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1 | INTRODUCTION

Loss of water through the streambeds of ephemeral streams is thought
to be a key pathway of aquifer recharge in arid and semi-arid dryland
regions (Costa, Bronstert, & de Araujo, 2012; Cuthbert et al., 2019;
Keppel & Renard, 1962; Lerner, Issar, & Simmers, 1990; McCallum,
Andersen, Giambastiani, Kelly, & lan Acworth, 2013; Qin et al., 2012;
Renard & Keppel, 1966; Wang, Pozdniakov, & Vasilevskiy, 2017;
Wang, Yu, Pozdniakov, Grinevsky, & Liu, 2014; Wheater, Sorooshian, &
Sharma, 2008). Such regions sustain a high population, more than
38% of the global population (GLP, 2005; Reynolds et al., 2007), who
mostly rely on groundwater resources as their primary source of fresh-
water (Dai, 2012; Feng & Fu, 2013; Huang, Yu, Guan, Wang, & Guo,
2015; IPCC, 2013; Trenberth et al., 2013). For this reason, understand-
ing the mechanisms of recharge from ephemeral streams is of critical
importance for sustainable management of water resources in dryland
regions (Gleeson, Cuthbert, Ferguson, & Perrone, 2020). Key to devel-
oping improved understanding of such dryland processes is a better
appreciation of the degree and extent of interactions between surface
water and groundwater (SW-GW) within ephemeral stream systems.
Furthermore, improved understanding of the moisture dynamics below
and around ephemeral streams would enable a better characterisation
of water availability to dryland vegetation (Sargeant & Singer, 2016;
Snyder & Williams, 2000) and thus climate-groundwater interactions
(Cuthbert et al., 2019), as well as biogeochemical processing of key
nutrients and contaminants within the short-lived hyporheic zone
(Belnap, Welter, Grimm, Barger, & Ludwig, 2005; Meixner et al., 2007;
Singer, Harrison, Donovan, Blum, & Marvin-DiPasquale, 2016; Valett,
Fisher, & Stanley, 1990).

However, ephemeral streams are under-represented in existing
hydrological research into SW-GW interactions, with much greater
emphasis being placed on interactions under perennial streamflow con-
ditions (Jarihani, Larsen, Callow, McVicar, & Johansen, 2015). Neverthe-
less, insights from studies of perennial losing streams can be useful in
informing a deeper conceptual understanding of ephemeral streams.
For example, the steady-state loss of water from a perennial stream has
previously been characterised as follows (Brunner, Cook, & Simmons,
2009; Brunner, Simmons, & Cook, 2009; Fox & Durnford, 2003; Xian,
Jin, Liu, & Si, 2017): (a) connected state, in which fully saturated condi-
tions are developed in the region between the stream and the aquifer;
(b) transitional state, characterised by a partially saturated zone between
the stream and aquifer; and (c) disconnected state, in which an unsatu-
rated zone occurs between the stream and the aquifer. For a connected
state under steady conditions, the infiltration rate increases linearly
with the water table depth, whereas for the disconnected state, the
infiltration rate stays at its maximum value regardless of the water table
depth, although theoretically, its behaviour is asymptotical. The transi-
tional state is an intermediate state in which the relationship between
the infiltration rate and the water table is non-linear. Under transient
conditions, for connected streams, the infiltration rate is expected to
vary gradually under changes in the river stage, whereas for discon-
nected streams the infiltration rate will immediately change, reaching a

new steady state, after any change in the stream stage.

Despite this nomenclature becoming widespread in the literature,
we note that, even during a so-called disconnected state, flow of
water still occurs between the stream and the aquifer—there is no
hydraulic disconnection between SW-GW in real terms. Rather, the
term ‘disconnected’ simply refers to the fact that additional lowering
of the water table cannot induce a greater loss from the stream for
that particular set of conditions. The ‘stream-aquifer’ research com-
munity often use the term ‘interaction’ synonymously with ‘exchange’
of fluxes (Brunke & Gonser, 1997; Brunner, Cook, & Simmons, 2011;
Winter, 1995). However, here we are using the term ‘interaction’ in a
broader sense to encompass the ways in which the stream and aquifer
have a hydraulic effect on one another. Thus, we consider that the
hydraulic interaction between surface and groundwater in the ‘discon-
nected’ state is still uni-directional, whereas in the ‘connected’ state
there can be feedback from the groundwater to the surface water
and thus the hydraulic interaction can be said to be bi-directional.
We also note that the state of the system may change through time
(see, e.g., Rau et al., 2017), a further reason that categorising SW-GW
interactions as connected or disconnected may be misleading.

An important characteristic of SW-GW interactions that has been
also shown in previous studies is the development of an inverted water
table (IWT) (Peterson & Wilson, 1988; Wang et al., 2016; Xian et al.,
2017; Xie, Cook, Brunner, Irvine, & Simmons, 2014). The IWT is defined
as the saturated zone immediately underneath the stream where the
total pressure is equal to atmospheric pressure (i.e., pressure head
equals zero). However, owing to a lack of field observations, the devel-
opment of the IWT has only been tested using laboratory and numerical
experiments (Wang et al., 2016). Such research shows that, under
steady-state conditions, the IWT could develop inside the streambed
for homogeneous materials and stream stages smaller than the stream-
bed thickness (Wang et al., 2016), whereas for thin streambeds it may
extend well below the bottom of the streambed (Brunner et al., 2011;
Brunner, Cook, & Simmons, 2009; Brunner, Simmons, & Cook, 2009;
Fox & Durnford, 2003). Under changes in stream stage, for thin stream-
beds, the extension of the IWT may increase or decrease immediately
below the streambed, whereas for thicker streambeds the development
of the IWT will gradually increase its size for any change in stream stage
(Xian et al., 2017). In ephemeral streams we anticipate that the develop-
ment of the IWT should be controlled by factors such as the degree of
saturation, initial water table depth, the magnitude, timing and sequenc-
ing of streamflow events and hydraulic properties, including anisotropy,
of the streambed sediments. However, these factors have not yet
been evaluated in the literature, despite recent advances in understand-
ing the nature of groundwater mounding beneath ephemeral streams
(Cuthbert et al., 2016).

In addition to a lack of fundamental research on the general
understanding of SW-GW interactions in ephemeral streams at small
scales, its importance at larger scales has also been neglected (Alkama
et al., 2010; Decharme, Alkama, Douville, Becker, & Cazenave, 2010;
Doll, Douville, Giintner, Schmied, & Wada, 2016; van Beek &
Bierkens, 2009; Wada et al., 2010; Wada, Wisser, & Bierkens, 2014).
In addition, previous work has not properly characterised ephemeral

stream-aquifer interactions in a manner that enables them to be



QUICHIMBO &t AL.

WILEY_L_*

incorporated into larger-scale hydrological or land surface models
(Dol et al., 2016; Taylor et al., 2012) despite their recognised impor-
tance for generating focussed recharge.

Here, we first propose a general conceptual model for
characterising the main factors that control SW-GW interactions in
ephemeral streams and their role in affecting the water balance of arid
and semiarid regions. These concepts are then tested using a series of
numerical model simulations, enabling the quantitative evaluation of

different scenarios of stream-aquifer interactions.

2 | ACONCEPTUAL MODEL OF
EPHEMERAL STREAM-AQUIFER
INTERACTIONS

Despite the paucity of research on ephemeral stream-aquifer interac-
tions, existing hydrological theory can inform the likely range of con-
trols on these interactions. We propose that the following factors will
be most important in controlling the degree of bi-directional hydraulic
interactions: water table depth, stream stage, hydrograph shape, time
between events, channel shape, channel boundary permeability and
water retention characteristics of the subsurface materials. All these
factors may vary individually or in combination in real systems. For
example, channel shape will impact the infiltrated volume by increas-
ing or decreasing the wetted perimeter and, consequently, the rate
of infiltration through the streambed. Streambed permeability will
increase infiltration rates for high values of permeability and reducing
it for low values. Flow duration and frequency affect the amount of
water available ultimately available for infiltration, and the amount of
water than can infiltrate will depend on the degree of saturation and
the water table depth. To illustrate the general way in which interac-
tions may occur, we can characterise two end-member responses for
‘deep’ and ‘shallow’ water table systems that depend on the variations

between these parameters as shown in Figure 1.

(a) Deep water table
channel

In the case of a deep water table, the frequency of events will
affect the degree of saturation based on the prevailing time of drain-
age between events and consequently, the rate at which the channel
bed can infiltrate newly arrived water. The process of water flowing
through a thick variably saturated zone is depicted in Figure 1a in a
two-dimensional cross section. When the stream stage starts to rise
the IWT starts to develop, at a growth rate and size that are con-
trolled by the antecedent saturation and the hydraulic conductivity of
the sediments. Under lower antecedent saturation, which occurs
under long time periods between flood events, more water will infil-
trate below the streambed due to higher hydraulic gradients. The rate
of movement of the IWT will depend on the degree of saturation, and
for lower values of saturation the IWT will move more slowly down-
wards. The movement of the IWT will also be affected by anisotropic
characteristics of the sediments, which may favour increased horizon-
tal spreading of water. At the end of the event, the IWT becomes sep-
arated from the streambed as it descends due to gravitational
drainage. At the same time, it decreases in size (areas decrease from
t1 to t5 in Figure 1a) due to the losses associated with the spreading
of water due to capillary forces. No influence of the water table depth
is expected during the advance of the IWT for this case of a deep
water table, and the rate of IWT movement is only a function of the
saturation state of the sediment surrounding and below the channel.

For the case of a shallow groundwater system, the frequency of
streamflow events combined with the antecedent water table depth
will influence the infiltration rate. This process is shown in Figure 1b.
Under this scenario, as the IWT develops within the thin variably satu-
rated zone it rapidly interacts with the shallow water table creating a
continuous zone of saturation beneath the stream; the hydraulic gra-
dient is thus reduced and consequently the infiltration rate declines.

For both shallow and deep water tables, the change in saturation
within the material surrounding and below the channel under differ-
ent pressure heads will depend on their hydraulic and water retention
properties (hydraulic conductivity and soil moisture retention curve).

(b) Shallow water table

IWT

FIGURE 1

channel

Conceptual process model of interactions between ephemeral streams and an underlying homogeneous aquifer for (a) deep and

(b) shallow water tables. Dashed lines represent the evolution of the inverted water table (IWT) and the water table mound at time t; during
and after a streamflow event. The hypothetical shape and size of the IWT depend on the magnitude, shape and duration of the streamflow
hydrograph and the antecedent conditions of saturation (inherited from the previous dry period), as well as hydraulic and soil moisture retention

properties of the sediments
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In this article, we seek to test and generalise this conceptual
understanding via idealised numerical modelling, which enables quan-
tification and insight into a poorly understood process that is very

common in drylands.

3 | METHODS

3.1 | Numerical modelling

The purpose of the numerical modelling was to quantify the
influence of key factors that control transient infiltration rates from
ephemeral streams. A set of scenarios was developed to simulate
the transient characteristics of the infiltration process under variations
in: (a) magnitude/duration of streamflow events; (b) frequency of
the events (and inter-arrival times); (c) initial water table depth;
(d) hydraulic properties including soil moisture retention properties of
the homogeneous material underlying the channel; and (e) the channel
geometry. Our intention here is not to provide a comprehensive anal-
ysis across all possible dryland stream configurations and parameter
sets. Rather we seek to demonstrate the general behaviour of ephem-
eral steam-aquifer interactions by quantitatively testing our concep-
tual model with a focus on developing a process-based understanding
of such systems.

3.1.1 | Model geometry

The model was defined as a 2D cross sectional block containing a
rectangular ephemeral channel, and a broad homogeneous aquifer
(unconfined and variably saturated) with a water table within it. This
configuration is broadly representative of ephemeral streams of dry-
land regions, which typically express as relatively simple geometrical
shapes (Singer & Michaelides, 2014; Sutfin, Shaw, Wohl, & Cooper,
2014). A homogenous aquifer with a cross-section of 100 m width
and 60 m depth was used in which processes are modelled within a
‘half-space’ (Figure 2). The width of the model domain was located at

a sufficient distance from the stream to avoid high variations of

(a) (b) stream

j[«——>

6m
stage

~ e

pressure head close to the boundaries. The width of the stream, which
can greatly vary in ephemeral streams, was chosen to be 12 m, which
broadly corresponds to the dimensions of an incised alluvial stream
located in a piedmont or a lowland zone of studied arid or semiarid
regions (Jaeger, Sutfin, Tooth, Michaelides, & Singer, 2017).

312 |
methods

Governing equations and numerical

Flow under unsaturated conditions can be described by the following
equation (Richards, 1931):

(G569 2+ 9.(~Kk (VHy + 72)) = O &

where H, is the pressure head [L], K is the saturated hydraulic conduc-
tivity [LT™Y], k, is the relative permeability [-], Q. is a fluid source
term [T71], z is the vertical elevation [L], S is the storage coefficient
[L7Y, t is time [T], V is the gradient operator, S. [-] is the effective

saturation estimated by:

Se = (2)

where 0, and 6, represent the saturated and residual liquid volume
fraction, respectively.
0 is described by using the van Genuchten soil moisture retention

equation (van Genuchten, 1980):

Os—6,
6,+—— H,<0
0= (1+|aH, )™ 7 (3)
05 Hp20

where a [L™Y, n [-] and m [-] are empirical parameters, with m equal
tol-1/n.
Relative permeability k, is also estimated by the van Genuchten

method in the following way:

Base case

-1
Ks=1.45[md ]
n=1.89
«=75[md"]
6,=0.01
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-
>

Water Table
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Boundary
conditions

77777 No flow
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7777 777

| time
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FIGURE 2

100m Head

(a) Shape of the flow event is implemented as a specified head boundary condition at the stream base and sides. Before and after

the flow event in the channel, the boundary condition switches to become ‘no flow’; (b) cross section of the idealised transect considered in the
numerical model, including a list of the boundary conditions and parameters of the base case model
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The specific moisture capacity C,, [L™1] is defined by the following

equation:

We chose to use COMSOL V5.1 Multiphysics for the numerical
model in order to have the necessary flexibility in the applied equa-

tions and boundary conditions.

3.1.3 | Boundary conditions

COMSOL allowed us to define appropriate boundary conditions to
represent the switch between ponded and dry channel conditions
necessary to simulate ephemeral flows. Since COMSOL does not
consider explicitly surface-subsurface interactions under saturation
excess, this condition was implemented by assuming a continuity pres-
sure and flux at the wetted perimeter of the channel. This was speci-
fied by using a Cauchy boundary condition (Chui & Freyberg, 2009;
Jazayeri-Shoushtari, Nielsen, Cartwright, & Perrochet, 2015) to switch
between Dirichlet and Neumann boundary conditions, representing
pressure head and flux conditions, respectively, by following a similar
approach described by Chui and Freyberg (2009):

KV (Hp +2) =R(H,—H) (6)

where: H, = z +y represents the hydraulic head in the channel, and
H =z + H, represents the hydraulic head in the streambed, y is the
stream stage [L], and R is a conductance term [L™!]. Values of R in
Equation (6) should be large enough in order to guarantee a pressure
continuity at the streambed and to keep at the same time the pressure
head similar to the stream stage at the bottom of the channel. In
the present simulation, a value of 1,000 d~* for R was specified in
order to assure the accuracy and convergence of the model results
in acceptable simulation times.

In order to simulate ephemeral channel conditions, the parameter
R was switched to zero when the stream stage was zero, creating a
no-flow boundary condition. This switching was applied gradually
over a period of 2 hours prior and after the event by using a smooth-
ing function in order to enable convergence of the model during the
large changes in hydraulic gradient that result (Chui & Freyberg, 2009;
Chui, Low, & Liong, 2011).

In order to define the size and distribution of the finite element
model mesh, various geometrical distributions were analysed in order

to ensure the accuracy and convergence of the results. As a result,

a triangular mesh was specified for the entire model domain, in which
the size of the elements varies between 0.05 and 1.0 m, according
to the characteristics of the flow and the balance between the model
accuracy and efficiency. Elements with a minimum size of 0.05 m
were specified in the region below the stream (Figure 2). The mesh
was also refined in the region located between the water table and
the streambed as well as above the water table. These refined regions
allowed for a better representation of the highly non-linear behaviour
of the unsaturated zone at the region corresponding to the capillary
fringe.

The solution for the numerical model was obtained using the
numerical solver MUMPS (MUltifrontal Massively Parallel sparse direct
Solver) in COMSOL v5.1. MUMPS, which is based on the lower-upper
decomposition, used an adaptive time step with a minimum time step
of 0.001 d, although the time step for the model output was specified

as 1 hour in order to optimise computational resources.

3.1.4 | Initial conditions

Choice of initial conditions in ephemeral streams is non-trivial due to
complex antecedent moisture conditions implicit in such systems. Two
options for initial conditions often used in unsaturated zone models
are either a hydrostatic initial state of the water table and unsaturated
zone or a periodic steady state for a specific dry period length. How-
ever, both of these can be unrealistic considering the typically highly
variable frequency of flow events in ephemeral systems. Thus, we
implemented a compromise between these end members as follows.
First, a steady-state condition for a small stream stage corresponding
to 0.5 cm was specified in order to raise the moisture state of the
unsaturated zone above the unrealistically dry conditions that hydro-
static conditions would imply. Second, using this initial steady-state
condition the stream stage was then set to zero in order to let the sedi-
ment drain and to allow the dissipation of groundwater mound for a
period of approximately a year (360 days) of no flow. Third, at the end
of this no flow period, a pair of identical flow events was modelled
using the various types of flow event described below, separated in
time by a dry period whose duration was also varied as described
below. The second event of the pair was then analysed and included in

the results presented in the following sections.

3.2 | Base case scenario and sensitivity analysis

A base case model was defined with a K of 1.45 m dayfl, which corre-
sponds to sandy loam sediments (Carsel & Parrish, 1988). This is
consistent with the permeability of a sandy streambed typical of
ephemeral streams characterised as high-energy environments, due to
high flow velocities that can reduce the chance of the deposition of
fine sediments on the bottom of stream (Peterson & Wilson, 1988;
Xie et al., 2014). While it is recognised that clogging layers can be
deposited as ephemeral flows abate, they are also often scoured out

during the first stages of the next event (Lerner et al., 1990). Given
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the objectives of the modelling to determine behaviour in a homoge-
neous system, this complication is out of scope of this article but
will be included in future work. Unsaturated soil parameters for the
van Genuchten soil water-retention curve of a sandy loam sediment
were assigned as 7.5 m~* and 1.89 for « and n, respectively, and 0.01
and 0.33 for residual, 6,, and saturated, 0,,;, moisture water content,
respectively (Carsel & Parrish, 1988). A pair of trapezoidal, 7-day flow
events were then simulated, in which the rising limb lasted 1 day, the
peak was represented as a flat period of 1 day, and the falling limb
comprises 5 days. The dry period between the pair of events was
10 days for the base case model.

Ephemeral streamflow events can show a huge variation in
hydrograph shape, return period and duration. In small ephemeral
streams, streamflow shape is characterised by a rapid increase and
decrease of the stream stage (Costigan et al, 2017; Malmon,
Reneau, & Dunne, 2004). However, the peaks can decrease slowly
for longer ephemeral flood events (Dahan et al., 2008; Vivoni, Bow-
man, Wyckoff, Jakubowski, & Richards, 2006). Streamflow durations
can vary from several hours up to several days (Cataldo, Behr,
Montalto, & Pierce, 2004; Constantz & Thomas, 1997; Costigan
et al., 2017; Jarihani et al., 2015; Knighton & Nanson, 1994; Wheater
et al., 2008) or even weeks (Rau et al., 2017). Therefore, variations
from the base case were simulated in order to assess the sensitivity
of the stream-aquifer interactions to the aspects hypothesised to be
important (see conceptual model description, Section 2) as follows:
streamflow duration, dry period length between flow events and

hydraulic properties.

3.3 | Streamflow duration and water table depth
The shape of the event hydrograph was varied by changing the total
duration of the event from 7 to 16 days. The rising and falling limb
of the hydrograph were kept the same as the base case scenario
(i.e., 1 and 5 days for the rising and falling limb, respectively) but
the duration of the peak of the event was varied with values of
1 (base case), 5 and 10 days.

34 |
events

Length of dry period between streamflow

The influence of the dry conditions is evaluated by two streamflow
events separated by a specific period of time. Time periods between
events allow the drainage of water from the unsaturated zone and
the dissipation of the water table mound after a streamflow event
occurs, these conditions are reflected in the degree of saturation and
water table depth and they become the initial condition for the next
event.

Duration of the dry period shows great variability in real ephem-
eral streams (Costigan et al., 2017), in part due to the high spatiotem-

poral variability in runoff-generating rainfall events (Michaelides,

Hollings, Singer, Nichols, & Nearing, 2018; Singer & Michaelides,
2017). Therefore, we have used a range of 10-360 days for the dura-
tion of the dry period in order to include seasonal variations (Table 1).
The analysed event corresponded to an event peak of 5-day duration

event for the simulations.

3.5 | Soil hydraulic and water retention properties
The characteristics considered in the sensitivity analysis were:
(a) hydraulic conductivity, (b) water retention curve and (c) storage
capacity. These were evaluated separately and are summarised in
Table 1. Values of K were varied between 1.0 and 2.0 m d™! in addition
to the base case value of 1.45 m d~L. For the water retention curve, its
shape was varied by changing the a and n parameters (Table 1). Higher
values of a and n correspond to coarser material with higher content
of sand while low values of these parameters correspond to finer
material with higher clay content. Finally, the available storage capacity
of the material (05 — 6,) was varied by increasing and decreasing the
saturated water content by +10%.

3.6 | Transmissivity

The influence of aquifer transmissivity was evaluated by increasing
and reducing the height of the model domain by 10 m while keeping
the K value constant.

37 |
width

Channel cross-section shape and channel

Channel cross-section was evaluated by changing the channel width
in relation to the base case scenario. For a channel width larger than
the base case scenario, the model domain was also increased in order
to reduce the influence of lateral boundary conditions. Since it is intui-
tive that the increase in channel width increases the total infiltration,
the infiltration per unit length flowing through the streambed was
used for comparative analysis. Channel cross section shape was also
considered by simulating and comparing results for rectangular, trian-
gular and trapezoidal shapes. For the latter two cross sections, a slope
of 1:1 was specified for the channel banks.

3.8 | Combinations of parameters used in
sensitivity simulations

All variations of the above parameter variations where carried out in
combination with variations in initial water table depth values of: 1, 3,
5, 10, 15, 20 m below the streambed (Table 1). In addition, the length
of dry period and event peak duration were also varied in combina-
tion. (Table 1).
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TABLE 1

Parameter being
varied

Length of dry
period between
streamflow
events

Event peak
duration

Saturated hydraulic

conductivity, K

Soil hydraulic (van
Genuchten)
parameters,
aandn

Transmissivity

Storage capacity

Cross section shape

Cross section width

Range of variation
10 days (base case)
30 days

60 days

90 days

150 days

360 days

1 day (base case)
5 days

10 days

1md™

1.45 md~? (base

case)

2md™?

Coarse material:
a=104m™%
n=228

Base case:
a=75 m'l;
n=1.89

Fine material:
a=36m
n=156

Aquifer thickness of
60 m (base case)

Increase of 10 m of
the aquifer
thickness

Decrease of 10 m of
the aquifer
thickness

-10%: 6, = 0.01,
054t = 0.300

Base case: 6, = 0.01,
Osat = 0.33

+10%: 6, = 0.01,
052t = 0.373

Rectangular (base
case)

Triangular
Trapezoidal
1m

2m

6 m (base case)
12m

24 m

Total number of simulations

Model scenarios and number of events per scenario

Other parameters
that were varied in
combination (number
of combined
simulations in
brackets)

Water table depth
(36)

Water table depth
Dry period
(72)

Water table depth

Dry period
(72)

Water table depth
(12)

Water table depth
(12)

Water table depth
(12)

Water table depth
(12)

Water table depth
(24)

252

4 | RESULTS
4.1 | Conceptualising a single flow event in time
and space

Based on the results of the numerical simulations, the hydraulic pro-
cesses governing the loss of water from an ephemeral stream transect
can be described as follows for a 3-day streamflow event with a
1-day peak (Figure 3, stage hydrograph shown in Figure 4). During a
streamflow event occurring after a dry period of no flow in the stream
(Figure 3a,f), as the stream stage starts to rise a saturated zone and
IWT start to develop at the bottom of the channel (Figure 3b,g).

For deep water tables, an IWT forms by the time the streamflow
hydrograph has reached its peak value. In this case, the hydraulic head
at the bottom of the channel is equal to the stream stage (2 m) plus
the elevation (57 m), as shown in Figure 3b. At the IWT, where the
pressure head equals zero, the hydraulic head is equal to the elevation
head and consequently intersects the gravity drainage line. Immedi-
ately below the IWT, the hydraulic head plots above the gravity drain-
age line indicating unsaturated conditions. In the deeper water table
case, the zone of saturation below the streambed continues expanding
during the event until the streamflow ceases (Figure 3c), after which
the IWT starts to move downward until it disappears as a result of lat-
eral spreading dominated by capillary forces and downward spreading
dominated by gravity forces (Figure 3d). Much of the remaining water
above the water table, which is temporally stored in pores, continues
to move downward through the unsaturated profile until it eventually
reaches the water table producing recharge (Figure 3e). Since this pro-
cess is relatively slow, no significant groundwater mound develops
underneath the stream as the lateral movement of water in the aquifer
towards the lateral boundary keeps pace with the rate of recharge.

By contrast, for the case of an initially shallower water table, the
IWT quickly expands downwards developing a fully saturated zone
between the stream and the aquifer (Figure 3g). However, the water
table drops below the channel once the stream event ceases (Figure 3i).
In this case, lateral groundwater flow cannot keep pace with the rate of
recharge during the event and a groundwater mound is created beneath
the stream (Figure 3j). For shallow water tables, the pressure head
and the infiltration rate at the peak of the event are similar to those
within deep water table simulations. However, fully saturated conditions
between the stream and the aquifer are reached faster after the onset
of the event for shallow water tables (Figure 3g) as a result of the
reduced storage capacity and a higher antecedent moisture content aris-
ing from the initial conditions. Hence, at later times the infiltration rates

are lower for a shallow water table compared with the deeper water

Note: Each analysed event corresponds to the second streamflow event
for each event pair simulated (see section 3.1.2.). Scenarios of water table
depths (x 6) were 1, 3, 5, 10, 15 and 20 m below stream bed. Dry period
between events (x 6) modelled were 10, 30, 60, 90, 150 and 360 d. Total
number of events are in parenthesis. Parameters for the base case sce-
narioarea=7.5m 5 K=145md % n=1.89.
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plotted in Figure 4a) which otherwise uses the base case scenario parameters and geometry (see Figure 2). Note that the vertical depth axes in (a-
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table case (Figure 3c,h), due to the lower hydraulic gradients produced

by the quicker development of fully saturated conditions between

stream and aquifer.

Figure 4 shows how vertical flow rate at the bottom of the
channel and pressure head and saturation at 1.0 m below the bottom

of the channel vary during the same streamflow event plotted in
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Figure 3, for both the shallow and deeper water table cases. At the
beginning of the event (t = 0 d), the infiltration rate suddenly increases
as a result of the rapid change of the pressure head in the stream from
zero to positive values, which in turn produces high hydraulic gradi-
ents driving flow as a result of the beginning of the development of a
thin IWT. A step-decrease of the infiltration rate then follows, due to
the rapidly declining hydraulic gradient at the streambed as the IWT
continues to develop. As the stream stage rises the pressure head also
rises but at a slightly slower rate, which in combination with the
slower rate of development of the IWT results in the overall increase
of the infiltration rate (0 < t < 1 d, Figure 4a).

When the stream stage reaches its peak (t = 1 d), the infiltration
rate reaches its maximum values and suddenly declines due to the
reduction of hydraulic gradient as a results of the continuous rise of
the pressure head beneath the stream and development of the IWT
(1 <t<2d, Figure 4a,b). The rate of rising of the pressure head for
shallow water tables is larger than that for deep water tables due to
the quicker feedback of the water table (Figure 4b). Finally, when the
stream stage starts to fall (t = 2 d), the pressure head also decreases
and becomes negative by the end of the flow event. This results in
the decrease of the hydraulic gradient and consequently the reduction

of the infiltration rate (Figure 4a).

4.2 | Theinfluence of dry period duration between
flow events and water table depth on streambed
infiltration rates

As dry period duration between flow events varied, we found that
total streambed infiltration increased with the length of dry periods,
irrespective of water table depth (Figure 5a). The total volume of infil-
tration shows a particularly high range of variation for dry periods
with a duration of less than ~35 days (Figure 5a). For longer dry
period durations, the total volume of transmission losses approaches a
constant value. As water table depth varied, we found that for water
tables shallower than ~10 m, infiltrated volumes increase significantly
with water table depth. For water tables deeper than 10 m, the varia-
tion of the total infiltrated volumes is relatively unaffected by any fur-
ther increases in water table depth, although there are still small
variations (<10%), associated with variations in dry period duration
(Figure 5b).

These results are intuitive because for events occurring after
short dry periods, we would expect the rate of decay of the degree of
saturation to be higher after the event has ceased caused by the
downward movement of the IWT (Figure 4c). For longer dry periods

following an event, the rate of change in the degree of saturation
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slows considerably, and becomes nearly constant (Figure 4c). This
reduced variation of saturation states for long dry periods between
events means that the infiltrated volume does not vary much when an
event occurs, reaching an almost constant value depending on the
depth of the water table (Figure 5a).

For shallow water tables of <3 m in our simulations, the range
of variation of total infiltrated volume due to the length of dry period
is also restricted, but in this case due to the rapid connection of
the IWT with the water table and the influence of the capillary fringe
(Figure 5a). The extension of the capillary fringe represents a region
in which the degree of saturation reaches a constant value. Therefore,
the initial conditions for a shallow water table will be similar for
any dry period length, which in consequence will result in a similar vol-
ume of water losses for events, irrespective of dry period duration

between events.

4.3 | The influence of streamflow duration
A summary of the simulation results used to test the influence
of streamflow duration on total streambed infiltration volumes are
shown in Figure 6. As expected, infiltrated volumes increase with the
duration of the event. Variation in flow event duration shows that the
maximum value of infiltrated volume is asymptotically reached later
for longer streamflow durations and for deeper water table depths.
For example, the increase in infiltrated volume reaches a steady value
at water table depths of around 10, 15 and >20 m for 1-, 5- and
10-day-long flow events, respectively.

For shallow water tables, the increase of infiltration losses is

limited due to the rise and lateral expansion of the groundwater

250

Infiltrated Volume [m3]

0 T T T T T T T T
0 4 8 12 16 20
Water Table Depth [m]

T

FIGURE 6 Variation of streambed infiltration volume during a
single event as a function of the duration of the streamflow event, the
length of dry period between events (shaded range in the style of
Figure 5), and water table depth

mound below the stream, which quickly reduces the hydraulic gradi-
ent and regulates the infiltration rate (Figure 3i). For deep water
tables, there is more pore-space available to enable continued lower-
ing of the IWT which enables higher infiltration and, consequently,
a larger increase in total infiltration volume (Figure 6). As the

streamflow duration increases, the maximum depth at which this
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feedback from the water table occurs is therefore also greater. Thus,
the limit to the depth of eventual SW-GW bi-directional interactions
may be 10s of metres in the scenarios simulated, but in principle even
greater for other combinations of high permeability sediment and

long flow durations.

44 | Theinfluence of sediment properties

Overall our simulations showed that the total streambed infiltration
volume per event increases as the sediment hydraulic conductivity
increases (Figure 7a), the ‘coarseness’ of moisture retention curve
increases (Figure 7b) or the amount of total pore space available
increases (Figure 7c).

Total infiltration is particularly sensitive to changes in hydraulic
conductivity because infiltration rate is proportional to the hydraulic
conductivity and the hydraulic gradient. For a specific stream stage,
the hydraulic head and consequently the hydraulic gradient remain
similar. The opposite occurs for low values of hydraulic conductivity.
However, when the shape of the moisture retention curve is chan-
ged, rates of infiltration also change due to changes in hydraulic gra-
dients. Larger changes of hydraulic gradients are expected for coarser
material, particularly at low degrees of saturation, due to the sharper
change of pressure head in relation to water content. While total
infiltration increases with increasing storage capacity as expected
due to more pore space being available under partly saturated condi-
tions, this effect is quite small. This suggests that the capacity for
water to flow through the streambed and underlying sediments,
rather than the absolute volume of storage available beneath the
stream, is the primary control on the overall volume of streambed
infiltration.

For the relatively high transmissivity values (68.2-95.7 m? d%)
considered in the analysis, our simulations (not shown) showed that

the infiltration rates and water table depth thresholds are relatively

insensitive to changes in this parameter. A small variation which varies
from 5% for shallow water tables to 0.3% for the deeper water table
was observed of the total infiltration rate in relation to the base case
scenario due to the development and dissipation of the groundwater
mound and its interaction with the IWT. For deep water tables, the
interaction with the water table was limited, and consequently the
variation of the total infiltration due to changes in transmissivity was
negligible.

4.5 | Theinfluence of geometrical characteristics
of the stream channel

We found that infiltration through the streambed for both trapezoidal
and rectangular channel geometries showed differences with higher
values (6%, not shown) for the rectangular shape which are consistent
with the shorter wetted perimeter in comparison with the trapezoidal
shape that reduces the influence of lateral flow due to capillary flux
during the advance of the IWT.

Since the triangular channel geometry does not have a ‘streambed’
as such (only a channel invert), for comparison of all three geometries
tested, we compared infiltration rates just through the streams' banks.
Figure 8 shows that the total bank-infiltrated volume increases sub-
stantially for both the triangular and trapezoidal shapes in comparison
with the base case rectangular shape. The increase is also affected
by the water table depth, although a threshold for maximum infiltra-
tion rates is still reached for deeper water tables for all cross-section
shapes.

The increase of the bank-infiltrated volume for triangular and
trapezoidal shapes is intuitive due to the increase of the wetted
perimeter. The combination of both vertical and lateral flow driven
by gravity and capillary forces plays an important role in total stream
losses. The higher stream bank losses for a triangular cross section is

explained by the smaller perimeter of the wetted front which makes

()

140 140 140
4 K= ] ]
120+ 120 120 1
£ K=14smdayBC|E 1 E
2 100+ 2100{ o 200
= . E i Water 3 N
g 2 retention °
T 801 >° 80 4 N curve zso _
Z 601 £ 60 F £60 - - () 10% Storage
= K®1.0 [m =] € 1 /- Finer Material—| £ A — Base Case
40 40- / — Base Case 04fF (+) 10% Storage
. 4 -~ Coarser Material “Water Content 1
o 4 8 12 16 20 0 4 12 16 20 0o 4 8 12 16 20

4 8 12 16
Water Table Depth [m]

Water Table Depth [m]

Water Table Depth [m]

FIGURE 7 Variation of infiltrated volume in relation to water table depth for changes in the hydraulic properties: (a) hydraulic conductivity,
shaded area indicates the range of variation for dry period duration between flow events of 10-360 days, (b) water retention curve shape and
(c) variation of storage capacity; (b) and (c) correspond to a 7-day event occurring after a dry period of 360 days (see Table 1)
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the combined horizontal-vertical flow reach higher values. For the
trapezoidal shape, the base of the channel increases the perimeter of
the overall wetted front affecting both the lateral flow due to capil-
lary forces and the vertical flow which in turn results in less infiltra-
tion in comparison to the triangular shape. In the case of the
rectangular channel, the small infiltrated volume at the banks is the

result of the short wetted perimeter of the channel and the lower
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FIGURE 8 Variation of the infiltrated volume due to variations in
the shape of the channel cross section for the flow event defined in
the base case scenario. Plotted values correspond to water infiltrated

influence of lateral flow which in turn makes the vertical flow higher
than the streambed flow of the trapezoidal shape section (Xian
etal., 2017).

Figure 9 indicates that the infiltration per unit length varies
for different combinations of changes in channel width and water
table depth. For example, for wider channels, the infiltration per
unit length receives feedback from the water table at deeper water
tables whereas for narrow channels this interaction only occurs for
shallower water tables (Figure 9a). The smaller degree of interaction
with the water table for narrower channels is explained by the
shorter wetted perimeter of the IWT which results in a rapid advance,
at highest rates of infiltration, of the IWT. When the IWT reaches
the water table, the development of a groundwater mound, which
is also narrower, is more easily spread laterally due to the higher
hydraulic gradient, resulting in less feedback to the infiltration rate.
As the channel width increases, the interaction with the water table
last longer due to the development of a bigger groundwater mound
which reduces the hydraulic gradient and consequently the infiltra-
tion rate.

The variation of the infiltration rate through both the streambed
and streambank shows a non-linear relation with the stream width.
Figure 9b shows how the infiltration per unit length through the
streambed changes from higher values for narrow channels to an
almost constant value for wider channels. For shallow water tables,
the streambed infiltration reaches a constant value for channels wider
than 5 m, whereas for a deep water table of 20 m, the infiltration
through the streambed only reaches a constant value for channel
greater than 15 m. This result shows that lateral flow has greater
influence in narrow channels than in wide channels. In addition, the
infiltration rates through the streambanks increase as the water table

depth increases as shown for the two end members plotted in

only through the streambanks (red lines) Figure 9.
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5 | DISCUSSION AND CONCLUSION

We set out to understand the process controls on transmission losses
from idealised ephemeral stream beds in dryland environments. We
first developed a conceptual model of factors that control infiltration
through the variably saturated zone around, and below, an ephemeral
streambed, and then quantified the relative importance of these fac-
tors using a suite of numerical model simulations. Specifically, we eval-
uated streamflow characteristics, time duration between streamflow
events, water table depth, aquifer hydraulic properties and channel
geometry.

For a given streamflow event, the initial saturation conditions
characterised by the duration of the antecedent dry period, the
hydraulic conductivity of the sediments, and the water table depth all
provide strong controls of the infiltration rates lost from the stream.
As expected from the conceptual model, deeper water tables com-
bined with longer dry periods and higher hydraulic conductivity
increase the amount of infiltrated water; the opposite occurs when
these parameters decrease.

Our analyses of the variability of infiltration rates when the geo-
metrical characteristics of the channel change, have important implica-
tions for hydrologic and land surface models, especially for large scale
models where narrow channels are difficult to represent, which can
result in the gross underestimation of infiltration rates. At smaller
scales, the variation of infiltration rates through streambanks due to
changes in the cross section will also impact the availability of water
for biochemical processes occurring within the streambed.

Our simulations show that infiltration rates vary non-linearly with
water table depth, although they become constant, dependent on the
local conditions, when a threshold in the water table depth is reached.
For a homogeneous aquifer with hydraulic properties corresponding
to a sandy loam material, the threshold for a 7-day streamflow event
(with a 1-day peak) is reached for water table depths greater than
approximately 10 m. This threshold, beyond which bi-directional SW-
GW interactions become limited, increases for longer events and can
be 10s of metres in some of the scenarios tested. For different values
of hydraulic conductivity, including anisotropy, a similar behaviour will
be expected with a threshold that will vary depending on the exact
combination of all components involved a particular situation.

In all these cases, the initial condition beneath the stream is
one of partial saturation, and yet we demonstrate that feedback from
the underlying groundwater is common during the simulated ephem-
eral streamflow events. Hence, we conclude that the paradigm of
characterising streams as either ‘connected’ or ‘disconnected’ derived
from studies of perennial streams (Brunner, Cook, & Simmons, 2009;
Winter, Harvey, Franke, & Alley, 1998) is not applicable to ephemeral
stream systems. We would, in fact, caution against the current
practice of using the term ‘disconnected’ streams at all, in favour
of referring to unidirectional or bi-directional SW-GW interactions,
depending on the relative extent of feedback given by groundwater
to stream losses.

The models presented here have been kept deliberately simple

in order to quantify a first conceptual outline of the dynamics of

SW-GW interactions in idealised ephemeral systems. Further work will
also explore the influence of evapotranspiration, floodplain topography
as well as anisotropy, heterogeneity and layering of sediments to test
these concepts across a broader range of real-world hydrogeological
contexts. Nevertheless, our results give an improved insight into the
possible importance of bi-directional feedback between groundwater
systems and ephemeral streams, and consequently to understanding
of subsurface water availability to plants and potential for subsurface
biogeochemical transformations. Such GW-SW interactions may be
very widespread across dryland regions where water tables are typi-
cally within a few 10s of metres of the surface (Fan, Li, & Miguez-
Macho, 2013). Oversimplified categorisation of ephemeral streams that
assumes ‘hydraulic disconnection’ between SW and GW in dryland
regions for water management purposes may be misleading since any
increase or decrease in water table depth caused by natural or human
activities could still affect the amount of recharge that the aquifer
receives in many cases. Such ‘capture’ of additional recharge (Theis,
1940) is generally ignored for dryland regions (Bredehoeft, 1997, 2002;
Bredehoeft, Papadopoulos, & Cooper, 1982). We suggest that there is
a broad spectrum of channels present within dryland environments
that function in a ‘transitional’, rather than a disconnected state. Since
dryland groundwater supplies a significant proportion of the world's
water for irrigated agriculture, and that the depletion of groundwater
of such regions is a major global issue, more ongoing research into the
potential feedbacks between SW and GW in these contexts in still
needed.
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