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Abstract

The interaction between river floods and groundwater not only replenishes groundwater resources, but also contributes to the
attenuation of flood waves and is therefore a hydrologic factor in flood risk management. The magnitude of this interaction is
expressed as bank storage, that is, the volume of the surface water that is temporarily stored in the riverbanks and slowly released
back into the river after the peak of the flood wave. The amount of bank storage depends not only on the hydrograph of the river, but
also on the morphology and hydrogeology of the river valley. This article offers a review of the current understanding and description
of water exchange between the river and aquifer, with a focus on exchange due to flood events. The main field measurement methods
of river-aquifer interactions, made to determine the properties of the aquifer, are summarized. The foundations of mathematical

models are also reviewed, centered on how the surface and groundwater flow models are coupled, as well as on dimensional and

process-related simplifications.
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1 Introduction

The importance of considering surface water and ground-
water as a single resource, and not as separate entities,
is the basis of integrated water resources management,
e.g., Winter et al. [1] state that "Management of one com-
ponent of the hydrologic system, such as a stream or aqui-
fer, commonly is only partly effective because each hydro-
logic component is in continuous interaction with other
components.". Numerous studies and review papers focus
on the interaction between surface water and groundwater,
including recent ones [2—5]. Many researchers reported on
the exchange of water in the hyporheic zone, induced by
seasonal changes in surface water level and groundwa-
ter level (e.g., [3, 6—8]). However, surface and groundwa-
ter exchanges induced by major flood events are different
from those induced by seasonal changes in river stages [9].
In fluvial environments, pluvial floods can occur by rap-
idly rising of surface water level. On some occasions, the
level of surface water may exit onto the floodplain, caus-
ing surface water to infiltrate vertically and horizontally
into groundwater (e.g., [10, 11]). The water stored in the
banks, called bank storage, will return to the river after

the flood wave passes [12—14]. The amount of bank storage
will depend on parameters such as duration, height, and
format of the flood hydrograph, and the transmissivity and
storage capacity of the aquifer [15, 16].

River-aquifer interactions were documented first by
hydrologists and then by ecologists, as they began to rec-
ognize the importance of these exchanges for the biota and
metabolism of lotic ecosystems [4]. The consequences of
these exchanges in terms of water quality and ecological
processes will not be addressed in this article, since the
main objective of this review is the quantitative aspects.
For a comprehensive review of recent studies that focus
on the ecological and qualitative aspects of river-aquifer
interactions, we refer to [3, 4, 7].

To quantify the exchanges between groundwater and
surface water, a variety of techniques is addressed by water
managers in water resources, depending on the objective
of the study [17]. Instruments of field monitoring include
wells, piezometers, pluviometers, fluviometers, surface
water level gauges, among others, for different spatial and
temporal scales [18]. Tracing techniques have been widely
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used to characterize flow paths and estimate groundwater
flows [19], and can be used to estimate fluxes in small-
scale exchanges, such as hyporheic exchanges [20], as well
as in ariver reach [21]. For a regional scale (e.g., catchment
scale), the use of flow network modeling and analysis is
recommended (e.g., [22-24]).

As the universal analysis method, the space-time
responses of surface-groundwater exchanges and bank
storage due to flood events are quantified by numerical
or analytical models. Many researchers have put forward
analytical solutions that describe and quantify the water
movement between surface and groundwater (e.g., [9, 12,
15, 25-34]). Numerical flow models can also simulate the
highly complex movement of the water for bank storage
in the alluvial aquifer (e.g., [10, 11, 16, 35-40]). Most of
the cited studies resolve only the transverse dimension and
therefore, do not consider groundwater movement parallel
to the river, disregarding, then, the fact that large flood
events commonly result in a diffusive flood wave travel-
ing in the river channels, in which the peak of the river
stage attenuates with the travel distance downstream [41].
The diffusive flood wave will result in a groundwater flow
component parallel to the river channel. The responses of
groundwater flow in directions perpendicular and parallel
to the river are demonstrated through modelling in studies
such as [9, 28, 30], for example.

The goal of this review paper is to present the cur-
rent level of understanding of river-aquifer interactions,
assisting in managing the dynamics of surface water. The
paper summarizes the current state of knowledge of the
exchange processes between surface water and ground-
water, focusing on the effects of these interactions during
river floods, linking flood hydrograph and aquifer prop-
erties to the dynamics of bank storage, and summarizing
experiences of field monitoring as well as analytical and
numerical modeling.

2 Surface water and groundwater interactions in
floodplains

River reaches are commonly described according to the
type of hydraulic connection and flows between the river
and the aquifer [1]. Flow paths can occur either from the
water table to the river (=gaining or effluent river reach),
or from the river to the water table (=losing or influent
river reach) [2]. The direction of the flow is provided
by the piezometric gradient [17]: in a gaining reach, the
groundwater level is higher than the river level (Fig. 1(a)).

Conversely, a losing reach occurs when the river level
is higher than the groundwater levels, i.e., the piezo-
metric gradient is oriented from the river to the aquifer
(Fig. 1(b)). During a flood, the river behaves as a los-
ing reach in the rising limb, and as a gaining reach in the
falling limb [8, 14]. For this to happen, the river must be
hydraulically connected with the aquifer, which means that
the water table must intersects the river's streambed [42].
If the river is hydraulically disconnected, an unsaturated
zone exists between the streambed and the water table [43]
(Fig. 1(c)). In this case, the river reach is classified uni-
formly as a losing river reach [1]. If groundwater levels are
different between the two riverbanks, a flow-through river

path is formed (Fig. 1(d)). When the river level is equal
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Fig. 1 Groundwater and surface water interactions: (a) Gaining and (b)
Losing hydraulic connected reach; (c) Losing hydraulic disconnected
reach; (d) Flow-through reach; (e) Parallel-flow reach



to the water table level, the river is called a parallel-flow
(Fig. 1(e)) and in this case no large-scale exchange would
occur between river and aquifer [2].

In terms of a long timescale, a river may change from
effluent to influent across its length depending on the
crossed geological formations and on the flow regime [44].
In case of perennial, intermittent, or ephemeral rivers, dis-
charge conditions depend on the regularity of baseflow,
which, in turn, is determined by the groundwater level [45].

When overbank floods occur, water can infiltrate
across the floodplain surface, under ponded waters even
after floodplain flow has receded. In case of in-bank flood
events, infiltration is constrained to the smaller bed sur-
face. After the flood ends, with the drop in river water
levels, the hydraulic gradient and a water flow is oriented
from the alluvium back to the channel [11], which ends up
maintaining the baseflow (e.g., [13, 14]). It was noted that
the response of the floodplain during large overbank flood
events showed that floodplain hydrology is predominantly
a two-dimensional (in the vertical plane) process, with
infiltration occurring in the vertical (mainly across the
floodplain) and horizontal (near the riverbanks) direction.
A down-reach component parallel to the river makes the
infiltration three dimensional [10]. Fig. 2 shows the seepage
from the river to the aquifer during floods events. The vol-
ume of water stored in the alluvium and released after the
flood is called bank storage and is considered a significant
hydrological process for flood management. Notably, bank
storage can beneficially mitigate flood waves in a river that
has permeable riverbed materials [28, 35], but the raised
groundwater table can also cause damage in hollow under-
ground structures and along flood protection levees.

FLOODPLAIN

WATER-TABLE

WATER-TABLE

Fig. 2 Seepage from the river to the aquifer due to rise of river water
level: 1) initial river level; 2) river level in-bank; 3) river level overbank

Ferraz and Krédmer | 151
Period. Polytech. Civ. Eng., 66(1), pp. 149-163, 2022

Exchanges between rivers and aquifers can occur on
small spatial scales such as in the hyporheic zone (Fig. 3).
The subsurface zone where river water infiltrates through
short lengths of its adjacent bed and banks is called
hyporheic zone [1]. The size and geometry of hyporheic
zones vary significantly in time and space. The exchange
between groundwater and surface water in the hypor-
heic zone makes its chemical and biological characteris-
tics different from adjacent surface water and groundwa-
ter [1]. A longitudinal mass exchange occurs through the
hyporheic zone when the river loses water by infiltration
at a certain section upstream, and gains water at a cer-
tain section downstream, and vice versa. Various aspects
of the hyporheic zone have been reviewed by researchers,
such as [3] and [6]. Several important ecological aspects
(e.g., nutrient rates, aquatic organisms, biodiversity) are
based on hyporheic exchanges [7]. Groundwater mod-
els can be used to estimate the magnitude of hyporheic
flows [8]. For example, the effects of floods on the hypor-
heic zone in a mountain river network were studied [33].
The travel times of hyporheic groundwater were analyzed
using time series of electrical conductivity [46]. Bank fil-
tration performance during 'drought' and 'flood' climate
scenarios was also investigated [47].

3 Bank storage response to a flood hydrograph and
aquifer properties

The volume of bank storage depends on duration, height,
and shape of the flood hydrograph, on the transmissivity
and storage capacity of the aquifer (e.g., [4, 5]), as well as
the topography/morphology of the river valley (e.g., [21]).
Knowing this, the influence of the geometry of the flood
hydrograph in the discharge and bank storage was demon-
strated by [15]. There is high variability in the shapes
of the river stage hydrographs, owing to the diversity of
drainage basin characteristics, the distribution of the rain-
fall and the discharge rating curve of the river at a given
section, see e.g., [12]. For example, for a sharper rise of
flood levels, which is characterized by a lower ratio of con-
centration-time (tc) to flood duration (Td), infiltration rate

Fig. 3 Exchange flow through smaller areas (e.g., hyporheic zone)
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increases (Fig. 4(b)), and consequently, a larger volume of
water is infiltrated in the aquifer. However, the volume
stored (Fig. 4(c)) in the riverbanks is lower because of
a short rising time (Fig. 4(a)) [15].

Another important characteristic that influences bank
storage capacity is the hydraulic properties of the aqui-
fer. At a given distance from the river, the groundwa-
ter level increases with increasing values of aquifer dif-
fusivity (i.e., the ratio of transmissivity to storage) [15].
As expected, for higher values of aquifer diffusivity, wave
propagation into the aquifer is faster (e.g., [9]), bringing
the groundwater peak occurrence to an earlier time (Fig.
5(a)). On the other hand, the discharge (Fig. 5(b)) and bank
storage volume (Fig. 5(c)) decreases with increasing aqui-
fer diffusivity, since a higher value of aquifer diffusivity
corresponds to a lower storage coefficient of the aquifer
for a fixed value of transmissivity. In the absence of direct
field measurements, aquifer diffusivity can be determined
through analytical and numerical modelling [48]. It is com-
mon to assume aquifer diffusivity to be stationary at a local
scale regardless of hydromorphological conditions [49].

Nevertheless, if we increase transmissivity values and
fix diffusivity in a model, then discharge (Fig. 6(b)) and

»
>

- ——- lowtc/Td
— high tc/Td

GROUNDWATER LEVEL

TIME

- ——- low tc/Td
— high tc/Td

TIME

SEEPAGE
RIVER -> AQUIFER

=== " low tc/Td
— high tc/Td

H
»

BANK STORAGE

»

TIME

Fig. 4 Aquifer response for a flood hydrograph: (a) Groundwater level,
(b) Seepage between river and aquifer; (c) Bank storage

bank storage volume (Fig. 6(c)) increases as well [15].
Note that the groundwater level is unchanged; since it is
a function of aquifer diffusivity, and not of transmissivity
(Fig. 6(a)). On that account, in rivers with a coarse allu-
vium, i.e., with high aquifer transmissivity, the discharge
associated with bank storage increases [14]. The transmis-
sivity set in a model must reflect the properties of the soil,
and so will be influenced by the hydraulic conductivity of
both the riverbed and the aquifer [50]. In-situ measurement
methods can be used to determine the hydraulic conduc-
tivity of the streambed (e.g., [17, 51, 52]). However, these
approaches are challenging due to heterogeneity and the
problem of integrating measurements at various scales [3].
The hydraulic conductivity values derived from the model
calibration have a more conservative range than those of
laboratory and field measurements [53]. Recently, inte-
grated surface and groundwater models were developed
to determine spatial variations in hydraulic conductivity
across a river reach (e.g., [54, 55]).

The presence of riverine vegetation can increase the rate
of potential evapotranspiration, and, therefore, decrease
the groundwater levels [52]. For a higher potential evapo-
transpiration rate, slightly more river water can infiltrate
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Fig. 5 Aquifer response for various aquifer diffusivities: (a) Groundwater
level; (b) Seepage between river and aquifer; (c) Bank storage
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Fig. 6 Aquifer response for high and low aquifer transmissivities:
(a) Groundwater level; (b) Seepage between river and aquifer;
(c) Bank storage

into the aquifer, but also more bank storage is lost to
evapotranspiration [16]. Although these losses are usually
considered small, if a longer reach is considered or if the
reach is relatively far upstream, then the contribution from
hydrological processes such as evapotranspiration could
potentially be significant [56]. In the case of flash floods
(i.e., when there is a sudden, short-duration hydrological
response in a river, regardless of the structure of the rain
event or any process generated by the surface flow), the
duration of a flood is short enough to neglect evaporation
processes [54].

In summary, studies have shown the dependence of
surface and groundwater interactions on parameters such
as flood hydrograph and aquifer properties, to quantify
groundwater levels, infiltration between river and aqui-
fer and amount of bank storage. And to determine these
parameters, field monitoring must be done, which includes
hydrological measurements, such as surface water level
and water table monitoring, and soil samples to determine
aquifer properties.

4 Field monitoring

As reflected by the high number of case studies related to
the interaction between surface water and groundwater,
the need for methods to describe and quantify this flow
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is evident. Choosing the best method will depend on the
physical and hydrological conditions present in the case
study, as well as the interaction scale. A review of methods
and techniques available to quantify the flow between sur-
face water and groundwater can be found in [18] and [17].
In addition, [S] compare the relative magnitudes of the
hyporheic exchange, river-aquifer exchange, and bank
storage exchange in more than fifty papers.

For small spatial scales, survey of reaches with an extent
of tens to hundreds of meters, methods such as seepage
meters, "minipiezometers" or hydraulic potentiomanome-
ters, piezometers, may be most appropriate [18]. Seepage
meters provide a useful and inexpensive method of mea-
suring infiltration flow through unconsolidated sediments
in lakes, reservoirs, and rivers [55]. However, to obtain rep-
resentative average seepage fluxes, measurements at many
locations are required [17]. Piezometers provide point
measurements of hydraulic head, which allows a detailed
survey of the heterogeneity of flow conditions in the aqui-
fer [17]. Therefore, all hydraulic head measurements must
be taken at approximately the same time, and the resulting
contour and flow maps are representative of that specific
time only [1].

Additionally, tracing techniques have been widely used
to characterize flow paths and estimate groundwater flow
rates [19]. Applied methods include releasing of a nonre-
active tracer at a point in the river reach and measuring
its concentration over time at another point downstream
(e.g., [21]). The tracer can also be released in a well, how-
ever, the release and the observation wells must be located
close to each other due to groundwater velocities being
small [17]. Physical properties of the water, such as tem-
perature, can also be used as a tracer (e.g., [20, 57, 58]).
Groundwater temperatures are relatively stable through-
out the year, while stream temperatures vary strongly on
a daily and seasonal basis [17]. Therefore, in gaining river
reaches, sediment temperature and river temperature are
markedly different, and in losing river reaches, the diurnal
fluctuations of temperature in the river are reflected more
strongly in the sediment temperature [1].

At a larger spatial scale, in the order of meters to kilo-
meters of reach length, methods of analysis include surface
flow modelling, groundwater flow modelling, and flow-net
analysis, which consists of elaborating groundwater level
contour maps with river water surface elevation and mak-
ing assumptions about the aquifer properties and geome-
try [5]. Groundwater contour maps provide information
about the direction of groundwater flow (e.g., gaining and/
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or losing river) and the groundwater flow rate is estimated
using Darcy's law. However, the determination of ground-
water flow requires information on the hydraulic gradient
and hydraulic conductivity of the aquifer [17]. Also, flow
measurements can be used to estimate river-aquifer inter-
action at a larger scale, through river loss or gain depend-
ing on the differences in river flow between upstream and
downstream locations (e.g., [22]). Determining groundwa-
ter discharge rate, location and chemistry from river sam-
pling will be particularly accurate under the near-station-
ary conditions of low river flow. For transient conditions,
river sampling should be carried out within a short period
of time after the flow wave has passed and conservative
tracers are targeted [22]. The same approach is used in mea-
suring chemical longitudinal river sampling, and applying
a mass balance methodology, if the chemical composition
of groundwater is different from the river's (e.g., [23, 24]).
One of the advantages of tracer methods over methods of
flow measurement is that tracer methods are more sensitive
to low groundwater inflow rates [50]. Although sequential
flow measurement can determine net groundwater inflows
(inflow minus outflow), chemical tracer methods provide
information about gross groundwater inflows. Therefore,
their joint use should allow net groundwater inflows to be
divided into gross inflows and outflows [59]. The combina-
tion of flow measurement and tracer methods should there-
fore provide information on inputs and outputs and is the
only method that can provide this information at the large
scales required by water resource managers [59].

The measurements of the bank storage exchange flows
are inferred based on the hydraulic head in observation
wells near the river and the application of Darcy's law
(e.g., [29]). The vertical and lateral extent of the bank stor-
age and the exchange flow, due to the rise in the river, can
also be determined by measuring changes in solute con-
centrations in wells near the river and modelling, as was
provided by [49], for example. This estimate is based on
the proportion of travel times, which is insensitive to the
variation in hydraulic conductivity and is applicable to
rivers with relatively steep slopes, small regional hydrau-
lic gradients, and where rapid, large, and discrete flow
events occur [49].

The main data collected as part of a typical monitoring
routine are the groundwater and surface water levels pro-
vided by monitoring wells or piezometers installed over-
land on the river valleys, and gauging stations installed
on the river, respectively. With these two data sources,
exchanges are usually calculated using methods based on

Darcy's law. Additional rainfall data can be used. Csoma
and Galos [60] evaluate the levels of the Danube River, the
water table from wells located in the region, and the pre-
cipitation data, focusing on the effects of buildings with
deep foundations. Their results show that the groundwater
flow is influenced by the river regime and by precipitation,
especially in periods of prolonged drought, but very rapid
river pulses can hardly be recognized at the wells.

In floodplain environments, studies were carried out
to document hydrological interactions between river
stage and groundwater level at a small scale (e.g., [61]).
The propagation of pressure waves across floodplains was
documented by [31, 61, 62]. The effect of variations in the
river stage can be reflected in groundwater level at loca-
tions away from the river, as it is shown in [31, 61, 63].

There is usually a lack of data with high spatial and tem-
poral resolution on the dynamics of the floodplain hydrol-
ogy during flood events [64]. Wang et al. [65], for exam-
ple, collected groundwater levels from 20 wells across the
Sanjiang Plain, for five years, with a time interval of one
month. Meanwhile, researchers such as Jung et al. [64],
analyzed piezometric data with high temporal resolu-
tion, 15 min and 1 hour, respectively, during the period of
one year, for the floodplain of the River Severn, England.
In spite of some distinctive, research-oriented field cam-
paigns, high spatial resolution is still a concern in studies,
as field instrumentation generally covers only a limited
part of the floodplain with piezometer transects [52, 64].

During extreme overbank flood events, only a few
studies focused on accompanying hydrological processes
(e.g., [10, 31, 66—68]) based on observed data from pie-
zometer and river stages. Additionally, techniques using
heat as tracer to quantify stream bed fluxes for extreme
hydrologic events was used by Barlow and Coupe [63],
demonstrating the ability to restrict bed water flow esti-
mates and critical flow reversal stages, with little data
available on groundwater levels. Note that extreme flood
events can rarely be captured using dedicated field surveys
due to the low probability of occurrence and the demand
for time to prepare for a flood-triggered deployment, so
modeling, rather than field measurements, is the universal
method of analysis for bank storage during such events.
This will be reviewed in the next section.

5 Modelling studies

Quantifying water exchange between groundwater and
a transient open water body is an important task in many
environmental and water resource applications. The



movement of surface and groundwater, and consequently,
its bank storage, can be described by means of analyti-
cal and numerical flow models. Analytical solutions that
describe and quantify the movement of water in the riv-
erbanks and the accompanying mass exchange between
surface and groundwater have been proposed by many
researchers (e.g., [12, 25-28]). On the other hand, numer-
ical flow models have also been used for many decades to
simulate the highly complex movement of water for bank
storage in the alluvial aquifer (e.g., [16, 35, 36]). In this
section, we review some relevant works to present the state
of the art regarding analytical and numerical modelling of
fluxes between rivers and groundwater, with special inter-
est to bank storage and its importance during floods.

Several analytical solutions have been published for
evaluating surface and groundwater interactions. These
solutions are useful for understanding the physical pro-
cesses in a groundwater flow system, for predicting short-
term water table fluctuations in response to a transient
flood wave, the flow of water between the aquifer and the
river, the accumulated bank storage, and for determining
the hydraulic properties of the aquifer [69]. The solutions
for surface and groundwater interactions are derived from
Darcy's law and the law of conservation of mass (continu-
ity equation), which states that the net rate of fluid mass
flow into any elemental volume of aquifer is equal to the
time rate of change of fluid mass storage within the ele-
ment. The solutions are determined by defining a specific
set of boundary and initial conditions [66].

The common assumptions before modeling surface
and groundwater interaction problems, assumed by sev-
eral researchers are: the alluvial aquifer is homogeneous,
isotropic and of finite extent (e.g., [66, 67]); the aqui-
fer's bottom is horizontal and impermeable (e.g., [9, 70]);
the Dupuit-Forchheimer conditions are valid, namely:
(a) in any vertical section the groundwater flow is horizon-
tal; (b) the velocity profile is uniform along the depth/ver-
tical axis; and (c) the slope (o) of the free surface (uncon-
fined flow) is small enough than o = sin(a) (in radians)
(e.g., [28, 37]); the flow is saturated (e.g., [34, 35]); the river
fully penetrates the aquifer (e.g., [71]); the aquifer can be
unconfined (e.g., [26, 30]), confined (e.g., [48]), and leaky
(e.g., [48, 72]). Fig. 7 shows a diagrammatic cross-section
through a confined, a leaky, and an unconfined aquifer
configuration. However, according to [73], some of these
assumptions do not agree with the observed hydrogeo-
logical conditions. The homogeneity of the aquifer, for
example, is not fulfilled since the hydraulic conductivity
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Fig. 7 (a) Semi-infinite, confined aquifer; (b) Semi-infinite, leaky
aquifer with the aquitard; (c) Unconfined aquifer

increases exponentially with the depth in the main allu-
vial aquifers [73]. The Dupuit-Forchheimer conditions are
not met because the groundwater flow is not uniform
across the depth and the flow is not necessarily horizontal
in the vicinity of the riverbed, for example (e.g., [14, 67,
70]). The assumption of a fully penetrating river is usu-
ally violated because most alluvial aquifers are actually
partially penetrating the river (e.g., [74]). In addition, this
condition leads to the invalidity of the Dupuit assump-
tions, which makes most one-dimensional models subject
to imprecision.

Following these assumptions, many authors developed
analytical solutions for river-aquifer interactions consid-
ering one-dimensional lateral groundwater flow (horizon-
tal) in confined aquifers bounded by a river (e.g., [37, 38]).
The mathematical solution proposed by [37] is based
on the linearized Boussinesq equation with the Dupuit-
Forchheimer assumptions, subject to time-dependent
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boundary conditions, aiming at predicting groundwater
response across a finite aquifer due to a highly fluctuat-
ing river boundary condition. The Boussinesq equation
has also been employed by groundwater hydrologists to
describe essentially one-dimensional horizontal flow in
unconfined aquifers (e.g., [75-78]). However, it appears
that linearization of the nonlinear Boussinesq equation
may lead to errors, of up to 10% in terms of predictions
of the maximum flow rate to the aquifer from the river,
when compared to a numerical solution of the nonlinear
Boussinesq equation [76]. A similar error can be seen
in [37]: despite the excellent agreement between observed
and simulated water levels, when a large flow event was
modeled, the simulated rise in groundwater levels was not
as large or did not occur as quickly as the observed data
for locations close to the river.

Further, a solution to remove the error was provided
by [77]. The modifications by [77] provide better results,
when compared to the numerical solution, than the solu-
tions presented by [76], especially for flows from the river
to the aquifer, however, when the flow is from the aquifer
to the river, more theoretical studies are needed. Moreover,
they found that even if the real magnitudes of the maxi-
mum flow rate was wrong, the general shape of the curve
that predicts inflow to the bank storage as a function of
time was well captured by their analytical solution.

Considering a realistic field condition, where variations
in river level are arbitrary over time, a convolution inte-
gral is used to describe the response of the river-aquifer
system due to either an instantaneous impulse or a step
unit of river-level fluctuations, recharge, or evapotrans-
piration. The principle of convolution, in hydrology, is
the time-integrated response of a linear system (i.e., the
groundwater hydrograph) to an input given by time series
(the river hydrograph). Ha et al. [15], Moench et al. [25],
Barlow et al. [48], Barlow and Moench [66], Moench and
Barlow [69], used the convolution method combined with
Laplace transform of step-response functions for several
cases (confined, leaky, and water table aquifer systems).
For the assumption of linearity, the hydraulic properties
and material of the riverbank must remain constant over
time and, for water table aquifers, the changes in the head
must be small compared to the initial saturated thickness
of the aquifer [48].

Although the use of one-dimensional lateral flow
analytical solutions is widely used among researchers,
Gill [27] attested that at small time scales, two-dimen-
sional lateral (horizontal and vertical groundwater flow)

flow solutions are necessary, since the one-dimensional
solution generally gives inaccurate results, as was also
stated by [73]. One of the first researchers to approach this
issue was [26], who developed an analytical solution using
integral techniques, applied to the case of an unsteady
flow in a semi-infinite leaky aquifer and a river reach with
semipermeable streambanks. Their results show that there
is 60% greater bank storage when considering a permeable
streambank, in other words, allowing infiltration to occur
under the semipermeable layer (see model configuration
for leaky aquifer in Fig. 7(b)). Neglecting the permeability
of the streambank in mathematical models can lead to an
overestimation of the amount of flood wave modification
by bank storage, and because of that, such an assumption
should not be made when analyzing aquifer-river systems,
unless backed up by field evidence.

A diffusive flood wave along the river commonly occurs
during floods and, consequently, river-aquifer interactions
must consider not only a cross section of the river, but
a longer reach, so that analytical solutions would couple
the groundwater flow and open channel equations [28].
Solutions proceed in an iterative way so that in a first
step, the solution of the flood wave is obtained disregard-
ing the infiltration of the bank (similar approach was used
by [25]), then, this solution is used to obtain an approxi-
mate solution of the groundwater equations, which in turn
will be used to obtain a second order approximation for the
flood wave solution, as stated by [28]. Another approach
was provided by [30], who used discrete-time analysis of
dynamic flow-aquifer interactions using the impulse-re-
sponse concept and unit step response functions for linear
systems. The solution considers one-dimensional lateral
flow in a semi-infinite homogeneous unconfined aquifer in
contact with a river with semipermeable layer. The princi-
ple of their method is the Muskigum flow routing method
modified to include bank storage.

Similar conclusions were made by [9]. Their analytical
model describes groundwater flow, perpendicular and par-
allel to the river, through a two-dimensional Boussinesq
equation, and to model the flood wave, they used a dif-
fusive-type flood wave for open channels. The results of
this study showed the same conclusions as some other
researchers: during the flood, the river infiltrates into the
aquifer faster, and as the flood wave passes downstream in
the river, most of the water infiltrated into the aquifer will
return to the river shortly after the peak and the rest during
a longer period of time. In addition, it was noted that, when
comparing the results with the one-dimensional model



(in the transverse plane), the hydraulic head of the aqui-
fer was underestimated in the one-dimensional model,
which can be explained by the fact that, in cross-section,
the hydraulic load is not only affected by the flood wave of
the river, but also influenced by the flow of the water table
parallel to the river. Fig. 8 shows the model configuration
for this type of problem.

Most situations in river-aquifer interaction, such as the
presence of complicated boundary conditions of the aqui-
fer, heterogeneous aquifer or complicated flow and stage
relationships, are not easily addressed using analytical
methods. In such cases, it may be necessary to use numer-
ical modeling methods that combine open channel flow
equations and the groundwater flow equation to simul-
taneously solve the river stage and the water table. Also,
numerical modelling is the only general method of predic-
tive analysis, which can be extended to arbitrary river and
soil morphologies.

Pinder and Sauer [35] developed one of the first studies
to couple open-channel flow and groundwater flow, and to
demonstrate the modification of the flood hydrograph due
to bank storage through numerical modelling. The model
solves the differential equations that describe one-dimen-
sional open channel flow (the Saint Venant equations) and
groundwater flow in the wetted perimeter, by Darcy's
law. The flow through the wetted perimeter of the chan-
nel is a function of the water level of the aquifer and the
water level of the river. The calculation of the water level
of the aquifer is carried out by means of a mathematical
simulation of the transient horizontal one-dimensional
unconfined groundwater flow. The problem demonstrates
the response of the river-aquifer system to the propaga-
tion of a flood wave along a river hydraulically connected
to a floodplain aquifer and having no lateral inflow over
the riverbanks or tributaries. The results may indicate the
importance of bank storage in the formation of the river's
hydrograph, delaying the arrival of the flood wave and
decreasing the peak of the flood, where in this particular
problem, the flow hydrograph ends up being much smaller
in a section approximately 27 kilometers downstream.

Since then, several authors have been developing and
applying numerical solutions to real cases. For example,
one of the most common models used is MODFLOW,
a transient three-dimensional groundwater flow model,
developed by [32]. Squillace [36] constructed a two-dimen-
sional model of groundwater flow through MODFLOW
at the Palisades study site, located in a part of the Cedar
River floodplain (Iowa). The objective of the study was to
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Fig. 8 (a) plan model configuration of groundwater flow to/from a river,
with Y-axis parallel to the river flow, and the X-axis perpendicular
to the river, dashed lines denote groundwater elevation contours at
mean (blue) and high (green) river stage; (b) cross-sectional profile of
groundwater flow to/from a river (z-x), the surface water level (H(t))
varying as a function of time (t), and the aquifer head (H(x,t)) varying
as a function of the distance from the river (x) and time (t)

quantify the movement of bank storage. The simulations
showed that an increase of 2 m in the river level caused
the bank storage volume to move 30 m horizontally and
4 m vertically below the river bottom, which is equivalent
to 70% of bank storage volume moved under the riverbed
and 30% moved laterally to the riverbanks. Thus, the bot-
tom part of the bank storage volume can be significant in
wide and shallow rivers because the river's width is much
greater than its depth. Therefore, even in narrow rivers
like the Cedar River, bottom storage can be significant.
The problem with using generic models, such as
MODFLOW, to simulate river-aquifer interactions is that
a general assumption of a rectangular channel with vertical
banks is assumed, and the flow passes through the channel
bed. However, it is possible to model channels with sloping
banks by creating a stepped river profile with fine localized
discretization, or by using a depth-dependent conductance
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term, which can be possible with the MODFLOW SFR2
package, for example. Doble et al. [67] explore the impli-
cations of assuming a vertical riverbank and saturated flow
for calculating bank storage and return flows. A fully cou-
pled surface-subsurface flow model (HydroGeoSphere)
was used to perform numerical simulations in river-aqui-
fer cross sections with vertical and inclined river bound-
aries [67]. The model simultaneously solves the approx-
imation of the diffusion wave from the two-dimensional
shallow water equations to the surface water flow and the
transient three-dimensional variably saturated groundwa-
ter flow through the Richards' equation [79]. Validation of
the model can be seen in the paper by [80] in two-dimen-
sional disconnected river-aquifer system problem, and in
the study of [71], who simulated solute transport due to
river-aquifer interactions. According to [67], sloping riv-
erbanks have been found to increase infiltration rates by
a significant 98% and bank storage volume by 40% com-
pared to vertical riverbanks and the saturated flow, delay-
ing the bank's return flow more than four times. The results
suggested that conventional analytical approaches cannot
be used to properly quantify the bank storage when the
bank slope is less than 60° from the horizontal, which is
the most common scenario.

It was demonstrated that simplifications by the Dupuit
assumptions do not represent situations in which changes
in the flow into or out of the river occur quickly and the
water-table close to the banks is highly inclined. Instead,
Whiting and Pomeranets [14] developed a model that
describes the unsteady flow of saturated unconfined aqui-
fer, interfacing the river with a free movement boundary
condition, using governing equations based on the pre-
vious work of Neuman and Witherspoon [39, 81, 82].
The model, called WaTAb2D, can be used in general two-
dimensional (in a plane perpendicular to the river) cases:
non-symmetrical valleys, non-symmetrical channels,
non-uniform hydraulic conductivity, and non-stationary
boundary flows. Results regarding the release from bank
storage could be compared with those of [12], conclud-
ing that the discharge rate is large initially and then drops
drastically to asymptotically approach zero discharge,
after a flood-wave period.

Overbank flood modeling received little attention com-
pared to field studies. Workman and Serrano [83] calcu-
lated overbank recharge from floods through the differ-
ence between observed water-table levels and water-table
levels simulated through modelling, however a dynamic
width was not accounted in this work. The results showed

that, over a five-year monitoring period, the direct recharge
associated with the two flood events was responsible for
65 percent of the total calculated recharge. Similarly,
a methodology presented by [42] aims to estimate the
aquifer recharge from floods events (in-bank) in discon-
nected river-aquifer systems. Floods in disconnected rivers
may cause larger net recharge because return flow to the
river does not occur and the low permeability layer at the
streambed is temporarily removed. Doble et al. [84] exam-
ined the physics governing the process of overbank flood-
ing and investigated a simplified approach for estimating
overbank flood recharge through the floodplain, how-
ever, their study did not include bank storage component.
Additionally, they suggest that a finer resolution of the
Digital Elevation Models (DEMs) can provide more accu-
rate results of the recharge through the floodplain, since
the topography can affect the impacts of the flood dura-
tion [84]. Wang et al. [65] analyzed changes in the depth
and quality of a regional shallow aquifer in the Sanjiang
Plain, Northeast China, following a large flood in the sum-
mer of 2013. The study found that the flood not only played
a tremendous recharging role for the regional groundwater
storage, but also changed the water quality.

Few studies considered the flux of water to and from
surrounding hillslopes associated with flood events. Bates
et al. [10] developed a numerical model to determine
the effects of water fluxes to and from hillslopes on the
response of the floodplain and examined hydrological pro-
cesses occurring during large out-of-bank flood events.
The two-dimensional finite element model, ESTEL [85],
can represent saturated and unsaturated flow in verti-
cally cross sections through the hillslope/floodplain/chan-
nel continuum within a small section of the River Severn
floodplain in the United Kingdom. Like WaTab2D [14],
ESTEL model is also based on an exact formulation for
time-dependent unconfined groundwater flow, but unlike
the WaTab2D model, the ESTEL model applies to both
saturated and unsaturated flow conditions. Flow under
unsaturated conditions can also be simulated through the
Unsaturated-Zone Flow package of the MODFLOW [40].

Although several numerical modeling studies have been
applied to specifically investigate the interaction of surface
and groundwater during flood events, most of them ignore
the heterogeneity of the bank's soil. Berg et al. [86] cali-
brates a fully integrated, site-specific surface and subsur-
face model (Hydrogeosphere) using flood events for the
South River near Waynesboro, VA. The calibration approach
presented in their study incorporates a highly parametrized



model domain, containing different soil properties, with
depositional environmental attributes (e.g., grain refinement
direction) and driven by a flood hydrograph, to develop sev-
eral realistic realizations of hydraulic conductivity fields that
reflect historical depositional system.

6 Conclusions

The interaction between surface and groundwater has been
the focus of a great number of studies and review articles,
reflected in the long list of references in this paper.

The amount of bank storage — volume of surface water
stored in the riverbanks — during a fluvial flood depends
on parameters such as duration, height, and shape of the
flood hydrograph, as well as the transmissivity and storage
capacity of the aquifer. In general, a longer flood, higher
aquifer diffusivity and transmissivity result in greater bank
storage, so rivers with a coarse alluvium have a greater
storage capacity of the aquifer.

The aquifer's properties must be determined by means of
measurements or inverse modeling, as the cited studies point
out. The choice of the appropriate method of field measure-
ment will depend on the objective of the study, as well as
on its spatial and temporal scale. For a small spatial scale,
methods such as infiltration meters, "mini piezometers"
or hydraulic potentiometers, may be the most suitable, but
on a larger scale, surface flow modeling, groundwater flow
modeling and flow network analysis are often more appro-
priate. One of the challenges is that groundwater and sur-
face water levels provided by routine monitoring gauges
typically provide only coarse data during flood events.

Mathematical modeling is the universal method of anal-
ysis for river-aquifer exchanges and bank storage during
extreme events. Analytical and numerical solutions seek
to represent real cases, defining specific assumptions and
boundary conditions. Some of these assumptions produce
unrealistic results stemming from their simplicity. For
example, Dupuit's widely adopted assumption in analyti-
cal models, which assumes that groundwater flow is hori-
zontal and uniform along the depth, is usually violated in
the vicinity of the riverbed, on leaky aquifers and across
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