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This paper investigates the complex interaction between a river and a saline floodplain in a semi-arid
environment strongly influenced by groundwater lowering using a fully integrated physically-based
numerical model. The main objective is to quantify the impacts of river stage manipulation on fresh-
ening of the shallow floodplain groundwater through bank storage. It is shown that river stage rises
produce a relatively less saline floodplain aquifer with a larger freshwater lens. First, an increase in river
stage reduces saline groundwater recharge to the floodplain. Second, the enhanced bank storage is able
to freshen the groundwater near the river banks during high-flow pulses by mixing fresh water with
saline groundwater. Overall, it was found that river stage manipulation may be considered as a short
term salt management technique. However, if longer term strategies are required, it may be possible to
implement these salt interception measures periodically.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Floodplain salinization in arid and semi-arid regions

In arid and semi-arid environments, groundwater can be a
major component of thewater cycle (Ghazavi et al., 2012; Jolly et al.,
2008). In these regions rainfall is typically seasonal, highly variable
and significantly less than the evapotranspiration rate; therefore
little, if any, diffuse groundwater recharge can occur. These factors
create a natural tendency for salt accumulation in soils and
groundwater. In floodplain environments, periodic natural over-
bank floods may prevent the development of soil and groundwater
salinity (Meire et al., 2010; Restrepo et al., 1998; Zimmermann et al.,
2006). Under natural conditions, arid and semi-arid floodplains
occasionally experience periods of higher salinity as a consequence
of high evaporation conditions and the variability of natural over-
bank floods, which provide dilution and flushing of the stored salt.
However, due to the impacts of human population expansion and
associated changes in land use, surface water regulation, and water
resource depletion, arid and semi-arid floodplains, such as those in
south-eastern Australia, are now often experiencing extended pe-
riods of low surface water flows and high soil salinity (Allison et al.,
1990; Holland et al., 2013; Jolly et al., 2008). Consequently, the
dynamic equilibrium of salinization and leaching is interrupted
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(Jolly et al., 1993). This can result in the reduced leaching of accu-
mulated salt from root zones, thereby causing the dieback of
environmentally important riparian vegetation, such as red gum
(Eucalyptus camaldulensis) and black box (Eucalyptus largiflorens)
and a decline in river water quality (Allison et al., 1990; Herczeg
et al., 1993; Jolly et al., 1996; Peck and Hurle, 1973; Peck and
Hatton, 2003).

1.2. Physical processes

Over the years there has been a growing awareness that the
floodplain is a key area where a number of hydrogeological pro-
cesses operate that have the potential to influence future outcomes
of salinity management activities and river operations (Doble et al.,
2006; Eslamian and Nekoueineghad, 2009; Evans et al., 2013;
Ghazavi et al., 2012; Holland et al., 2009b). Therefore, studies
have been conducted to develop models to quantify the impact of
hydrological changes in river flow and floodplain ecology
(Straatsma et al., 2013). A number of processes affect the flux ex-
change between a river and a floodplain in arid and semi-arid en-
vironments. These include rainfall, regional groundwater recharge,
bank storage, evapotranspiration and groundwater extraction.
Recharge from rainfall is often negligible in arid and semi-arid re-
gions (Rassam et al., 2013).

Floodplains are generally topographically low in the landscape.
Hence, the main recharge process in a floodplain aquifer is often
groundwater flow from surrounding regional aquifers (Doble et al.,
2006; Evans et al., 2013; Ghazavi et al., 2012). In Australia, the
regional groundwater is usually naturally saline and often is the
main source of solute movement towards the floodplain landscape.
Groundwater rechargemay be increased due to increased irrigation
practices in the surrounding highland and this can lead to
groundwater mounds (Fig. 1).

In arid and semi-arid regions, bank storage is an important
process in the interaction between the surface and groundwater
Fig. 1. Schematic of the SWeGW interaction across the Lower Murray River area before
irrigation practices.
domains especially in rivers with high riverbed and riverbank hy-
draulic conductivities. Bank recharge represents a gain to the
groundwater system. Three types of groundwater recharge were
hypothesized by Jolly (2004) include bank recharge, diffuse
recharge and localized recharge. Diffuse and localized rechargemay
occur during overbank flow which is not the focus of this paper.
Bank storage is a dynamic phenomenon in which aquifer recharge
occurs during periods of river stage rise followed by aquifer
discharge to the river when the river stage reverts to a normal
lower level (Ghazavi et al., 2012). During river stage recession,
groundwater discharges to the river. The discharged groundwater
usually has a solute concentration intermediate between that of the
river and that of regional groundwater (McCallum et al., 2010). The
net result of these processes at any point in space and time can lead
to either a gaining or a losing river (Rassam, 2011). The observed
response in rates of aquifer-floodplain exchange to changes in river
stage strongly depends upon the state of connection between the
two domains (Brunner et al., 2009). The significance of bank storage
depends primarily upon the size of the river floodplain and its
hydraulic and geometric properties (Doble et al., 2012; Knight and
Rassam, 2007). Bank storage results in freshening of groundwater
located near banks during high-flow pulses through the mixing of
fresh river water with saline groundwater. For example, Holland
et al. (2009a) showed that improvement in floodplain tree health
was proportional to the extent of bank storage at different locations
around a floodplain environment.

Groundwater evapotranspiration combines two processes:
evaporation from groundwater lying close to the ground surface
and transpiration from plants that use groundwater. In lowland
gaining river-floodplain systems, groundwater flowing from the
regional aquifer moves through the floodplain before either
flowing to the river or being attenuated by evapotranspiration.
A shallow groundwater presence within floodplains usually
means that evapotranspiration rates are significant (Doble et al.,
2006).
(a) and after (b) human-induced activities including weir and lock installations and
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Groundwater is often extracted via production wells for various
purposes such as irrigation, water supply and groundwater
lowering (as a salt interception measure). Depending on the size
and hydrogeology of the floodplain and pumping rate of the pro-
ductionwells, groundwater lowering can significantly influence the
SWeGW interactions (Rassam et al., 2013).

The unsaturated zone is often cited as the salt storage location
during inter-flood periods. This is particularly the case in arid and
semi-arid regions where the evapotranspiration rate is much higher
than rainfall, which creates unsaturated solute storage zones in some
areas of the floodplain. This is accelerated with changes in land use
(such as irrigation recharge in the highland and floodplain), surface
water regulation (such as raised groundwater level in the floodplain
and reduction of high flow pulses) and water resource depletion
(Fig. 1). Solute mass stored in the unsaturated zone appears to be
correlated with the underlying groundwater salinity (Jolly, 2004).

1.3. Research challenges

Research and investigations intofloodplainprocesses havemostly
occurred over the last decade (Evans et al., 2013). Several studies have
described some of the challenges of modelling SWeGW interactions
in arid and semi-arid floodplains (Rassam et al., 2013). In addition,
Rassam et al. (2013) highlighted the importance of incorporating
SWeGW interactions into rivermanagementmodels that are used by
water managers. In fact, uncertainty reduction will be very worth-
while since worldwide there is significant investment in water pro-
jects (Straatsma et al., 2013). The level of understanding of arid and
semi-aridfloodplain environments is still relatively basic, particularly
in relation to SWeGW interactions in floodplains due to the highly
complex nature of the floodplain environment (Eslamian and
Nekoueineghad, 2009; Evans et al., 2013). McEwan et al. (2006) and
Jolly et al. (2008) emphasized that while SWeGW interactions in
temperate regions have been investigated in several studies (Hoehn
and Scholtis, 2011; Kollet et al., 2010; Meire et al., 2010), floodplains
in arid and semi-arid regions have received far less attention. How-
ever, many SWeGW modelling studies model water flow only and
neglect solute transport (Crowe et al., 2004; Restrepo et al., 1998;
Walton et al., 1996). Indeed, despite the fact that aquifer and surface
waters are hydraulically interconnected, they are often modelled as
two separate systems and are analysed independently (Schmid et al.,
2006). The first published studies featuring fully coupled ground-
water flow and solute modelling in relation to floodplain and river
ecology have been undertaken relatively recently (Bauer et al., 2006a,
2006b; Langevin et al., 2005; Zimmermann et al., 2006). But, these
studies generally did not model unsaturated zone processes, which
are important to the prediction of ecological responses (Jolly, 2004).
Another limitation of such studies is thatmany assumed steady-state
GWand/orSWflowconditions, and these rarelyexist inmost arid and
semi-arid floodplains, as these typically undergo periodic cycles of
wetting and drying, resulting in transient SWeGW interactions (Jolly
et al., 2008). Another issue is the high data requirements for this type
ofmodel aswell as the lack of understandingof the key role of salinity
in arid and semi-arid floodplains (Hart et al., 1991). There is a clear
need to develop modelling capabilities for the movement of salt to,
from, andwithinfloodplains (Evans et al., 2013; Jolly et al., 2008). This
can be addressed through developing a 3D physically-based fully in-
tegrated surface-subsurface numerical model with variable satura-
tion and solute transport simulation capabilities (Alaghmand et al.,
2013b).

1.4. Objective

Various management strategies can be used to maintain flood-
plain health. These include pumping saline groundwater, injection
of fresh water, localised artificial flooding and environmental irri-
gation. These management measures require an understanding of
SWeGW interaction at a fine scale, and the true ecological impact
of land management decisions requires knowledge of the flood-
plain salinization risk. This paper investigates the complex inter-
action between a river (the Murray River in South Australia) and a
saline floodplain (Clark's Floodplain) in a semi-arid area using a
fully integrated physically-based numerical model featuring vari-
able saturation and solute transport simulation capabilities. Clark's
Floodplain is chosen as the study area due to the availability of
sufficient recorded data which allows the development of a
detailed unsteady-state (dynamic) model. However, the study
period, which is from 1/01/2005 to 2/09/2010, is limited to just
under five years and the scenarios are representative of transient
behaviour that may not illustrate the system moving to new
equilibrium positions. In addition, the study period corresponds to
very dry conditions and so rainfall fluxes and river stage variations
could have been much less than long-term variations. The main
objective is therefore to quantify the impacts of river stage
manipulation on freshening of the shallow floodplain groundwater
through bank storage. The river-floodplain system is complex as the
floodplain aquifer is strongly influenced by a Salt Interception
Scheme (SIS) that involves groundwater lowering. Hence, various
scenarios are defined to understand the combined and individual
impacts of river stage manipulation and groundwater lowering on
the flow and the solute dynamic of the floodplain aquifer. The hy-
pothesis that is tested here is that higher river stages lead to a
relatively less saline floodplain aquifer by increasing the fresh river
water flux to the floodplain aquifer and reducing the saline
groundwater flux from the highland to the floodplain aquifer.

2. Materials and methods

A fully integrated surface-subsurface numerical model is developed for Clark's
Floodplain, as described in detail below. The model is calibrated to data from a time
period that includes operation of the SIS production wells. Scenarios are used to
determine the relative impacts of river stage manipulation on water and solute
balances within the floodplain aquifer.

2.1. Study site

Clark's Floodplain is located on the Lower Murray River in South Australia
(34�210S, 140�340E) (Fig. 2) next to the Bookpurnong Irrigation District. The study
site is located in a semi-arid region of South Australia, with annual rainfall varying
between 200 and 300 mm and annual areal potential evaporation of 1800 mm. Data
from Loxton meteorological station shows that local evaporation rates were
continuously higher than rainfall depths between 2005 and 2010 (BOM, 2013). At
the study site the Coonambidgal Clay (typically consisting of clays and silts) ranges
from 2 to 7 m thick, while the Monoman Formation (coarse-grained quartz sands) is
approximately 7m thick (Fig. 2). The highland adjacent to the floodplain consists of a
layer of Loxton Sands (Upper and Lower units) up to 35m in depth. Thewhole area is
underlain by the Loxton Sand and Bookpurnong Beds, the latter acts as an aquitard
basement to the shallow aquifer that includes the Monoman Formation and Loxton
Sands (AWE, 1999; Barnett et al., 2002; Doble et al., 2006). For further details on the
hydrogeology of the study site the reader is referred to Doble et al. (2006) and
Alaghmand et al. (2013a).

The increased groundwater recharge contributed by the Bookpurnong Irrigation
District has locally raised the water-table in the Loxton Sands (Telfer and Overton,
1999). The increased groundwater gradient between the Loxton Sands aquifer and
the Murray River has led to greater salt flux from the saline regional aquifer into the
floodplain and river. Groundwater salinity in the floodplain has also increased due to
a lack of floods that could potentially freshen the groundwater via bank storage.
Black box and red gum tree communities have beenmost affected by the salinization
of the floodplain (Doble et al., 2006). Groundwater salinity in the Loxton
SandseMonoman Formation aquifer is typically in excess of 50,000 mS cm�1, while
irrigation recharge salinity is typically 8000 mS cm�1. In an effort to mitigate such
impacts, salt interception schemes (SISs) have been implemented at various sites
along the Lower Murray River, which intercept saline groundwater before it reaches
the river (White et al., 2009). Two of the SIS production wells, 32FP and 34FP, are
located at the study site and these have significant impacts on the SWeGW
interactions.

Meteorological, hydraulic and hydrogeological data for the Clark's Floodplain
site are well-documented for the modelled time period (1/1/2005e2/09/2010) and



Fig. 2. a: Location of Clark's floodplain in Australia (shown in purple), b: Perimeter of the geometry model (shown in red), c: 3D visualization of the geometry of the study site
including the soil types and observation (B1, B2, B3, B4, B5, B6, 31F, 33F and 35F) and SIS production wells (32F and 34F) (Z magnification ¼ 8). The cover image is adopted from
GoogleMaps. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were used to inform initial and boundary conditions for the model. The time period
was chosen to include the non-flooding conditions and a flood eventwhich occurred
in 2010. Recorded meteorological data, such as rainfall and potential evaporation,
were obtained from Loxton meteorological station (BOM, 2013). Murray River flows
at the study site were obtained from Lock 4 water level station, which is situated
immediately upstream of Clark's Floodplain (WaterConnect, 2013) (Fig. 2). River
salinity observations were obtained from Clarke's Sandbar and Rilli Island stations
located upstream and downstream of the study site, respectively (WaterConnect,
2013). Floodplain potentiometric head and solute concentration observations were
obtained from groundwater observation wells located along two transects that
extend from the river to the floodplain perimeter: B1, B2 and B3 on transect 1; and
B4, B5 and B6 on transect 2 (Fig. 2) whichwere adopted from Berens et al. (2009) and
Holland. Built in 2004 and 2005, the observation wells were designed to monitor
groundwater levels and salinity at depths from 2 m up to 10 m, since salinity is
anticipated to occur at the top of water table (Berens et al., 2009).

2.2. Numerical model

Characterisation of near-river-aquifer systems is complex because of the nature
of SWeGW interaction processes, and the uncertainty of land cover and aquifer
properties, which can produce significant errors in hydrodynamic models outputs
(Eslamian and Nekoueineghad, 2009; Sophocleous, 2010; Straatsma et al., 2013).
This can be addressed using a fully-integrated, physically-based numerical model
(Alaghmand et al., 2013b). Due to the required capabilities, the available observed
input data, the scale of the study, and the required robustness and stability of the
numerical methods, the HGS model (Therrien et al., 2006) was selected for this
research. HGS is a three-dimensional numerical model describing fully-integrated
surface and subsurface flow and solute transport. HGS models the flow of water
through unsaturated porous media by numerical solution of the Richards equation.
The van Genuchten (1980) or Brooks-Corey (Brooks and Corey, 1964) relationships
are used to relate pressure head to saturation and relative hydraulic conductivity.
Surface water flow is modelled using two-dimensional depth-averaged flow. Satu-
rated groundwater flow is modelled by numerical solution of the groundwater flow
equation. Two surface and subsurface coupling approaches are available in HGS,
namely the common node approach (based on continuity of hydraulic head between
two domains) and the dual node approach (based on a first-order exchange coef-
ficient), with the latter being used in this study. Transpiration from vegetation oc-
curs within the root zone of the subsurface and is a function of the leaf area index
(LAI), nodal water (moisture) content and a root distribution function (RDF) over a
prescribed extinction depth. Evaporation from the soil surface and subsurface soil
layers is a function of nodal water content and an evaporation distribution function
(EDF) over a prescribed extinction depth. The model assumes that evaporation oc-
curs along with transpiration, resulting from energy that penetrates the vegetation
cover. For further details on the code and a recent software review the reader is
referred to Therrien et al. (2006) and Brunner and Simmons (2012). HGS requires
pre- and post-processor tools in order to handle input preparation (complex
topography and grid) and visualization of the outputs. In this study, Grid Builder
(McLaren, 2005) and Groundwater Modelling System (GMS) (AquaVeo, 2011) were
used to generate the model grid. GMS was also used to visualize and interpret the
model outputs. In this study, HGS used the control volume finite element approach
to solve surface and subsurface flow and transport. The model was a transient model
setup for a period of 2070 days (from 1/01/2005 to 2/09/2010) using an initial time
step of 0.1 days, a maximum time step of 1 day and a maximum time step multiplier
of 1.25. The model solves non-linear equations for variably-saturated subsurface
flow, surface flow and solute transport. To solve the non-linear equations, HGS uses
the NewtoneRaphson linearization method. Newton iteration parameters include
Newton maximum iterations (25), Jacobian epsilon (10.0 d�5), Newton absolute
convergence criteria (1.0 d�5), Newton residual convergence criteria (1.0 d�3) and
flow solver maximum iterations (1.0 d5).

2.3. Model set up

2.3.1. Geometry grid
The model domain perimeter is shown in Fig. 3. The model spatial discretisation

is based on a LiDAR Digital Elevation Model of the study site with a 10 m grid res-
olution. The resulting grid consisted of 78,624 nodes and 143,500 elements. As
shown in Fig. 3, the geometric grid covers 61.3 ha of Clark's Floodplain from the
floodplain slope break to the Lower Murray River main channel. This includes two
SIS production wells (32F and 34F) and nine observation wells (Fig. 3). In this case,
the length of the river bank is 570 m and the distance from the river bank to the SIS
wells varies between 480 m and 650 m.

2.3.2. Parameters
Three soil types were represented, namely a continuous 10 m-thick layer of

Monoman Formation sand, overlaid by a spatially variable, 2 to 6 m-thick layer of
semi-confining heavy Coonambidgal Clay and Upper Loxton Sand in the adjacent



Fig. 3. a: Configuration of the model boundary conditions, b: Configuration of the vegetation and soil layers of Clark's Floodplain along transect 1 (Zmagnification ¼ 3). Observation
wells are shown as black columns.
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highland (Fig. 3). Soil properties, such as hydraulic conductivity (isotropic), porosity,
residual saturation and specific storage, were obtained from Carsel and Parrish
(1988) and Doble et al. (2006). Van Genuchten function parameters (n and alpha)
(van Genuchten, 1980) were adopted from Jolly et al. (2008) who adjusted and
proposed these parameters for the Lower Murray River soil types. Longitudinal and
transverse solute dispersivity values were estimated through model calibration. The
hydraulic properties of the surface domain (river bed and floodplain corridor) have
significant differences and so these were divided in the model into main channel
(river) and floodplain. Furthermore, the vegetation coverage of the floodplain was
divided into two different categories (Eucalyptus trees and grass) and evapotrans-
piration parameter values for both categories were adopted from Hingston et al.
(1997), Banks et al. (2011) and Verstrepen (2011). Table 1 summarises the param-
eters values used in the numerical model.

2.3.3. Boundary conditions
The locations where boundary conditions were specified are given in Fig. 3a.

Two types of boundary conditions were used in the model including first-type
(Dirichlet) boundaries of prescribed head/concentration and second-type (Neu-
mann) boundaries of prescribed flow/solute flux. In the subsurface (porous media)
domain, a constant first type (Dirichlet) boundary condition of 12m AHD (Australian
Height Datum) constant head was specified at the north-eastern part of the domain.
This condition was adopted based on potentiometric contours (AWE, 2013). The
observed river levels for the surface domain were set at the river side of the model
using a time-varying first-type (Dirichlet) boundary condition. In this regard, the
observed water levels downstream of Lock 4 were applied to the river nodes of the
model (WaterConnect, 2013).

To represent the solute boundary conditions, a first-type (Dirichlet) constant
concentration boundary condition was assigned. The observed groundwater con-
centrations at the observation wells in the river and the floodplain ranged from
300 mS cm�1 to 50,000 mS cm�1 (Holland et al., 2013). Hence, constant values were
applied at the subsurface outer boundary (representing regional groundwater in the
highland aquifer) and the river nodes accordingly. Two SIS production wells (30F
and 32F) were represented in the model using recorded pumping rates and dura-
tions obtained from Berens et al. (2009).

Rainfall was modelled for the entire model surface domain beginning on day 1
using a time-varying second-type (Neumann) boundary condition according to
recorded data (BOM, 2013). Evapotranspiration was dynamically modelled as a
combination of evaporation and transpiration processes by removing water from all
model cells of the surface and subsurface flow domains within the defined zone of
the evaporation and root extinction depths.

2.3.4. Initial conditions
The initial conditions for the calibration model were obtained from a steady-

state flow and transport model that represented the status of the river-floodplain
system prior to the study period (2005). The initial model was ran for long
enough (30 years) to reach the equilibrium condition (Barnett et al., 2012). Hydraulic
head and solute concentration outputs from the initial model compared favourably
with observations from six observation wells on Clark's Floodplain recorded in 2005
which was available through Holland et al. (2013). Also, the status of the solute
concentration distribution at the beginning of the study period was checked with
the general observed solute distribution pattern in the floodplain. This can be
considered as two zones: a relatively fresh GW zone within 50 m distance of the
river banks (B1: 6500 mS cm�1 and B4: 1200 mS cm�1); and a saline zone (B2:
53,000 mS cm�1, B3: 54,000 mS cm�1, B5: 50,900 mS cm�1 and B6: 52,000 mS cm�1)
for the rest of the floodplain (Fig. 6c).

2.4. Coupled flow and transport calibration

Calibration was undertaken using an iterative trial-and-error method. In order
to minimise the uncertainty associated with parameters such as hydraulic con-
ductivity, porosity, dispersivity (longitudinal and transverse) and leaf area index,
thesewere altered within known ranges and reasonable limits in order to achieve an
acceptable match to observations of hydraulic head and solute concentrations
pattern. Two different approaches were employed for the flow and solute calibra-
tions. While, the aim of the calibration process for flow is to match the absolute
groundwater heads at the observation wells, the solute is calibrated to the observed
concentration patterns. This is because concentration patterns are much more
sensitive to local-scale geological heterogeneity than are hydraulic heads, and
models may have difficulty reproducing the concentrations or their temporal vari-
ability at single observation wells (Barnett et al., 2012).

2.5. Numerical model performance evaluation

In order to obtain a reasonable evaluation of the numerical model performance,
several factors need to be taken into account. These may include the field of
application, characteristics of the model, available observed data, information and
knowledge of the problem, and the specific objectives of the modelling exercise



Table 1
Parameter values of the model for the study site.

Model parameter Value Units

Subsurface domain Monoman Coonambidgal Upper
Sand Clay Loxton

Sand
Porosity 35 60 40 %
Hydraulic conductivity 20 0.1 10 m d�1

Specific storage 1.6 � 10�4 2.0 � 10�3 1.6 � 10�4 m�1

Evaporation limiting
saturation (min)

0.05 0.25 0.15

Evaporation limiting
saturation (max)

0.9 0.9 0.9

Longitudinal dispersivity 3 3 3 m
Transverse dispersivity 0.3 0.3 0.3 m
Residual water content 0.04 0.04 0.04
Alpha 1.69 0.28 0.8 m�1

n 8.25 2.52 3.6
Evapotranspiration Eucalyptus Grass
Tree canopy evaporation 4.5 � 10�4 4.0 � 10�4 m
Evaporation extinction

depth defined by quadratic
decay Evaporation
distribution function

1 1 m

Transpiration extinction
depth defined by quadratic
decay Root distribution
function

5 0.5 m

Leaf area index 0.5 0.5 m2 m�2

Transpiration fitting
parameter c1

0.3 0.6

Transpiration fitting
parameter c2

0.2 0

Transpiration fitting
parameter c3

1 1

Transpiration limiting
saturation
(at wilting point)

0.29 0.29

Transpiration limiting
saturation
(at field capacity)

0.56 0.56

Transpiration limiting
saturation
(at oxic limit)

0.85 0.75

Transpiration limiting
saturation
(at anoxic limit)

0.95 0.9

Initial interception
storage

3.0 � 10�4 4.0 � 10�4 m

Surface domain River Floodplain
Friction (x-plane) 5.0 � 10�3 5.0 � 10�2

Friction (y-plane) 5.0 � 10�3 5.0 � 10�2

Rill storage height 1.0 � 10�3 1.0 � 10�2 m
Coupling length 1.0 � 10�2 1.0 � 10�2 m
Obstruction storage height 0 1.0 � 10�3 m
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(Bennett et al., 2013; Jakeman et al., 2006; Matthews et al., 2011). Moreover, envi-
ronmental models typically have multiple interacting drivers with uncertain prop-
erties (Bennett et al., 2013; Rassam et al., 2013). Hence, multiple evaluation metrics
need to be used for a comprehensive evaluation of the numerical model. Otherwise,
a single performance criterion approach may lead to counterproductive results such
as favouring models that do not reproduce important features of a system (Bennett
et al., 2013; Gupta et al., 2012).

A number of quantitative approaches are available to assess the model perfor-
mance (Bennett et al., 2013). For instance, direct value comparison methods aim to
test whether the modelled values show similar characteristics as a whole to the
observed values. In this case, the means of the modelled and observed data sets are
compared and expressed as Means Differences in Table 2. Clearly the ideal value
would be zero. Furthermore, some model performance evaluation methods, such as
the residual method, involve coupling observed andmodelled values. In the residual
method the difference between modelled and observed data are calculated. Of the
many possible numerical calculations on model residuals, Mean Square Error (MSE)
and RootMean Squared Error (RMSE) are considered here. The ideal value for both of
these metrics is zero. Another model performance evaluation metric involves pre-
serving the data patterns. This method tests the ability of the model to preserve the
patterns of observed and modelled data. The Coefficient of Determination (r2) is one
of the metrics in this category which indicates how variation of one variable is
explained by a second variable. This is commonly used tomeasure the efficiency of a
model and values range between 0 and 1. Another Coefficient of Determination
which is popular in hydrologic modelling is the NasheSutcliffe Model Efficiency
(NSE) (Nash and Sutcliffe, 1970). This ranges from �∞ to 1 and indicates how well a
model explains the variance in the observations, compared with their mean as the
prediction. The ideal value for both of these metrics is one. A detailed description of
the qualitative and quantitative methods of characterising performance of envi-
ronmental models is provided by Bennett et al. (2013).

In addition to the above mentioned quantitative model performance evaluation
methods, visual performance measures have been developed to mimic how the eye
evaluates proximity between observed and modelled values (Ehret and Zehe, 2011;
Ewen, 2011). This type of qualitative method avoids traducing model errors simply
in terms of difference of magnitude and, also includes time shifts. In fact, qualitative
assessments are important in complex models as they enable the modeller to sketch
out trends and system behaviour rather than producing actual values for variables
(Bennett et al., 2013).

2.6. Scenarios

The calibrated model represents the observed SWeGW interaction from 1/1/
2005 to 2/09/2010. During the study period the SIS was in operation and there was
no river manipulation (hereafter referred to as the Only-SIS scenario). To predict
SWeGW interactions induced by river stagemanipulation, the calibrated model was
re-run while imposing various river stage elevations. Hence, twelve hypothetical
river stage manipulation scenarios were defined for water stage increases of 0.5 m,
1.0 m and 1.5 m and for a decrease of 0.5 m. Each of these water stage changes was
modelled for 1 month, 2 months, and 3 months in each year. Model simulations
covered the period between 1/1/2005 and 2/9/2010 (2070 time steps). The response
of the floodplain aquifer to the various scenarios was observed in terms of hydraulic
heads and solute dynamics. River stage manipulation was not the only stress on the
model during the study period as groundwater lowering also occurred via the
operation of the SIS production wells. Hence, one scenario without groundwater
lowering (hereafter referred to as the No-salt management scenario) was included
as well. Fig. 4 shows the hydrographs for the manipulated river stage elevations for
the defined scenarios.

3. Results and discussion

Results of the numerical model are discussed in five sections.
First the results of the calibrated model are demonstrated and
discussed along with No-salt management scenario. This is fol-
lowed by discussion of the model results in terms of water balance
and solute balance for the defined scenarios. Then, solute mass in
the unsaturated zone is analysed and finally, the ecological impli-
cations of river stage manipulation are discussed.

3.1. Calibrated model

The calibrated model represents the observed behaviour of the
river-floodplain system in terms of water and solute dynamics over
the period 1/01/2005 to 2/09/2010. The numerical model perfor-
mance in terms of groundwater head was tested both qualitatively
and quantitatively. The observed and modelled series of hydraulic
heads and solute concentrations at observationwells B1, B2, B3, B4,
B5 and B6 were also compared visually (Fig. 5). Moreover, quanti-
tative evaluation was undertaken using the model performance
evaluation metrics discussed in Section 2.4 including Means Dif-
ference, Coefficient of Determination (r2), Mean Sum of Error
(MSE), Root Mean Squared Error (RMSE) and NasheSutcliffe Model
Efficiency (NSE) (Table 2). Considering Fig. 5 and Table 2, it appears
that the numerical model properly reproduced the observed
groundwater dynamic during the study period.

The modelled groundwater salinity distribution result displays
the presence of freshwater along the eastern margin abutting the
river channel and a saline zone in the rest of the floodplain aquifer
(Fig. 6a). The observed groundwater salinities at the location of the
observation wells are shown in Fig. 6c (Holland et al., 2013). This
shows that the observationwells in the vicinity of the river bank (B1
and B4) have significantly lower salinity than the other four obser-
vation wells located further away on the floodplain (B2, B3, B5 and
B6). Moreover, an EM31 survey was conducted in November 2007



Fig. 4. Time-varying river stage boundary conditions for scenarios featuring river stage rise durations of (a) one month, (b) two months, and (c) three months.
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and reported by Berens et al. (2009). Depending on subsurface
conductivity, the EM31 has a limited penetration depth of approxi-
mately 4e6m, and yields a bulk conductivity representation of that
shallow interval. Variables thatmay typically influence the results of
the EM31 survey include groundwater depth and salinity, variations
in soilmoisture and salinity, and the clay content. However,with the
Murray River floodplains consisting mainly of sands and localised
clays of similar porosity, the water content in the saturated envi-
ronment ismost likely consistent, leaving salinity as themain driver
of conductivity. Hence, the EM31 results can be a proper indicator of
groundwater salinity at the study site. This is shown in Fig. 6b. The
modelled groundwater salinity distribution (Fig. 6a) and conduc-
tivity distribution obtained from the EM31 survey in November
2007 (Fig. 6b) present a good agreement. Overall, it is confirmed that
the calibrated model is able to reproduce the solute dynamic of the
surface-groundwater interactionprocesses in an acceptablemanner
as it is consistent with the observed data.

Fig. 7 shows the groundwater balance for Only-SIS and No-salt
management scenarios. As rainfall recharge is unlikely to happen
at the study site, the river and regional groundwater are the
dominant recharge features in both models. As a general trend, the
bank storage strongly responds to the river stage fluctuation, while
regional groundwater recharge is a function of the operation of the
SIS production wells. Both bank storage and regional groundwater
are larger during the operation of the SIS productionwells (Fig. 7a).
This shows the boosted hydraulic gradient towards the SIS pro-
duction wells during their operation. In Only-SIS model, when the
SIS is shut down for a short period (November 2006eApril 2007),
the dominant recharge feature is regional groundwater. In this
period the bank storage is at a minimum due to the reversed hy-
draulic head towards the river. On the other hand, in No-salt
management scenario only two major river bank recharges occur
and these are responses to the two high flows in December 2006
and January 2010.

The main discharge processes are evapotranspiration, bank
discharge and groundwater extraction via the SIS in Only-SIS
scenario. In No-salt management scenario, water discharge via
evapotranspiration is slightly higher than Only-SIS scenario. This is
because of the relatively shallower groundwater table in No-salt
management model. Generally, during the operation of the SIS
production wells, the floodplain aquifer has a gaining regime while
in No-salt management scenario it is mostly losing. The discharge
via the river bank occurs continuously in No-salt management
scenario. This is due to the higher groundwater table in the flood-
plain aquifer except during the two river high flows. But in Only-SIS
scenario, only two major groundwater discharges were observed.
The first of these was prior to the commencement of the SIS
operation when the river stage was lower than the groundwater
table. The second was three months after the SIS was shut down.
Both of the major groundwater discharges were diminished when
the SIS commenced (July 2005 andMay 2007). These are consistent
with the observed and modelled groundwater head dynamics, as
shown in Fig. 5. It seems that the SIS operation lowers the
groundwater table and enhances fresh river water recharge to the
floodplain aquifer on one side and saline regional groundwater
recharge on the other side of the production wells.

Fig. 8 illustrates the solutemass balance for Only-SIS and No-salt
management scenario. The results show that the stored solutemass
in the floodplain aquifer is reduced during the study period of Only-
SIS scenario by 4% (Fig. 8a). Although without the SIS operation, the
stored solute mass would have increased by 5% (Fig. 8b). It seems
that groundwater lowering via the SIS productionwells may lead to
a less saline floodplain aquifer. This happens through two mecha-
nisms, namely the extraction of some portion of the saline
groundwater (Fig. 9) and the reversal of the hydraulic head towards
the floodplain aquifer. The 5e15 ton d�1 solute mass lowering from
the wells is not substantial in comparison with the total stored
solute mass in the floodplain aquifer (around 60,000 ton in Fig. 8).
Therefore, the main mechanism is reversing the hydraulic head
towards the floodplain aquifer. In fact, the SIS production wells
create a divide which stops saline water from reaching the flood-
plain by lowering the groundwater table. In other words,



Fig. 5. Modelled and observed groundwater heads at the observation wells. River stage and modelled and observed groundwater heads are shown as blue lines, black lines and red
dots, respectively. The light blue pattern represents the periods during which the SIS production wells were in operation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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groundwater lowering enhances the fresh water lens on one side
and keeps the saline groundwater on the other side. But, in the
absence of the SIS production wells, there is no process to prevent
the saline groundwater from reaching the river and the only
discharge process is via the river bank. Hence, the recharged solute
mass from regional groundwater is stored in the floodplain aquifer
or discharges to the river and leads to a more saline floodplain.
Fig.10 shows the impact of the SIS productionwells operating along
transect 1.

Regarding Fig. 8a, two major solute mass discharges to the river
bank are observed in June 2005 and March 2007 (up to 2 ton d�1).
Considering that approximately 800 ton d�1 of river salt load was
recorded at Lock 4 just upstream of the study site during the same
periods (WaterConnect, 2013), the solute mass discharge via the
river bank should not have a significant impact on the river water
quality. This indicates that the dominant solute mass discharge
process is saline groundwater extraction via the SIS production
wells. In addition, in No-salt management scenario (Fig. 8b), saline
groundwater constantly discharges to the river at a higher rate (up
to 4 ton d�1). This would present a risk to river water quality over
the long term.

3.2. Water balance

The river stage manipulation scenarios are now considered. One
of the main starting points for analysis of the flow dynamics in the
surface-groundwater system is the water balance. Hence, the out-
puts from the numerical model for each round of river stage
manipulation (hereafter referred to as trials) that are considered
here include groundwater table dynamics, change in water storage
in the floodplain aquifer (state of gaining or losing floodplain), flux
exchange between the two domains (bank storage) and recharge
from regional groundwater.

The dynamics of the GW heads at the observation wells along
transect 1 (wells B1, B2 and B3) are shown in Fig. 11. As expected, a
rising river stage creates higher gradients from the river to the
floodplain aquifer. Obviously, the GW dynamic is much more
enhanced near the river bank rather than further away. This is
noticeable in Fig. 11a and b where observation well B4 shows a
greater response to the river stage manipulations. Also, longer
operation of the SIS wells has a greater effect on GW heads. This can
be seen in Fig. 11c whereby the same river stage rise scenario (here
1.5 m) with a longer trial duration shows a higher average
groundwater hydraulic head in the floodplain aquifer at observa-
tion well B6. In other words, the extent of the floodplain aquifer
response increases as the duration of SIS operations increases.

Fig. 12a shows the change in water storage in the floodplain
aquifer during the study period. When this parameter is positive it
represents a gaining floodplain while a negative value indicates
that the floodplain has a losing regime. The change inwater storage
generally depends on the conductance (which does not vary over
time) and the time-varying head gradient between the river and



Fig. 6. a: Modelled groundwater salinity distribution (November 2007, time step 650 days), b: Conductivity distribution, EM31 survey in November 2007 (Berens et al., 2009), c:
Recorded groundwater salinity during the study period (Holland et al., 2013).
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groundwater. According to Fig. 9, the floodplain aquifer was
approaching a gaining condition due to the river stage rise just
before commencement of the SIS operation in July 2005. But,
commencement of groundwater extraction via the SIS bores quickly
formed a losing floodplain. This explains the formation of the
pumping drawdown cone. The floodplain aquifer was in a losing
condition until the first trial in November 2006, except for a short
period in December 2005 corresponding to a high river flow.

The response of the floodplain aquifer to each of the trials is
evident in Fig. 12a. As a general pattern, each rising scenario leads
to a gaining floodplain during each trial and a losing floodplain after
the trials. Clearly, the magnitude of the response to each trial is
proportional to the height of the river stage rise. In contrast, the
0.5m drop scenario creates a losing floodplain during the trial and a
gaining one after the trial.

Due to the complexity of the study site, the floodplain response
to each of the four trials is different. The first trial is coincident with
the period during which the SIS was shut down. Hence, one of the
Table 2
Model performance evaluation metrics (Means Difference; MSE ¼ Mean Square Er-
ror; RMSE ¼ Root Mean Squared Error; r2 ¼ Coefficient of Determination;
NSE ¼ NasheSutcliffe Model Efficiency coefficient).

Observation Well Means Difference (m) MSE (m) RMSE (m) r2 NSE

B1 0.05 0.054 0.067 0.91 0.76
B2 0.07 0.075 0.088 0.87 0.71
B3 0.12 0.080 0.091 0.85 0.66
B4 0.06 0.044 0.058 0.89 0.77
B5 0.10 0.031 0.041 0.83 0.63
B6 0.05 0.048 0.061 0.81 0.61
main discharge components was absent. This created the most
enhanced gaining floodplain condition (maximum value in
Fig. 12a). In fact, in this period the floodplain aquifer was recharged
from the river and from regional groundwater. However, during the
2nd trial a sudden decrease in the pumping rates of the SIS pro-
duction wells occurred (from 5.5 l s�1 to 2.2 l s�1). This led to the
lowest gaining condition among the four trials. The responses to
the 3rd and 4th trials are the result of both the operation of the SIS
production wells and river stage manipulation.

For the 0.5 m drop scenario, the highest losing and gaining
conditions happened during the 2nd and 4th trials, respectively.
During the 2nd trial the hydraulic head increased towards the river
due to a decrease in the pumping rate of the SIS production wells.
For the 4th trial, the gaining condition was coincident with a river
high flow. Moreover, the highest losing condition (minimumvalues
in Fig. 12a) occurred just before resumption of the SIS operation,
but this was not due to river stage manipulation. This is partly
attributed to the resumption of the SIS production wells and partly
to the river stage decrease during that period.

Fig. 12b shows the flux exchange between the river and flood-
plain aquifer during the study period for the 3 month scenarios.
This shows that the increase of bank storage is proportional to the
rise in river stage. For example, as more water enters the floodplain
aquifer, consequently more water returns back to the river during
the river stage recession and this results in a greater flux for the
1.5 m scenario than for the other scenarios. This is due to the head
difference that is formed with each river stage manipulation. After
each trial, a minimum bank storage can be observed. It can also be
seen that the volume of water that enters the aquifer from the river
during the trial is greater than that which is subsequently



Fig. 7. Groundwater balance for Only-SIS (a) and No-salt management scenario (b).

Fig. 8. Solute mass balance for Only-SIS scenario (a) and No-salt management scenario (b).
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discharged to the river after the trial. This is partly due to bank
storage and also to a loss of water to evapotranspiration since each
trial provides more water available for evapotranspiration. For
example, as more water enters the floodplain aquifer, consequently
more water returns back to the river during the river stage reces-
sion and this results in a greater flux for the 1.5 m scenario than for
the other scenarios.

During the river drop scenario a different behaviour can be
observed. In that period the floodplain is in a losing condition and
the hydraulic gradient is changed towards the river. But, after each
trial, there is a lag-time before the system reaches an equilibrium.
During this lag-time, a significant amount of water moves from the
river to the floodplain aquifer. The time required for the system to
reach the equilibrium appears to be more closely related to the
duration of the trial rather than to the river stage level changes.
Fig. 9. Solute mass extracted via the SIS production wells during the study period.
It seems the general pattern of flux exchange is similar for all
four trials and the SIS operation does not have a significant influ-
ence on the pattern. Even, the slight increase in bank storage during
the 1st round of SIS operation (July 2005eNovember 2006)
strongly corresponds to the river stage fluctuation. In other words,
river stage manipulation has more influence than SIS operation on
the groundwater head.

Another important component of the water balance is flood-
plain aquifer recharge from regional groundwater, which is shown
in Fig. 12c. Recharge from regional groundwater is strongly attrib-
uted to the operation of the SIS production wells. In fact, recharge
increases by three to four-fold during SIS operation compared to
either before their operation (before July 2005) or when the SIS
wells were shut down (from November 2006 to April 2007).
However, a higher river stage rise may decrease the flux from the
regional groundwater to the floodplain aquifer due to the enhanced
hydraulic head towards the floodplain aquifer during the river stage
rise trials. For example, the 0.5 m drop scenario leads to a slight
increase in regional groundwater recharge.
3.3. Solute mass balance

In order to analyse the spatial and temporal solute dynamics of
the floodplain aquifer in the context of SWeGW interaction, the
followingmodelled outputs were considered: (a) total stored solute
mass in the floodplain aquifer; (b) change in total stored solute
mass in the floodplain aquifer; (c) stored solute mass in the un-
saturated zone; and (d) solute concentrations at observation wells
B1 and B4.

The total stored solutemass in the floodplain aquifer is shown in
Fig. 13a. Decreases in stored solute mass in the floodplain aquifer



Fig. 10. Groundwater salinity along transect 1 for Only-SIS and No-salt management scenarios (Z magnification: 3) at time step 2070 days (2/09/2010).
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are mainly attributed to saline groundwater extraction by the SIS
production wells. This is why the total stored solute mass generally
decreases for all scenarios. However, it may be seen that a higher
river stage results in relatively less solute being accumulated in the
floodplain aquifer. Since the main source of solute mass entering
the floodplain aquifer is regional saline groundwater, an increase in
river stage can reduce the rate of saline groundwater entering the
floodplain aquifer. On the other hand, the 0.5 m drop scenario
Fig. 11. Dynamics of GW heads at the observation wells on Transect 2, a: 1.5 m rise for 3 m
observation well B6.
results in relatively more solute accumulation. This is due to the
increased recharge of the floodplain aquifer from saline regional
groundwater, which is consistent with the results shown in Fig. 12c.

The results indicate that for a higher stage rise, comparatively
less solute mass accumulates in the floodplain aquifer. This is
because of the increase in head gradient from the river towards the
floodplain aquifer. Fig. 13b illustrates the change in stored solute
mass in the floodplain aquifer over the study period. As a general
onths, b: 0.5 m drop for 3 months and c: 1.5 m rise for one, two and three months at



Fig. 12. a: Change in water storage in the floodplain aquifer, b: Flux exchange between the river and the floodplain aquifer and c: Floodplain aquifer recharge from regional
groundwater. All the results shown here are for the three month scenarios. The blue and yellow patterns represent groundwater lowering and river stage manipulation, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. a: Total solute mass in the floodplain aquifer and b: Change in stored solute mass in the floodplain aquifer. Both are for the three month scenarios. The blue and yellow
patterns represent groundwater lowering and river stage manipulation, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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pattern, when the SIS operates, the change in stored solute mass is
negative (more solute leaves the system than enters). Higher river
stage rises may enhance this process by increasing the hydraulic
gradient towards the floodplain aquifer. In contrast, when the
floodplain aquifer is losing, it means that more saline groundwater
from the regional aquifer enters the floodplain. This can be seen in
the 0.5 m drop scenario.

Changes in solute concentration along transect 1 due to changes
in river stage for the 0.5 m drop and þ1.5 m rise three month
scenarios during the 3rd trial are presented in Fig. 14. Clearly, a
0.5 m drop scenario produces a more saline aquifer, while the 1.5 m
rise would produce the least saline aquifer. Also, the extent of the
freshwater lens is longer in the 1.5 m rise scenario. Considering
Figs. 11 and 14, it appears that the river stage manipulation oper-
ation is more effective in the vicinity of the river bank. This can be
beneficial in arid and semi-arid floodplains where riparian vege-
tation health depends on the availability of freshwater, as is the
case in the study area. It is also expected that larger increases in
river stage will result in (a) dilution propagating further inland and
(b) dilution being more pronounced at the river-aquifer interface.

3.4. Solute mass in the unsaturated zone

It was found that at the beginning of the study period, 13% of the
total solute mass was stored in the unsaturated zone. Two main
drivers are influencing the solute dynamic in the floodplain aquifer
including groundwater lowering and river stage manipulation.
Here, the impact of each of these drivers on the accumulated or
mobilized solute mass in the unsaturated zone is analysed.

Fig. 15 compares the solute mass in the unsaturated zone in No-
salt management and Only-SIS along scenarios along transect 2. As
expected, a significant amount of solute mass is mobilized due to
the operation of the SIS production wells. This may be because the
SIS operation lowers the groundwater table which leads to an
overall less saline unsaturated zone. Moreover, Only-SIS scenario
shows a much larger freshwater lens compared to No-salt man-
agement scenario. Again, it seems that groundwater lowering is
able to maintain a less saline floodplain aquifer by mitigating
regional groundwater recharge on one hand and by attracting more
freshwater via the river bank on the other hand. Furthermore, the
results confirm that Only-SIS scenario at the last time-step (2070)
shows a mobilization of 6% of the solute mass from the unsaturated
zone. On the other hand, No-salt management scenario shows 5%
more solute mass accumulation in the unsaturated zone compared
to the model in the 1st time step.

Fig. 16 shows the spatial distribution of the solute concentration
in the floodplain aquifer for the three month long 1.5 m rise and
0.5m drop scenarios at time-step 1120 days (just after the 2nd trial)
along transect 2. Comparing with Fig. 15, it appears that river stage
manipulation has less influence than groundwater lowering flood-
plain salinity,with the influencebeing limited to thenear-river zone.
Thehigherhydraulic gradient fromthe river to thefloodplain creates



Fig. 14. Spatial distribution of modelled solute concentration along transect 1 during the 3rd trial (time step 1480 (20/01/2009)) for the 1.5 m rise and 0.5 m drop three month
scenarios. Observation wells are shown in black.
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a relatively larger freshwater lens. The results indicate that the total
solutemass in the unsaturated zone under the 1.5 m rise scenario is
7% less than for the 0.5mdrop scenario after the 2nd trial. In fact, the
0.5 m drop scenario leads to more saline regional groundwater re-
charges to the floodplain (see Fig. 13b).

In order to demonstrate the impact of river stage manipulation
on the solute mass accumulation in the unsaturated zone, time-
steps 0 (beginning of the study period) and 1120 days (after the
2nd trial) in the threemonth 1.5m rise scenario are analysed. Fig.17
shows the spatial distribution of solute mass mobilization attrib-
uted to river stage manipulation (three month, þ1.5 m scenario) at
time-step 1120 days. The model results show that up to 14 kg m�3

of solute mass is removed from the unsaturated zone. It appears
that the greatest solute mass mobilization occurs at a distance of
around 50e100 m from the river. In fact, the extent that river stage
manipulation may significantly affect the solute mobilization is
limited to the extent that it could change the head gradient, which
in this case is the boundary of the fresh and saline zones. The solute
mass mobilization in the rest of the floodplain aquifer is restricted.
This is because of the relatively lower amount of solute stored at the
river bank (0e50 m). On the other hand, as the main source of
solute comes from the highland aquifer, less change in solute in the
unsaturated zone can be expected in the highland.

3.5. Ecological implications

Knowledge of the interaction between groundwater and surface
water bodies is vital for assessing the role of riparian floodplain
processes on water quality and groundwater level dynamics
(Eslamian and Nekoueineghad, 2009; Rassam, 2005). The ecolog-
ical implications of river stage manipulation were not the foremost
objective of this research. However, it can be inferred that each
river stage rise trial may lead to soil water freshening and this may
lead to a riparian tree response since each trial makes more fresh
water accessible for riparian trees. This is reinforced by the results
of Berens et al. (2009), Holland et al. (2009a, 2013) who showed
that introduction of sufficient fresh water through sources such as
artificial inundation and bank storage to a saline floodplain aquifer
can to some extent maintain species richness and diversity on the
floodplain. For instance, the availability of relatively more fresh
water (through a freshened soil profile) may lead to epicormic
growth in trees. However, the ecological response mainly depends
on the vegetation condition at the beginning of the trial (Holland
et al., 2013). Therefore, due to the overall saline nature of arid
and semi-arid floodplains, this response is unlikely to be sustained
unless there is a regular recurrence of the trial cycles.

4. Conclusion

A fully integrated, physically-based, numerical model (Hydro-
GeoSphere) of surface wateregroundwater flow and solute trans-
port at Clark's Floodplain was developed and calibrated against
observed data, which included river stages, floodplain aquifer
heads and solute concentrations. The calibration results showed
that the model was capable of reproducing the dynamics of both
the flow and the solute. The calibrated model was applied to
investigate the relative impacts of river stage manipulation on
surface wateregroundwater interactions that were also being
influenced by Salt Interception Scheme (SIS) groundwater lowering
measures. Twelve hypothetical scenarios were defined including
river stage changes of þ0.5, þ1.0, þ1.5, and �0.5 m.

Using the calibrated model (Only-SIS scenario), it was shown
that groundwater lowering via the SIS productionwells was able to
mitigate the saline regional groundwater recharge on the one hand
and enhance river bank storage on the other hand, thereby leading
to a less saline floodplain aquifer. In fact, by lowering the ground-
water table, the SIS production wells created a divide which
stopped saline water from reaching the floodplain. In this situation,
even if groundwater discharge to the river via the river bank did
occur, it would not have a significant impact on the river water
quality. However, without the groundwater lowering operation,
there would be no process to prevent the saline groundwater from
reaching the river and the only discharge process would be via the
river banks. It was demonstrated that an absence of groundwater



Fig. 15. Visualization of the solute concentration distribution in the floodplain aquifer for Only-SIS (a) and No-salt management scenarios (b) along transect 2.

S. Alaghmand et al. / Environmental Modelling & Software 59 (2014) 109e126 123
lowering measures would have led to continuous saline ground-
water discharge to the river which could be a risk to the river water
quality over the long term. In other words, the SIS was successful in
intercepting saline groundwater that would otherwise have
entered the river.

The hypothetical scenarios were used to demonstrate the
impact of river stage manipulation on the SWeGW interaction in
the river-floodplain system. In terms of water balance, it was shown
that each rising river manipulation scenario led to a gaining
floodplain which was proportional to the height and duration of
each trial. The floodplain aquifer became a losing feature after each
rising trial for a duration almost equal to the duration of the trial.
This patternwas reversed for the 0.5 m drop scenario. It was shown
that river stage rise formed higher gradients from the river to the
floodplain aquifer and this wasmuchmore pronounced in the near-
river zone (up to 100 m from the river). However, longer durations
of river stage manipulation could potentially extend the influence
further into the floodplain.



Fig. 16. Visualization of the solute concentration distribution in the floodplain aquifer for the three month long þ1.5 m (a) and �0.5 m (b) scenarios at time-step 1120 days (just
after the 2nd trial) along transect 2.
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Furthermore, it was demonstrated that a higher river stage rise
was able to reduce the flux from the regional groundwater to the
floodplain aquifer due to the enhanced hydraulic head towards the
floodplain aquifer. Consequently, a higher river stage led to rela-
tively less solute mass in the floodplain aquifer. In contrast, sce-
narios that involve lowering the river stage enhanced the flux from
the saline regional groundwater to the floodplain aquifer. This
resulted in a more saline floodplain aquifer.
Among the dominant drivers in this study, groundwater
extraction had a greater influence on solute mass mobilization in
the unsaturated zone. However, river stage rise can also be effective
but is limited to the near-river zone (up to 100 m). Moreover, the
results of this study indicate that river stage manipulation may be
able to decrease the soil and groundwater salinities in the near-
river zone which can improve the health of riparian vegetation.
However, its impacts are spatially and temporally limited and river



Fig. 17. Visualization of distribution of solute mass mobilization in the floodplain aquifer for the three month long, þ1.5 m scenario at time-step 1120 days (just after the 2nd trial)
along transect 2.
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stage manipulation cannot entirely change the natural condition of
the floodplain. Hence, it may be considered as a short term man-
agement technique. However, if longer term strategies are required,
it may be possible to implement these salt interception measures
periodically.

According to the results of this study, it can be concluded that
bank storage is one of the main drivers of surfaceegroundwater
interactions in a saline, semi-arid floodplain, particularly in non-
flooding conditions. Also, induced bank storage through river
level manipulation may lead to a less saline floodplain aquifer. This
happens through two mechanisms. First, an increase in river stage
lowers the gradient from the regional groundwater aquifer to the
floodplain which reduces saline groundwater recharge to the
floodplain. Second, modelling supports observational data that
bank storage is able to freshen the groundwater near the river
banks during high-flow pulses by mixing fresh water with saline
groundwater. The applicability of these findings to other areas
depends on floodplain topography, soil salinity, groundwater con-
dition (i.e. gaining or losing), geomorphology of the floodplain
aquifer (i.e. hydraulic conductivity), river characteristics (i.e. bed
conductance, bank slope, depth) and vegetation condition. Further
studies are recommended to investigate other potential drivers and
salt interception measures, such as artificial floodplain inundation.
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