 Groundwater - surface water interaction

Unlike the exfiltration of groundwater via the tile drains, the direct flow of groundwater
into and from the ditch could not be measured. We therefore deduced the transient
surface water — groundwater (SW-GW) interaction in the ditch by simultaneously solving
the water, salinity, and heat balance of the ditch (e.g., Assouline, 1993; Martinez-Alvarez
et al., 2011; Xing et al., 2012). The simultaneous solution constrains uncertainty and

allows for separation between the shallow and deeper flow paths to the ditch.

The water balance of the ditch can be written as:

qgw = qout - qin - qpr + qe +AV ’ (1)

with ggw denoting the SW-GW flux, gou: the measured ditch outflow, g, the measured
ditch intake flux, g, direct precipitation, g. evaporation and 4V the change in ditch
volume (all in m*, schematic overview in Figure 3). Note that Eq. 1 excludes the

contribution of tile drains, as they are kept completely separate from the ditch. All
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parameters of Eq. 1 are measured quantities, except the SW-GW flux. Analogously, the
salinity balance can be written as:

qgwcgw = qout Cout - qin Cin + AS ’ (2)
with C; denoting the TDS (in g/L) of the various fluxes g;, and A4S the change in TDS
storage (kg). Note that Cyy is the (unknown) flux-weighted mean TDS of exfiltrating
groundwater, and that TDS of precipitation and evaporation are assumed zero
(acceptable given the large TDS contrast between groundwater and precipitation).

Finally, the heat balance, including terms for incoming radiation and sensible and latent

heat loss but ignoring kinetic processes, reads (Anderson, 1952):

1
qnggw = qnutTnut - qin’Tin ¥ 4 qperr + qe’Te + C_{pwﬂ’ (1 + ﬁ) qe - A (Rn - G)}+ AH ’ (3)

v

with T; denoting the temperature (K) of the various fluxes g;, ¢, the volumetric heat
capacity of water (MJ/m>K), Pw Water density (kg/m?), A the latent heat of vaporization
(MJ/kg), fthe Bowen ratio (-), A the ditch area (m?), R, the net radiation (MJ/m?), G
conduction through the ditch bottom (MJ/m?), and 4H the change in heat storage (m’K).
We calculated R, from the available weather data using the standardized calculation
procedure outlined in (Allen et al., 1998; Valiantzas, 2006), and S according to Bowen

(1926). While generally neglected because of its small magnitude (Anderson, 1952;
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Assouline, 1993), we included the conduction of heat through the ditch bottom G in the
balance equation, as we expect the influence to be uncharacteristically large due to the
large perimeter-volume-ratio. G becomes especially important when solving Eq. 3 on
hourly time steps. Analogous to Eq. 2, T,y is the (unknown) flux-weighted mean

temperature of exfiltrating groundwater.

Denoting the known right hand sides of equations 1 -3 as W, S, and H, the system of

equations can be written in matrix form as:

1 W
Cov |Laal=)s | @)
H

aw

three linear equations with three unknowns: g,u, Cgw and Tyy. Given these three
unknowns, the system is well-determined, and the simultaneous solution has no
purpose in constraining the uncertainty in g,w. We therefore assumed the exfiltrating
groundwater to be a conservative mixture of shallow (exfiltrating along the ditch edge)
and deeper groundwater (exfiltrating in the centre of the ditch), of which we have
measured both the EC (converted to TDS) and temperature (see coloured lines in Figure

3). By adding this extra information, Eq. 4 becomes the over-determined system:
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1 1 4
ng s ng d |:qgw’s :| = S ’ (5)
' ' CIgw,d
gw,s gw,d H

with the subscripts gw,s and gw,d denoting shallow and deep groundwater flow paths
respectively. So far, we only discussed the exfiltration situation. When infiltrating
however, TDS and temperature of the infiltrating groundwater change to the TDS and
temperature of the ditch, yielding the following nonlinear system of equations (note
that the shallow and deep groundwater flux can no longer be distinguished in the

infiltration situation):

- . Y
Eal « ng } =| S |, Wheng,, >0
N A ©)
1 P W
T Zgw»s } =| S |, when g, <0
| Teern Tiien |~ gw.d "

We solved this nonlinear system, with the added constraint that the sign of g4u,s should
equal that of gqu,q, using Sequential Least Squares Programming (Kraft, 1988) to
minimize the sum of squares weighted by the inverse of right-hand-side variances. The
additional constraint proved necessary to prevent fits with large opposite values of ggu,s
and ggw,q- In addition, we applied a Monte Carlo analysis (n=1000) to Eq. 6, randomly

sampling Gaussian distributions around all measured parameters (using measurement



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

variances reported in Table 1), to quantify the uncertainty in the calculated values of ggu.
Throughout the remainder of this paper, we refer to the (calculated) direct flow of
groundwater into and from the ditch as ditch exfiltration and ditch infiltration
respectively, and to the (measured) exfiltration of groundwater into the tile drains as
drain exfiltration. The measured discharge of the ditch, the non-separated result of

different flow routes, is referred to as ditch discharge.

3 Results

3.1 Water fluxes

The two measurement periods differed markedly in their meteorological conditions. The
months of June to August 2012 were relatively wet (recurrence interval of the
cumulative precipitation deficit 1.3 y, derived from a Gumbel distribution fitted to 50+
years of weather records of the nearby De Kooy meteorological station). The same
period in 2013 was relatively dry (recurrence interval 14 y). These conditions were
reflected.in the measured hydrology of the field site (Figure 4, Table 2). Measured
precipitation averaged 2.89 mm/d in 2012 (long-term average 2.45 mm/d for this
period), while precipitation was limited to an average of 2.11 mm/din 2013, including
the wet period from 10 September 2013 onwards. Potential evapotranspiration,
calculated according to the FAO Penman-Monteith method (Allen et al., 1998) and
accounting for observed crop growth, amounted to 2.95 mm/d and 2.48 mm/d

respectively. We assumed actual transpiration to match potential transpiration
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throughout the measurement period, due to the excellent water retention
characteristics of the soil and used shallow soil moisture measurements to correct bare
soil evaporation (Allen et al., 1998). Excess water is discharged from the field by
exfiltration to both tile drains and ditches. Drain exfiltration was significantly higher than
ditch exfiltration and averaged around 1.1 mm/d (2012) and 0.9 mm/d (2013). Ditch ex-
/infiltration amounted to 0.1 mm/d of exfiltration in 2012, equal ditch infiltration and
exfiltration fluxes of 0.2 mm/d added up to a net 0 mm/d in 2013 (note that all mm are
areal averages over the entire field-plus-ditch area, unless stated otherwise). Closure of
the water balance required between 1.2 mm/d (2012) and 0.9 mm/d (2013) of
additional influx of water, mainly representing the influx of regional groundwater flow

(Table 2).

Figure 4

Table 2

Measured groundwater levels reflect the varying meteorological conditions during the
two measurement periods (Figure 4c). A succession of precipitation events throughout
the 2012 measurement period resulted in rapidly changing groundwater levels, which
remained above drain depth throughout the measurement period. Groundwater levels
remained below the ground surface, peaking at 0.55 m BGS. Drier conditions in 2013
resulted in much less variation in groundwater levels between May and July 2013, after

which groundwater levels dropped significantly below drainage depth and eventually



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

ditch bottom, reaching a maximum depth of 1.65 m BGS. The dry period in 2013
prompted the farmer to irrigate the growing lettuce on two accounts (11 and 16 July
2013), leading to only small increases in soil moisture, and no noticeable effect on
groundwater levels. Sprinkling water was obtained from the (not-instrumented) ditch
bordering the field on its southern side. A large precipitation event on September 10
ended the long dry period and caused groundwater levels to quickly rise to a maximum

of 0.7 m BGS.

The measurement and control setup aimed to keep the ditch water level at a level of
1.12 m BGS, just below drainage depth, and as constant as possible. However, the
abundance of suspended fine-grained particulate and organic matter in the ditch caused
filter clogging, which was a recurring.issue before a redesign of the ditch filter on
October 26, 2012. Large ditch water level variations between September 23 and

October 26, 2012, were due to a rupture in the ditch culvert caused by mowing activities.
Periods experiencing filter clogging, significant water level variations or power failures

were discarded from further analyses.

We were able to separately measure both ditch discharge and intake and tile drain
discharge in 15 minute increments for most of the measurement periods. All
measurements were averaged to hourly periods for subsequent analyses. Tile drain
discharge was on average 1.3 mm/d and varied between zero and 11.5 mm/d, showing

a similar pattern to those of the observed groundwater levels. In 2012, drain discharge
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was sustained throughout the summer period. Drain discharge however ceased during
the months of July and August 2013 after groundwater levels dropped below drainage
depth. Drain discharge exhibited the characteristic tailing after a peak that is consistent
with drainage theory (De Zeeuw and Hellinga, 1958; Kraijenhoff van de Leur, 1958).
Ditch discharge was on average 0.2 mm/d and varied between -1.3 mm/d (intake) and
8.4 mm/d and was generally more gradual than tile drain discharge. An
uncharacteristically large ditch discharge was recorded on September 10 2013,
presumably due to a significant contribution of overland flow, caused by a large
precipitation event (41 mm in 24 hours) following a prolonged dry period. Our
measurement setup did not allow separating between overland flow and groundwater

exfiltration.

Figure 5

Ditch floating evaporation pan measurements were only available for 2012. To extend
the evaporation time series to 2013, we correlated measured open water evaporation
to evaporation calculated using the standard Penman formula (Penman, 1948;
Valiantzas, 2006) (Figure 5). Measured values correlated well with calculated values, but
were consistently lower, and appeared to require a minimum amount of radiation (Eyan
= 0.48Epenman — 0.73, RMSE 0.62 mm/d). Calibration of the ‘wind function’ could not
improve the calculation. Rather, deviations between measured and calculated values

were predominantly related to an apparent overestimation of (net) incoming radiation.
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We also operated a floating evaporation pan in the ditch on the southern end of the
field. This ditch is both wider (3 m) and deeper (0.5 m) than the instrumented ditch.
Penman evaporation estimates only slightly overestimated measured evaporation in this
ditch (Epan = 0.84Epenman — 0.32, RMSE 0.93 mm/d). In all subsequent hourly analyses, we

down-scaled daily evaporation values using hourly short-wave radiation measurements.

3.2 Groundwater and surface water salinity

Figure 6

Table 3

The main origin of exfiltrating solutes at the field site is the upward flow of brackish
regional groundwater, exfiltrating in tile drains and ditches. Converted measurements of
groundwater salinity showed an average TDS at 2 m BGS of 13.0 (t 1.4) g/L, whereas
groundwater TDS at 1 m BGS is on average 0.43 (+ 0.24) g/L. Average TDS of the tile
drain discharge over the measurement periods was 3.3 g/L, while the average TDS of
ditch discharge was 7.7 g/L over this period, signifying a preferential flow of higher-
salinity groundwater to the ditch (Figure 6). Both drain and ditch salinity decreased
during and increased between discharge events. Even though salinity of ditch discharge
was significantly higher than tile drain discharge, salinity loads towards the surface

water are dominated by tile drainage. Tile drains transported about three times more
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solutes than ditch exfiltration. The relative contribution of the ditch in the solute load
increases between precipitation events however, reaching over 80% in prolonged dry
periods. Table 3 lists the salinity balance of the field site, showing a necessarily large

closure term reflecting the inability to measure the regional groundwater input to the

salinity balance.

We determined the ditch surface water salinity that would have occurred without
physical separation of flow routes by assuming complete mixing of the different flow
paths entering the ditch with the resident ditch volume at each successive time step. In
addition, we calculated the amount of flushing (assuming constant salinity of 0.7 g/L
intake water) required to keep surface water TDS at 1.5 g/L, the local salinity norm for
irrigating potatoes (Figure 6e). Unseparated ditch surface water salinity would have
varied between about 3 to 7 g/L (excluding intake periods), both through salinity
variations of drain and ditch exfiltration and through variation in the relative proportion
of drain or ditch exfiltration in the ditch. Flushing demands vary significantly and may
reach 25 mm/d (note that absolute amounts are conditional on the chosen salinity
norm). The flushing demand was largely determined by the salt load entering the ditch
and therefore reached peak values during discharge events, even though unflushed
surface water salinity was then at its lowest. Calculated flushing demands were
approximately equal to the sum of the other water balance components at the field site

(Table 2).
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Figure 7

Inversion results of CVES and DUALEM measurements (Figure 7), showed a clear pattern
of brackish groundwater at very shallow depths (2 — 3 m BGS), overlain by fresher water.
The CVES result has a much higher vertical resolution, and shows the upconing of
brackish water towards the tile drains, located at 5 m intervals. An alternating pattern is
visible in the upconing of brackish water to tile drains, likely related to the drains being
alternately older and more recent, and could result from a lower drainage resistance of
the newer tile drains (Velstra et al., 2013). The DUALEM system is a Frequency Domain
EM (inductive coupling) system and, because of limited antenna orientations, offered a
lower resolution in the vertical than CVES. DUALEM was, however, easier to operate on
transects perpendicular to the field, crossing two ditches and a busy agricultural road.
The low vertical resolution caused the inversion (EM4Soil) to calculate unrealistic
increasing resistivities at greater depths. DUALEM results revealed the limited zone of
influence (10 m) of the ditch on the salinity distribution beneath the agricultural field.
Within this zone of influence, brackish water cones up towards the ditch. However, the
results also.indicate a small pocket of fresher water beneath the ditch bottom, which
seems to indicate mixing with fresher water coming from the ditch sides. DUALEM
results beneath the elevated road should be interpreted with caution, as the inversion
was unable to adequately match the measured conductivities at lower depths. Still,
results exclude the presence of a significant fresh water lens underneath the elevated

road, possibly related to limited infiltration from the road surface. Low conductivities
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just below the road compared to the field resulted from lithological differences (sand

bed below the road) and a lower moisture content.

3.3 Flow path separation

The simultaneous solution of the water-, salinity, and heat-balance of theditch enabled
the calculation of direct groundwater flow to and from the ditch (Figure 8, daily time
step), and we assessed the associated uncertainty with a Monte Carlo analysis. Judging
from the small uncertainty bands, the total groundwater exfiltration in the ditch could
be well-discerned. Application of Eq. 6 further allowed the separation of ditch
exfiltration in shallow and deep flow paths, based on the varying measured contrasts in
both TDS and temperature, again with Monte Carlo-derived uncertainty ranges. The
contrast in TDS was large and relatively constant at about 8 g/L, temperature contrast
averaged only 0.2 °C and was more variable. In addition, assuming a fixed TDS for both
regional groundwater flow and meteoric water, we straightforwardly separated tile
drain discharge in meteoric and regional groundwater origins. Varying TDS between
minimum and maximum measured values (12—-17 g/Land 0—- 0.7 g/L for deep
groundwater and meteoric water respectively) hardly affected the separation result, as
demonstrated by the narrow uncertainty range surrounding the regional flow
contribution to drain exfiltration. Note that the separations of ditch and tile drain
exfiltration are not directly comparable, as the shallow flow path to the ditch in

particular is itself a mixture of meteoric and regional groundwater.
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Figure 8

Groundwater interaction with the ditch varied from a maximum infiltration rate of 1.4
mm/d, to a maximum exfiltration of 8.6 mm/d. These values were both slightly higher
than the corresponding ditch intake / discharge, due to storage effects in the ditch and,
to a lesser extent, to the contribution of precipitation and evaporation to the ditch
water balance. The separation showed a consistently high contribution of deep regional
groundwater to ditch exfiltration compared to drain exfiltration, in accordance with the
measured salinity loads of the ditch. After the infiltration period in Aug 2013 however,
the contribution of regional groundwater flow in ditch exfiltration was nearly zero.
Groundwater that exfiltrated in the ditch during the subsequent precipitation event
likely consisted primarily of water that infiltrated during the preceding period was
attributed to the shallow flow path on account of its low salinity. The small peak in
regional groundwater contribution just after the infiltration period probably resulted
from waterstill stored in the collector reservoir from before the infiltration period.
Excluding the peak possibly caused by overland flow, only 15 mm exfiltrated between

Sep 10 and Oct 1, while a total of 29 mm infiltrated during the preceding period.

3.4 Hooghoudt drainage model
We analysed drain exfiltration (measured) and ditch exfiltration (calculated) versus

measured head difference (Figure 9), which revealed a clear difference between the two.
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While the relation was approximately linear for ditch exfiltration, drain exfiltration
showed a much steeper and about exponential increase of exfiltration with increasing
head difference. The steeper incline of drain exfiltration is a logical result of the lower
resistance to flow to the tile drains. The exponential shape indicates a decrease in
drainage resistance when groundwater levels rise. The lowering of the resistance to
drainage when groundwater levels rise and the flow area increases is well-known in
drainage theory, when the rise is significant relative to the total flow area (e.g., (Ernst,
1962; Hooghoudt, 1940)). This is represented by the second, quadratic term in the

classic Hooghoudt equation (Hooghoudt, 1940):

8k, D, my+ 4k;my’

5 , ifm;=0
1 8k;D 4k .m,* ’ )
m, —4k,m
=< 02 Lo , ifm,<0

in which g is specific discharge (m/d), k; and k; are the hydraulic conductivity above and
below the drainage level respectively (m/d), Des is the effective depth of flow (the total
flow depth corrected to account for radial flow, calculated using (Moody, 1966)), my is
the groundwater level above drainage level at 0.5L, and L is the distance between drains
(Hooghoudt, 1940). For the ditch, my is the difference between the groundwater level at
0.5L and the ditch water level. Judging from fitting Eq. 7 to the data with a single
hydraulic conductivity (12 cm/d), this phenomenon alone is not enough to explain the

curvature apparent in Figure 9. A better approximation of the curvature in the drain
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data required a higher hydraulic conductivity above (k; = 50 cm/d) than below (k, = 1

cm/d) the drain depth (Figure 9).

Figure 9

The linear relation of ditch exfiltration indicates a negligible influence of head variations
on the drainage resistance, pointing towards a significantly deeper flow system
compared to the drains (first term in Eq. 7 >> second term). Flow towards the ditch
could be well approximated applying Eq. 7 both for the southern (field) and northern
side of the ditch, using a single hydraulic conductivity of 5 cm/d. Slug test-measured
hydraulic conductivities ranged from 0.5 to 6 cm/d, whereas falling-head permeameter
results of loamy-sand samples ranged from 2 to 6 cm/d (clayey top layer samples ranged
from 0.001 to 0.3 cm/d (average 0.07 cm/d). Fitted hydraulic conductivities correspond
well to measured values, especially for the linear domain. The slug tests were performed
during a relatively dry period, when groundwater levels were only about 10 cm above
drainage depth, so possibly could not capture a higher hydraulic conductivity at
shallower depths. Note that drain exfiltration appeared to be maximized at about 0.7
mm/h, likely caused by the installed maximum pumping capacity (Figure 9). The ditch
exfiltration values that exceed 0.7 mm/h, at a head difference of only 0.2 m, all occurred

during the ditch discharge peak following the infiltration period of Aug 2013.
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3.5 Individual events

3.5.1 Precipitation event

We took a closer look at the variation of drain and ditch exfiltration and their
composition during a representative precipitation event that started October 29, 2012
(Figure 10). We therefore separated flow paths by applying Eq. 6 on an hourly instead of
a daily time step. Uncertainty in calculated hourly ditch exfiltration proved to be
relatively larger than uncertainty on a daily time step, predominantly due to the
increased importance of (the uncertainty in) the storage terms in the hourly balance (Eq.

6). Nevertheless, the exfiltration process towards the ditch could be well identified.

Figure 10

Drain discharge lagged five hours behind the onset of precipitation, closely following the
groundwater level response in the field, and again displayed the characteristic tailing-
after-peak. The separation of drain exfiltration in shallow flow of local meteoric origin,
and deep regional groundwater flow showed the preferential discharge of meteoric
water during the discharge peak. TDS of drain exfiltration therefore decreased from 4.8
to 2.2 g/L. Still, the total salt flux exfiltrating via the tile drains increased, as the
precipitation event also triggered a rise of the brackish deep flow component. Direct
groundwater exfiltration to the ditch showed a similar pattern to drain exfiltration,

albeit at a roughly seven times lower rate. Ditch exfiltration reacted faster and persisted
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longer compared to exfiltration to tile drains, corresponding with the observed pattern
in groundwater head below and alongside (not shown) the ditch. The separation
between shallow and deeper flow paths revealed a quick response of deeper
groundwater, while the contribution of shallower flow paths lagged by about 12 hours.

A similar pattern was observed for other events.

3.5.2 Infiltration event

Figure 11

Conditions were dry throughout July and August, 2013, causing a gradual decline in
groundwater heads, to a maximum 5.6 m BSL (1.6 m BGS) (Figure 11). Exfiltration via the
drains stopped on July 8 and exfiltration to the ditch switched to an infiltration situation
quickly after. Infiltration was short-lived, as the ditch ran dry due to a mechanical failure
in the intake system. This dry period lasted until July 31, when the intake possibility was
restored. After an initial intake peak to restore the determined ditch water level,
infiltration continued to follow the variation in head difference between surface and
groundwater. Groundwater heads suddenly rose 8 and 7 cm below the ditch and in the
field, respectively, within hours after intake was restored, showing no signs of a
disconnect between ditch and groundwater. Groundwater heads subsequently
continued their decline, but began to rise after 10 days of infiltration. Deviations from

this pattern on August 14 and 15 are most likely only an artefact of combining hourly
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water level fluctuations with an only cumulatively known intake flux for that period
(logger power failure). Preferential flow of the fluctuating ditch water to the then-
submerged tile drains is the likely cause of the intermittent small tile drain exfiltration in

August.

The lettuce crop was harvested on August 9 2013 and the field was tillaged on August 12.
At about the same time, heads started to rise from 1.55 m BGS toa relatively stationary
level of 1.2 m BGS that was reached on August 23. Groundwater heads both below the
ditch, next to the ditch (not shown) and in the field showed a similar pattern. Whereas
groundwater levels fell before harvesting as precipitation, upward regional groundwater
flow and sideways infiltration from the ditch could not compensate for crop
transpiration, groundwater levels recovered after harvesting. This is likely the result of a
sharp decrease in evapotranspiration, as bare soil evaporation (corrected using shallow
soil moisture measurements (Allen et al., 1998)) amounted to about 1 mm/d versus 3

mm/d if the crop had remained on the field.

Infiltration abruptly ended September 10, when 40 mm of precipitation resulted in a
groundwater rise of 80 cm and both tile drain and ditch exfiltration were restored. Net
infiltration over the preceding period totalled 27 mm, while only 0.4 mm (1.5 %) of ditch
intake water was lost to evaporation. Note again that these values are areal averages
over the entire field-plus-ditch area. Depending on the estimated storage difference of

between 8 and 19 mm (16 cm head difference, assuming a specific yield between 0.05
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and 0.12; literature range for the soil type considered (Wosten et al., 2013)), closure of
the water balance during the infiltration period required between 0.5 to 1 mm/d of

regional groundwater flow.

We observed diurnal patterns in the observed infiltration rates (Figure 11d), as well as in
exfiltration rates during low-flow periods (not shown). The diurnal patterns were
correlated to both ditch temperature variations, and diurnal patterns in'groundwater
heads. The amplitude of the infiltration variations, superimposed on the general trend

of increasing infiltration rates, was 0.12 mm/d, or 10% of the concurrent infiltration rate.
The concurrent 3 °C amplitude temperature variations could result in an 8 % variation in
hydraulic conductivity (Constantz et al., 1994; Muskat, 1937). The amplitude of diurnal
patterns in groundwater head, attributable to diurnal patterns in evapotranspiration in
the field, was 2 cm, or 5% of the total head difference between surface water and

groundwater.

4 Discussion

We instrumented an agricultural field to physically separate and measure the different
flow paths contributing to the water and salinity balance of a headwater ditch, and
specifically focused on agriculturally important summer periods. The on-going
agricultural use of the field site proved challenging: our study suffered on several

occasions from data loss due to filter clogging, power and mechanical failures.
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Nevertheless, we were able to continuously measure tile drain outflow and both ditch
outflow and intake for the majority of the meteorologically different 2012 and 2013
growing seasons. While direct measurement of groundwater exfiltration in the ditch was
impossible, the simultaneous solution of the water, salinity and heat balance of the
ditch enabled the quantification of ex- and infiltration of groundwater to and from the
ditch. Although presumably an underestimation due to the inability to include epistemic,
non-random errors in our analysis (Beven, 2006), Monte Carlo analysis indicated
acceptable uncertainty in the exfiltration quantification. Upward flow of brackish
regional groundwater at the field site resulted in a significant salinity contrast with
infiltrating precipitation water. This contrast provided a unique opportunity to discern
the different groundwater flow routes towards tile drains and the ditch and allowed for

the mapping of the subsurface distribution of the two water types using geophysics.

We observed groundwater levels in the field to react within hours to precipitation
events, even after prolonged dry periods, signifying only minor influence of the shallow
unsaturated zone on the timing of discharge events. The response of tile drain and ditch
exfiltration to groundwater levels could be satisfactorily characterized using
conventional drainage theory (Hooghoudt, 1940), using hydraulic conductivities
comparable to values measured in the field. Tile drains were fed by a shallow flow
system. Drains responded nonlinearly to groundwater level variations, attributable to
nonlinearity in drainage resistance and a possible increase in hydraulic conductivity

upwards in the soil profile. Higher hydraulic conductivities near the ground surface have
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been frequently observed and linked to the presence of macropores in the soil (Beven
and Germann, 2013, 1982; Tiktak et al., 2012). In contrast, groundwater flows to and
from the ditch were linearly related to head differences, indicating a deep flow system
and negligible influence of groundwater level variations on drainage resistance.
Alternatively, anisotropy could also be a factor in explaining the observed differences in
apparent hydraulic conductivity between the shallow, strongly radial flow to tile drains
and the deeper flow paths to the ditch (Smedema et al., 1985). Our results showed no
evidence for differences in resistance between exfiltration and infiltration that have
been observed in other settings and attributed to clogging processes (Blaschke et al.,
2003; Cox et al., 2007; Doppler et al., 2007). Ditch in- and exfiltration rates showed
diurnal patterns that likely resulted from both the temperature-dependence of
hydraulic conductivity (Constantz et al., 1994; Muskat, 1937) and evapotranspiration-

induced diurnal head variations.

Geophysical measurements disclosed the presence of brackish groundwater, originating
from regional groundwater flow, within two m BGS. Brackish groundwater showed
previously reported (De Louw et al., 2013, 2011a; Velstra et al., 2011) upconing patterns
towards the tile drains, while measurements indicated the exfiltration of brackish
groundwater along the entire wet perimeter of the ditch. Consequently, salinity of ditch
exfiltration was significantly higher than tile drain exfiltration (TDS of 11 and 3.6 g/L
respectively, excluding the post-infiltration period, when the exfiltration to the ditch

consisted of previously infiltrated intake water). Salts were transported to surface water
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in a complex, time-varying pattern. While tile drainage was the dominant source of salt
input in to surface water during the study period (80%, Table 3), the composition of salt
origin was highly variable. Tile drains dominated the salt load during discharge events,
but 80% of the ditch water composition during drier periods originated from ditch
exfiltration (Figure 6). During discharge events, tile drain salinity decreased by about
50%, pointing to a larger proportion of discharge originating from shallow flow paths
delivering fresh water to the tile drains. This pattern corresponds to previous
observations in similar settings (De Louw et al., 2013; Velstra et al., 2011). Ditch
exfiltration salinity on the other hand first increased, then decreased over the course of
discharge events, concurrent with the observed responses of the shallow and deep flow
paths to the ditch. While the observed pattern in tile drain salinity has been attributed
to preferential flow of meteoric water via macropores (De Louw et al., 2013; Velstra et
al., 2011), such a mechanism would not explain the observed initial rise in ditch
exfiltration salinity. We conceptualize the different timings of water with shallow and
deep signatures to arise from the difference between pressure wave celerity and water
velocity. Pressure is quickly propagated through the subsurface and flow directions
change accordingly when groundwater levels rise. However, the salinity distribution lags
behind, as it requires the actual flow of groundwater to change the salinity distribution.
This difference results in the preferential exfiltration of groundwater with a deep flow
path signature, as this groundwater type is initially also exfiltrated by shallow flow paths
(Figure 12b, shallow flow paths intersecting lagging saline deep groundwater type).

Water with a shallow flow path signature only reaches the ditch when the dynamic
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equilibrium between flow direction and salinity distribution is restored, thereby
decreasing exfiltration salinity (Figure 12c). Quantifying the timing of deep and shallow
flow path response may therefore prove useful in inferring subsurface properties (e.g.,

effective porosity), but was outside the scope of this research.

Figure 12

Standard water management practice of polders in the Netherlands supports their
mainly agricultural use and entails diverting fresh river water to supplement summer
precipitation deficits and dilute surface water salinity levels using a more or less
constant flushing regime to enable sprinkling irrigation. Surface water demands of the
field site averaged over the dry growing season of 2013 were largest for flushing (2.4
mm/d; calculated value), then sprinkling irrigation (0.4 mm/d), and finally groundwater
infiltration (0.2 mm/d), while open water evaporation was negligible. Combined
demands to enable sprinkling irrigation were therefore over six times the irrigation
amount in the 2013 growing season. Despite the large upward flow of regional
groundwater in the studied polder, we found ditch infiltration to constitute a significant
loss of diverted river water, amounting to a maximum of 1.5 mm/d over the catchment
area (188 mm/d per ditch length unit). Low evaporation from the ditch resulted in
evaporation accounting for only 1.5% of intake loss during the infiltration period (the
remainder lost to infiltration). Evaporation from the instrumented ditch was, however,

poorly estimated using the routinely applied Penman formula, which overestimated
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ditch evaporation by a factor of two. Evaporation measurements from a different ditch
revealed large differences in evaporation rates between ditches; further study is
necessary to unravel the specific processes steering evaporation from small ditches and
better predict ditch evaporation. Calculated flushing demands varied widely over time,
controlled by the salt load entering the ditch; demands were high during wet periods
and low during dry periods. As sprinkling irrigation is only applied during dry periods,
this result could imply significant water savings when flushing is either operationally
controlled, dependent on salinity levels and sprinkling needs, or set to a constant flux

calibrated to accommodate only dry periods.

We did not specifically address density effects in our analyses, other than correcting
head measurements. However, Simmons (2005) argued the importance of including
density effects when studying groundwater flow, even when only small concentration
gradients exist, by equating a typical head gradient of 107 to the density effect caused

by a density difference of 1 kg/m3 (5% seawater). In an agricultural setting similar to our
field site, with-head gradients in the order of 10™" m, (De Louw et al., 2011a) found
negligible influence of variable-density flow. Head gradients in the Schermer polder field
site are also in the order of 10" m, while density differences are maximum 8 kg/m3 (Post,
2012), suggesting only minor influence of density effects on groundwater flow. Still,
density could be an important factor in drier periods, when head gradients are smaller.

For instance, density could influence the infiltration rate induced by a head gradient of
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0.025 (August 23 — September 5, 2013) by over 30 %. We aim to further address the

influence of density differences in further work.

5 Conclusion

This study presents results of high frequency measurements of groundwater — surface
water interaction in an instrumented agricultural field in a deep polder.inthe coastal
region of the Netherlands. Simultaneous measurements of discharge, electrical
conductivity and temperature allowed the separation and investigation of flow paths
transporting water and salts to surface water, and disclosed complex and time-varying
patterns of tile drain and ditch exfiltrationDespite their lower salinity, tile drains
transported the majority of salts to surface water. Salinity of exfiltrating drain and ditch
water appeared governed by the interplay between the fast-responding pressure
distribution in the subsurface that determined groundwater flow paths (wave celerity),
and the slow-responding groundwater salinity distribution (water velocity).

This study was motivated by the need for improved water management strategies for
Dutch polders, to cope with increasing water scarcity and increasing exfiltration of
brackish regional groundwater. This study has provided important insight in the
processes determining surface water salinity, diverted river water demand and the
influence of water management (ditch water level, drain design and flushing rates). Our
findings suggest possible direct savings in flushing demands, and open the way to

establish improved hydrological polder models, useful for both operational
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management of fresh water resources and the evaluation of future water management

strategies.
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Appendix A: EC - Total Dissolved Solids (TDS) Conversion

The concentration of total dissolved solids (TDS) in water is accurately calculated by

summing up all individual components (excluding gases):

TDS = Z major cations + Z major anions + 10"V 4

, (A.1)
Z trace elements (excl. gases) +SiO, + 2.5DOC
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with major cations Na*, K, Ca**, Mg®*, Fe?*, Mn** and AI**, and major anions CI’, S0,
HCO3, Cng', NO3, PO,* (all'in mg/L). The factor 2.5 in Eq. 8 is needed to convert organic

carbon to organic material simplified as CH,O.

Alternatively, when ion concentrations are not available, TDS can be approximated by
an often linear relation with measured Electrical Conductivity (EC). Such relations are

necessarily site-specific, as different ionic ratios influence the TDS= EC relation.

Stuyfzand (2014) reports a TDS — EC relation derived for the coastal region of the
Netherlands, suitable for TDS concentrations ranging from dilute rainwater to brine. The
relation is linear for low ECyo values, and switches to a higher-order polynomial above an

ECy0 of 200 uS/cm:

0.698EC,,, if EC,, <200
TDS =14.059-10 2'BC,° —1.449-10 " EC,,* +1.832-10°EC,,’ - ,(A.2)
6.974-10°EC,,> +0.8365EC,, —0.5, if EC,, > 200

with TDS in mg/L, and ECy in uS/cm. Average error of Eq. A.2 was found to be 13.1%

(Stuyfzand, 2014).

We established the applicability of the above relation for local conditions at the study
site by comparing TDS according to Eqgs. A.1 and A.2 for 26 local samples of shallow

groundwater at different depths. Laboratory results of these samples were checked
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according to guidelines outlined by Stuyfzand (2014). Average error of local samples was
found to be 9.9%, well within the average error of the original dataset. Figure A1 shows
the local samples plotted alongside the original dataset used for the derivation of Eq.

A.2.

Figure A.1
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Table 1 Estimated measurement uncertainty for measured parameters

Parameter Device Estimated Source

uncertainty®
Groundwater head Schlumberger Diver +0.002m (Schlumberger, 2010)
Ditch water level Schlumberger Diver +0.02m° (Von Asmuth, 2010)
Ditch water level GE Unik 5000 +0.002 m (General Electric, 2012)
Discharge Itron propeller flow meter +1.5%" (Barfuss et al., 2011)
Evap pan water level GE Unik 5000 +.002 m (General Electric, 2012)
Evap pan water level Honeywell 176PC +.002 m (Honeywell, 2012)
Groundwater EC25 Schlumberger CTD-Diver +1.0% (Schlumberger, 2010)
Gw temperature Onset S-THB +0.2°C (Onset, 2013)
Soil moisture Campbell Sci CS616 1 2.5%VWC (Campbell Sci, 2011)
Precipitation EML ARG-100 + 0.1 mm (EML, 2009)
Solar radiation Skye Instr. SKS 1110 +5.0%° (Skye Instr., 2009)
Air humidity Vaisala HMP-35 +2.0%° (Vaisala, 1998)
Air temperature Vaisala HMP-35 +0.1°C (Vaisala, 1998)
Barometric pressure VU Amsterdam +1hPa VU, pers. comm.
Hydraulic conductivity Eijkelkamp permeameter +130%° Measurement repetition
Hydraulic conductivity Slug tests +35%° Measurement repetition

® Uncertainty is reported as 2 * standard deviation, unless stated otherwise

e Higher than groundwater head due to larger temperature differences

2 * relative standard deviation
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Table 2 Water balance field site

Parameter June — Sept 2012° June — Sept 2013

mm/d % mm/d %
Precipitation 2.89 70.4% 2.11 57.9%
Sprinkler irrigationb 0.00 0.0% 0.41 11.1%
Ditch infiltration® 0.01 0.2% 0.19 5.3%
Total in 2.90 70.5% 2.71 74.3%
Evapotranspiration 2.95 71.7% 2.48 67.9%
Tile drain exfiltration 1.06 25.7% 0.94 25.7%
- shallow flow path® 0.80 19.5% 0.78 21.5%
- deep flow path*© 0.26 6.2% 0.15 4.2%
Ditch exfiltration® 0.09 2.2% 0.19 5.2%
- shallow flow path 0.05 1.1% 0.16 4.4%
- deep flow path*© 0.04 1.0% 0.03 0.8%
Storage change 0.01 0.3% 0.04 1.2%
Total out 4.11 100.0% 3.65 100.0%
Closure 1.21 29.5% 0.94 25.7%
(Flushing demand)c’d 4.93 117.5% 2.36 64.5%

®Limited to the period 15 June — 23 September due to system malfunction
® Estimated irrigation amount of 25 mm per event
“Based on calculation rather than direct measurement

9 Based on norm TDS of 1.5 g/L and intake water TDS of 0.7 g/L
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1085 Table 3 TDS balance field site

Parameter June — Sept 2012° June — Sept 2013

kg/d % kg/d %
Precipitationb 0.53 2.4% 0.39 2.7%
Fertilizer application® 0.24 1.1% 0.24 1.6%
Sprinkler irrigationd 0.00 0.0% 1.31 9.0%
Ditch infiltration® 0.40 1.8% 0.86 5.9%
Total in 1.17 5.3% 2.79 19.1%
E vapotranspirationf 0.25 1.1% 0.20 1.4%
Tile drain exfiltration 17.50 79.2% 11.89 81.5%
- shallow flow path® 1.94 8.8% 1.77 12.1%
- deep flow path® 15.56 70.4% 10.12 69.4%
Ditch exfiltration® 4.35 19.7% 2.49 17.1%
- shallow flow path® 111 5.0% 0.64 4.4%
- deep flow path® 3.23 14.6% 1.85 12.7%
Storage change ? ? ? ?
Total out 22.09 100.0% 14.58 100.0%
Closure 20.92 94.7% 11.79 80.9%

1086  °Limited tothe period 15 June — 23 September due to system malfunction
1087 _ °Bulk TDS precipitation 48 mg/L (Stuyfzand, 1993)

1088 = Estimated at 100 kg/ha/j Cl (Eertwegh and Meinardi, 1999)

1089  “Estimated irrigation amount of 25 mm per event, TDS measured

1090  °Based on calculation rather than direct measurement

1091 ' From estimated plant uptake concentration of 10 mg/L Cl (Van der Velde et al., 2010a)
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1095 Figure 1 Measurement setup and location of field site, with overview of field setup (a), measurement

1096  setup around ditch (b) and cross-sectional view of ditch measurement setup (c).
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1099  Figure 2: Measurement setup
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Figure 3: Schematic overview of fluxes (g, precipitation, g. evaporation, g;, ditch intake flux, g, ditch
discharge, q,, groundwater in- / exfiltration) entering and exiting the ditch (black lines). Coloured lines
represent the separation of q,, in a shallow (q,,,;) and a deep (q,u,s) component, and measurement
locations of C (concentration, TDS) and T (temperature) of these fluxes; AV is volume change of ditch

water.
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and surface water level (m BGS) (c) and discharge (mm/d) (d) during measurement periods. Missing

data are due to system malfunction (filter clogging, power failure).
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Figure 6: TDS variation and contribution to salinity load to surface water, with a) precipitation and
evapotranspiration (mm/d), b) TDS of tile drains, ditch and intake (g/L), c) TDS load of tile drains, ditch
and intake (kg/d), d) fraction of tile drains, ditch and intake in TDS load (-), and e) calculated TDS of

ditch if non-separated (g/L) and required flushing flux to keep surface water TDS at 1.5 g/L (mm/d).
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1151  groundwater in drain and ditch exfiltration. Shaded areas denote 25" and 75" percentile of Monte

1152 Carlo runs. Note that fluxes are in mm/d for consistency, but all data are hourly values.
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1155 Figure 11: Infiltration event Jul — Aug 2013, with a) precipitation (mm/d), evapotranspiration (mm/d)

1156 and ditch water temperature (°C, secondary y-axis), b) groundwater and ditch surface water levels (m
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BGS), c) ex- / infiltration to and from ditch, intake flux and drain exfiltration (mm/d), and d) ditch water
temperature, groundwater head ditch and ditch infiltration between Aug 4 and Aug 6. Ditch ran dry
from Jul 14 to Jul 31. Shaded area around ditch ex- / infiltration denotes 25" and 75™ percentile of

Monte Carlo runs. Note that fluxes are in mm/d for consistency, but all data are hourly values.

Before rainfall
Flow and salinity distribution in dynamic equilibrium

Shortly after rainfall
Groundwater levels rise:
flow responds quickly, discharge increases
Salinity distribution response lags:
'shallow' flowpaths discharge 'deep' groundwater,
exemplified by flowpath intersecting concentration
boundary, denoted by red circle

After some time
Salinity distribution again in equilibrium with flow
distribution:
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Figure 12: Conceptual representation of timing of shallow and deep exfiltration to ditch. Dotted lines
depict the flow path distribution, thick arrows the movement of the fresh-saline interface. Note that
the drawn sharp interface is in fact a continuum between fresh and saline groundwater (De Louw et al.,
2013), and timescales of discharge events are too short to reach equilibrium conditions. Red circle in b)
denotes ‘shallow’ flow path intersecting concentration boundary, thereby transporting ‘deep’

groundwater.
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1171 Figure A.1: EC20 — TDS relation of local samples of shallow groundwater plotted against Eq. A.2 and the
1172  original dataset used for its derivation (adapted from Stuyfzand (2014))
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Figure 13 Measurement setup and location of field site, with overview of field setup (a), measurement

setup around ditch (b) and cross-sectional view of ditch measurement setup (c).

Figure 14: Measurement setup

Figure 15: Schematic overview of fluxes (q,, precipitation, g. evaporation, g;, ditch intake flux, g,,: ditch
discharge, q,, groundwater in- / exfiltration) entering and exiting the ditch (black lines). Coloured lines
represent the separation of q,, in a shallow (g,,,;) and a deep (q,u,s) component, and measurement
locations of C (concentration, TDS) and T (temperature) of these fluxes; AV is'volume change of ditch

water.

Figure 16: Precipitation and evapotranspiration (mm/d) (a), volumetric water content soil (-) (b),
ground- and surface water level (m BGS) (c) and discharge (mm/d) (d) during measurement periods.

Missing data are due to system malfunction (filter clogging, power failure).

Figure 17: Measured and calculated open water evaporation values, in the instrumented ditch (a), and
the wider and deeper ditch on the other side of the field (b). Solid lines denote the linear regression
lines, dashed lines and shaded areas represent the 95% confidence interval of the regression and the 95%

prediction interval respectively, the 1:1 line is indicated in dashed grey.

Figure 18: TDS variation and contribution to salinity load to surface water, with a) precipitation and
evapotranspiration (mm/d), b) TDS of tile drains, ditch and intake (g/L), c) TDS load of tile drains, ditch
and intake (kg/d), d) fraction of tile drains, ditch and intake in TDS load (-), and e) calculated TDS of

ditch if non-separated (g/L) and required flushing flux to keep surface water TDS at 1.5 g/L (mm/d).
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Figure 19: Resistivity profiles measured by CVES (a) and DUALEM (b), locations in (c). Note the different

resistivity scale between (a) and (b).

Figure 20: Flow path separation of drain and ditch exfiltration, with precipitation and
evapotranspiration (mm/d) (a), drain exfiltration and deep groundwater contribution to drains (mm/d)
(b) and ditch ex- and infiltration and deep flow path contribution (mm/d) (c). Missing data periods are
caused by power failures or filter clogging. (Thin) shaded area in (b) around the deep groundwater
contribution is based on min — max values for both deep groundwater and rainwater TDS, shaded areas

in (c) span the Monte Carlo 25 - 75 percentile values, lines denote the median values.

Figure 21: Discharge versus head difference for drain exfiltration and ditch ex-/infiltration. Dashed lines

are Hooghoudt equations (Eq. 7) fitted to the data with denoted hydraulic conductivities.

Figure 22: Precipitation event Oct 29 2012, with a) precipitation and evapotranspiration (mm/d), b)
groundwater and ditch surface water levels during the event (m BGS), c) TDS of drain and ditch
exfiltration (g/L), d) total exfiltration and contribution of deep groundwater to tile drains (mm/d), e)
total exfiltration and contribution of deep groundwater to ditch (mm/d) and f) fraction of deep
groundwater indrain and ditch exfiltration. Shaded areas denote 25" and 75" percentile of Monte

Carlo runs. Note that fluxes are in mm/d for consistency, but all data are hourly values.

Figure 23: Infiltration event Jul — Aug 2013, with a) precipitation (mm/d), evapotranspiration (mm/d)
and ditch water temperature (°C, secondary y-axis), b) groundwater and ditch surface water levels (m
BGS), c) ex- / infiltration to and from ditch, intake flux and drain exfiltration (mm/d), and d) ditch water
temperature, groundwater head ditch and ditch infiltration between Aug 4 and Aug 6. Ditch ran dry
from Jul 14 to Jul 31. Shaded area around ditch ex- / infiltration denotes 25" and 75" percentile of

Monte Carlo runs. Note that fluxes are in mm/d for consistency, but all data are hourly values.
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Figure 24: Conceptual representation of timing of shallow and deep exfiltration to ditch. Dotted lines
depict the flow path distribution, thick arrows the movement of the fresh-saline interface. Note that
the drawn sharp interface is in fact a continuum between fresh and saline groundwater (De Louw et al.,
2013), and timescales of discharge events are too short to reach equilibrium conditions. Red circle in b)
denotes ‘shallow’ flow path intersecting concentration boundary, thereby transporting ‘deep’

groundwater.

Figure A.1: EC20 — TDS relation of local samples of shallow groundwater plotted against Eq. A.2 and the

original dataset used for its derivation (adapted from Stuyfzand (2014))





