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Abstract Hyporheic zones are commonly regarded as resilient and enduring interfaces between
groundwater and surface water in river corridors. In particular, bedform-induced advective pumping hyporheic
exchange (bedform-induced exchange) is often perceived as a relatively persistent mechanism in natural river
systems driving water, solutes, and energy exchanges between the channel and its surrounding streambed
sediments. Numerous studies have been based on this presumption. To evaluate the persistence of hyporheic
zones under varying hydrologic conditions, we use a multi-physics framework to model advective pumping
bedform-induced hyporheic exchange in response to a series of seasonal- and event-scale groundwater table
fluctuation scenarios, which lead to episodic river-aquifer disconnections and reconnections. Our results suggest
that hyporheic exchange is not as ubiquitous as generally assumed. Instead, the bedform-induced hyporheic
exchange is restricted to a narrow range of conditions characterized by minor river-groundwater head
differences, is intermittent, and can be easily obliterated by minor losing groundwater conditions. These
findings shed light on the fragility of bedform-induced hyporheic exchange and have important implications for
biogeochemical transformations along river corridors.

Plain Language Summary The hyporheic zone is a small veneer connecting surface water and
groundwater systems, which supports vital ecosystem services along river corridors. The current paradigm
assumes this exchange zone is ubiquitous and relatively stable over space and time. Yet, the dynamic nature of
the surface and subsurface process driving and modulating the exchange can lead to complex spatiotemporal
dynamics where bedform-induced hyporheic zones are only present for short periods or are absent. In this study,
we investigated how persistent hyporheic zones are under typical groundwater dynamics. We found that
bedform-induced hyporheic zones are not as stable as usually assumed, and their presence is restricted to a
narrow range of hydrological conditions. The findings reveal the fragility of hyporheic zones and offer new
perspectives to conceptualize river connectivity processes.

1. Introduction

The hyporheic exchange zone is a dynamic interface connecting rivers and aquifers, playing a critical role in river
corridor ecosystem services (Boulton, 2003; Gémez-Gener et al., 2021; Harvey & Gooseff, 2015; Harvey
et al., 2018; Krause et al., 2017, 2022; Stanley et al., 1997). This exchange has traditionally been assumed as a
resilient process contributing to the emergence of hotspots and hot moments for biogeochemical processes in river
corridors (McClain et al., 2003; Newcomer et al., 2018; Stegen et al., 2016, 2018), leading to significant efforts to
understanding its role in nutrient cycling (i.e., carbon, nitrogen, and oxygen), greenhouse gas emissions (Son,
Fang, Gomez-Velez, Byun, & Chen, 2022; Son, Fang, Gomez-Velez, & Chen, 2022), contaminant fate and
transport, and microbiome dynamics over different spatial (Claret & Boulton, 2009; Gomez-Velez et al., 2015)
and temporal (Briggs et al., 2014; Gomez-Velez et al., 2017; Gu et al., 2012) scales.

Central to understanding the role of the hyporheic zone in biogeochemical transformations is the characterization
of the physical processes driving and modulating the exchange process and constraining its characteristic time
scales. This study concentrates on the hyporheic exchange induced by bedform-driven pumping. While meander-
driven hyporheic exchange also holds significance, it warrants a separate investigation and will not be addressed
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within the scope of this paper. The main mechanisms driving bedform-induced hyporheic exchange include (a)
spatial variation in near-bed pressure head (bedform-induced advective pumping), (b) near-bed turbulence, and
(c) bedload transport (turnover) (Boano et al., 2014; Buffington & Tonina, 2009; Tonina & Buffington, 2009).
Even though these processes co-occur, and their relative importance depends on channel hydraulic conditions,
streambed properties, and regional groundwater flow (hereafter understood as the boundary fluxes contributed by
the overall groundwater fluxes from the lower streambed), bedform-induced advective pumping has received
significantly more attention (Boano et al., 2014; Grant et al., 2018; Schulz et al., 2023; Wu et al., 2020) and is at
the core of most upscaling frameworks for hyporheic exchange (e.g., Azizian et al., 2015, 2017; Elliott &
Brooks, 1997; Gomez-Velez & Harvey, 2014a; Herzog et al., 2019; Marzadri et al., 2011, 2014; Perez et al., 2021;
Stonedahl et al., 2010, 2012, 2013; Worman et al., 2006, 2007). This emphasis can be partially explained by its
intuitive conceptualization.

The impact of all these driving mechanisms is modulated by the regional groundwater (Malzone et al., 2016; Wu
etal., 2021) and local geomorphological settings (Caruso et al., 2016; Gomez-Velez & Harvey, 2014b; Tonina &
Buffington, 2011). In particular, regional groundwater flow can significantly diminish the hyporheic exchange
and its biogeochemical potential (Azizian et al., 2015, 2017). For example, a recent study by Bonanno
et al. (2023) showed that the dynamics of regional groundwater fluxes can lead to periods where the exchange
process is undetectable in tracer tests. This contradicts the typical assumption that hyporheic zones are persistent
as long as water is present in the river channel. Mechanistically, this regional groundwater contribution (either
gaining or losing) is likely affecting all exchange drivers, with the bedform-induced advective pumping suc-
cumbing first due to its high sensitivity to exogenous fluxes (Azizian et al., 2017; Boano et al., 2008; Cardenas &
Wilson, 2007b; Caruso et al., 2016). Wondzell (2011) found that the role of the hyporheic zone in stream eco-
systems changes with both location within the stream network as well as with seasonal or storm-driven changes in
discharge, suggesting that hyporheic exchange is highly variable in place and time, and geomorphological settings
regulate the hyporheic exchange processes.

Climate change and increasing population have led to increasing water demand and groundwater withdrawal,
which may eventually contribute to decreased river flow and lowered groundwater table (Heidari et al., 2021;
Jasechko et al., 2021). Ephemeral or intermittent streams, especially in semi-arid regions, can be caused or
enhanced by climate disturbances such as drought (Hammond et al., 2021; Zipper et al., 2021), and these systems
may undergo extreme hydrologic transitions from connection to disconnection (Fuchs et al., 2019; Pearson
et al., 2022).

Given the strong modulating effects of regional groundwater fluxes, it is imperative to assess the limiting range of
gaining, losing, and disconnected river-aquifer conditions under which hyporheic zones persist or even exist. The
spatial distribution of infiltration and seepage through a surface water source depends on the state of connection
(Brunner, Cook, & Simmons, 2009; Brunner, Simmons, & Cook, 2009; Pearson et al., 2022; Quichimbo
et al., 2020; Shanafield et al., 2012), which can be paramount to understanding biogeochemical cycling of nu-
trients and pollutants within the hyporheic zone (Findlay, 1995; Krause et al., 2011; Shabaga & Hill, 2010). Some
rivers can have transitions between a gaining-river and losing-river systems (Wroblicky et al., 1998) and a single
river can comprise some gaining reaches and other locations under losing conditions. Most, if not all, of the
previous hyporheic studies are focused on connected and completely saturated conditions.

Although the general idea that strong vertical head gradients tend to reduce or eliminate small-scale exchange due
to bed-current interactions has been known and quantified for over a decade (Boano et al., 2008; Cardenas &
Wilson, 2006; Sawyer & Cardenas, 2012), these evaluations have not been extended to explore the situations with
transient dynamic groundwater table fluctuations, particularly in arid and semi-arid regions where river-aquifer
disconnection and re-connection may occur. In agreement with the studies mentioned above, we build on this
work by exploring what happens for hyporheic exchange in situations where dynamic groundwater table fluc-
tuations can lead to temporary disconnections between surface water and groundwater, and the formation of
partially saturated zones. In this study, we examine the persistence of hyporheic zones driven by bedform-induced
advective pumping under varying hydrological scenarios with both saturated and unsaturated streambed condi-
tions. To this end, we propose a multi-physics framework to study how hyporheic zones respond to different
degrees of river-groundwater connections and disconnections and address the following questions: (a) are
bedform-induced hyporheic zones persistent under typical seasonal- and event-scale groundwater table
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Figure 1. (a) Conceptual diagram of the modeling domain. For the flow model, we prescribe the hydraulic head at the upper
and lower boundaries (blue arrows); for the mean age model, we use an open boundary condition (red arrows). An open
boundary imposes a prescribed mean age for fluxes entering the domain and an advective boundary condition for fluxes
leaving the domain. The lateral boundaries are the periodic boundaries. (b) Bedform (gray line) and simulated hydraulic head
at the water-streambed interface (blue line). (c) Inset of the hyporheic circulation cells at the length scale of one bedform.

fluctuations? (b) what are the characteristic time scales of the hyporheic exchange fluxes? (c) what are the
windows or ranges of hydraulic heads that activate hyporheic exchange?

2. Methods
2.1. Conceptual Description

We use a multi-physics framework to model the evolution of water flow and mean water age within a modeling
domain representative of the porous media underneath a sequence of periodic dune bedforms (Figure 1a). The
scale of investigation is representative of both laboratory flumes and small stream reach lengths that would
include dune bedforms. Dune geometry can vary significantly in natural channels (Bridge, 2003). In our case, we
use the empirical relationships from Yalin (1972) and Yalin and Da Silva (2001) to propose values for the
bedform geometry. With these relationships, we obtain an aspect ratio of 0.04 consistent with empirical obser-
vations (see, e.g., Figure 6 in Venditti, 2013) and a length and height are within the range of empirical scaling
relationships (see, e.g., Figure 5 in Venditti, 2013). The aspect ratio is the main factor affecting the pressure
fluctuations at the sediment-water interface. Like Brunner, Cook, and Simmons (2009), the porous media is
conceptualized as a homogeneous and isotropic two-layered system representative of the streambed and the
underlying alluvial aquifer sediments. The streambed sediments are bounded at the top by the water-streambed
interface (WSI) and constitute a lower-permeability layer (i.e., clogging layer or streambed sediments) that
overlies the higher-permeability alluvial aquifer.
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The conceptual setting of a lower permeability riverbed overlying more permeable alluvial sediments is only one
of many possible natural river sediment settings. There are cases where a higher permeability sediment layer is on
top of the low-permeability aquifer layer. In these cases, the unsaturated layer would not be able to develop
between these two layers. The drying process will start from the top of the sediment once the water in the river
channel is completely drained (Brunner, Cook, & Simmons, 2009). In this study, we focus on the scenario in
which a lower permeability streambed layer is overlying a higher permeability aquifer layer, where disconnection
between surface water and groundwater can occur, since it is more of interest in arid and semi-arid regions. In our
configuration, the streambed is the clogging layer that enables the perching of the surface water above the un-
derlying groundwater table. This may be common for depositional systems with grain-size sorting and fines
deposited at the end of intermittent river flows.

In this case, channel flow over the bedforms results in periodic hydraulic head gradients at the WSI (blue line in
Figure 1b) that drive exchange between the channel and the porous media and can result in the emergence of
circulation flow cells with streamlines that start and end at the WSI (Figure 1c). These flow cells are the bedform-
induced advective pumping hyporheic zones (Boano et al., 2014; Elliott & Brooks, 1997; Gooseff, 2010; Tonina
& Buffington, 2009). For convenience, it's written as bedform-induced hyporheic zones below. Both the exchange
process and the resulting bedform-induced hyporheic zones are continuously modulated by regional groundwater
fluxes. These fluxes are driven by water table fluctuations that can lead to episodic disconnections between the
channel and the alluvial aquifer. As model results herein show, the nature of the bedform-induced hyporheic
zones strongly depends on the dynamic interplay between the surface water and regional groundwater processes.
The flow simulations carefully track the evolution of the hyporheic flow lines to describe the bedform-induced
hyporheic zone dynamics and calculate hyporheic fluxes and flux-weighted mean ages. In this study, we use
regional groundwater to refer to the boundary fluxes contributed by the overall groundwater fluxes from the lower
boundary. For simplicity, different sources of groundwater are not distinguished but collectively called regional
groundwater.

In the following subsections, we present a detailed description of the flow and mean age models, including
complete mathematical statements and their physical rationale.

2.2. Water Flow Model

We use a sequential approach to couple flow in the channel's water column with the flow in the porous media
domains (see, e.g., Cardenas & Wilson, 2007b; Gomez-Velez et al., 2014). In this case, we model turbulent
transport in the water column and prescribe the resulting pressure distribution along the WSI as a Dirichlet
boundary condition for the porous media model.

2.2.1. Turbulent Flow in the Surface Water Column Domain

To capture the pressure distribution along the WSI, we model the surface water flow with a Reynolds-averaged
Navier-Stokes approach. In this case, flow is assumed steady state, and we prescribe the mean flow velocity and
water depth. The turbulence effects are modeled using the Menter Shear-Stress Transport (SST) model, which can
resolve near-wall turbulence without wall function approximations (BV & OY, 1998; Menter, 1994) and provides
a more accurate description of the pressure distributions along the WSI. For brevity, the details of the compu-
tational fluid dynamics model and its equations are described in Supplemental Information S1.

2.2.2. Unsaturated Flow in the Porous Media Domain

As mentioned before, the interplay between the water column and regional groundwater systems can lead to the
disconnection of the surface water-groundwater continuum. This disconnection results in the emergence of un-
saturated water flow and the formation of a perched water table (Bear, 1972; Brunner, Cook, & Simmons, 2009;
Stephens, 1994; Xie et al., 2014). To capture this complex behavior, we use the Richards equation to model water
flow through variably saturated porous media (Bear, 1972; Richards, 1931):

oH,
(Cm+SeS) ?"'V'[_Kkr(VHp'i'VZ)] = Qm (1)
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where ¢ is time [T], x is the spatial coordinate vector [L], C,, is the specific moisture capacity L], S.(x,
1) = (0 —6,)/(0, — 0,) is the effective saturation [—], O(X, ?) is the volumetric water content [—], €, is the residual
water content [—], 6, is the saturated water content [—], S is the storage coefficient [L_l], H, is the pressure head
[L], ¢is time [T], K is the saturated hydraulic conductivity [LT_I], k,.(x, ) is the relative permeability [—], z is the
elevation [L], and Q,, is the fluid source or sink. The Darcy flux is defined as q = —K k, (VH,, + V2) [LT'].

The Richards equation is notoriously nonlinear, where the nonlinearities lie in the porous media hydraulic
properties 0, S,, C,,, and k,. that vary with fluid saturation. In this work, we use the empirical expression proposed
by Van Genuchten (1980):

0,+5,0,—6,) H <0
9={ ’ 2a)

0 H,>0

s

(1 +|aH,|")™ H,<0

S, = 2b
] @

2

S’[l— 1 sym ] H, <0
kr= e ( e ) 4 (2C)
1 H,>0

am 1/m 1 m
g 0, —6,) S (1 -5V H,<0

Cn = 2d)

0 H,>0

where a [L™', n [~], m [~], and I [—] are constitutive parameters. Here, we use the parameter values from
Brunner, Cook, and Simmons (2009) (see Table 1).

Our modeling domain includes a sequence of seven dunes with length L, and we focus our analyses on the middle
dune to avoid boundary effects. We prescribe hydraulic heads at the top and bottom boundaries (Figure 1). At the
WSI, the hydraulic head is given by the computational fluid dynamic flow model of the water column. At the
bottom boundary, a time-varying hydraulic head is imposed. The functional forms of this boundary signal
resemble different climatic drivers and are described in Section 2.4. Finally, the lateral boundaries are periodic
with a head drop of 7L - S, mimicking an infinite periodic domain. Initial conditions are obtained with a spin-up
process, where the flow field is simulated until it reaches a dynamic equilibrium.

We use the solution to the flow model to delineate hyporheic streamlines (i.e., start and end at the WSI). Once
these are identified, we defined the boundary at the WSI where the hyporheic exchange was taking place: 0Q 7).
This subset of the WSI is time-varying and depends on the boundary conditions. Furthermore, it can be subdivided
into sections where water enters the hyporheic zone from the channel (0€, ;,(1)) and sections where water leaves
the hyporheic zone and is discharged into the channel (0, ,,,(?)). Then, the net hyporheic exchange per unit of
channel width is calculated as:

0ur) = f “n-qux 3)
Q7. (1)

where n is an outward vector normal to the WSI.

2.3. Model for Mean Water Age

To characterize the typical time scales for the exchange process, we model the spatiotemporal evolution of the
mean water age, which is described by the following advection-dispersion equation (Ginn, 1999; Gomez-Velez &
Wilson, 2013):

0(0a)
ot

=V.-(DVa)—V-(qa) + 6 4)
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Table 1 where a(x, £) is the mean age of water [T] and D = {D,;} is the dispersion-
Parameter Setting in the Numerical Simulations diffusion tensor [LT~']. The dispersion-diffusion tensor is defined as
Parameter Value Description
Water Column D;; = ar|q|d;; + (o — ar) C|1:1q|] + gDm Q)
U 0.1 m/s Mean channel velocity
d I'm Channel depth with a;and a; the transverse and longitudinal dispersivities [L], respectively,
Bedform Geometry 0; y the Kronecker delta function [—], D,, the molecular diffusion [L2T_l], and
L 8m Bttorion i n =€, the tortuosity factor approximated with the Millington and Quirk
L 09 L Bedform stoss length model (Millington & Quirk, 1961).
H 0.32 m Bedform height By definition, water entering the domain through the WSI is “new” water and
d, 05m Streambed depth has a mean age of zero (a = 0). On the other hand, for water leaving the porous
g 0.001 ol silges media and discharging into the water column, we assume an advective

Porous Media Properties

0, 0.43
0, 0.25
0,, 0.045
0., 0.078
K, 107* m/s
K, 1076 m/s
a L/20
ar a,/10
a, 145m™
a, 3.6m™!
n, 2.68 m™'
n 1.56 m™"

Fluid Properties
p 1,000 kg/m®
i 1.002 x 1072 Pa-s
D, 107° m%s

Aquifer porosity
Streambed porosity

Aquifer residual water content

boundary such that =DVa = 0. Lateral boundaries are periodic to mimic an
infinite periodic domain (i.e., a(x = 0, y, 1) = a(x = 7L, y, 1)). We assume,
without loss of generality, that the bottom boundary has a prescribed mean
age of 1 year (see, e.g., Gomez-Velez et al., 2014) for water entering the
modeling domain and an advective boundary for water leaving the domain.

The flow and mean age models are solved in sequence. First, we solve the
flow model until a dynamic equilibrium is reached. Then, this flow field is
used to spin up the mean age model, similar to the flow field spin-up process.
Note that dispersivity is a critical parameter for characterizing solute transport
in the sediment (Hester et al., 2013, 2017). In this study, the dispersivity is
used for simulating mean age distribution. Along with other assumptions (i.e.,

Streambed residual water content
Aquifer sat. hyd. conductivity
Streambed sat. hyd. conductivity
Longitudinal dispersivity

Transverse dispersivity

Parameter & for aquifer groundwater age of 1 year), the simulated flux-weighted mean age provides

an approximation for understanding the mean age variations responding to the
Parameter a for streambed .
groundwater table fluctuations.

Parameter n for aquifer

Parameter n for streambed As a measure of the typical time scales of hyporheic exchange, we calculate

the flux-weighted mean age for hyporheic water discharging into the surface

water column:
Density

Dynamic viscosity /GQ"Z o~ (n-q)adx

oy — (- @) dx

Molecular diffusion coefficient apz(t) = (6)

Here, it is important to note that the mean age of water in groundwater systems with nested flow systems is
typically characterized by a heavy-tailed probability distribution for age (Cardenas, 2007, 2008). In addition, flow
dynamics further increases the role of the distribution tails and leads to the emergence of additional modes in the
distribution (Gomez-Velez & Wilson, 2013; Gomez-Velez et al., 2017). The impact of heavy tails and multi-
modality in the age distribution tends to bias the mean age, which is the first moment of such distribution, toward
older ages. Therefore, in this study, we use the mean age as a proxy for changes in time scales but avoid using this
metric as the dominant age of hyporheic waters.

2.4. Modeling Scenarios

To capture typical weather-controlled groundwater table fluctuation patterns for arid and semi-arid environments,
two scenarios are selected based on Newcomer et al. (2018). First, a groundwater average scenario that represents
a seasonal fluctuation pattern under which river and aquifer seasonally undergo disconnection and reconnection
(Figure 2a). Second, an atmospheric river scenario that represents a long-term dry losing period punctuated by
short periods of river-aquifer reconnection due to extreme storm events (Figure 2b).

Groundwater average and atmospheric river scenarios characterize the groundwater table fluctuation patterns and
include transitions from gaining to losing with connected surface water-groundwater and also transition to
disconnection. To further describe the average hydraulic head difference between the river and aquifer at the
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Figure 2. Simulation scenarios and cases. (a) Groundwater average scenario with four cases: low, medium, high, and
extremely high cases. The horizontal dash line is the spatially averaged river head. The vertical dash-dot line indicates three
snapshots in time for the comparisons in Figure 3. (b) Atmospheric river scenario with four cases: low, medium, high, and
extremely high cases. These four cases represent gradually declining groundwater table and increasing hydraulic head
differences between the river and underlying groundwater.

bottom model boundary, four cases are created for each scenario with a gradually lowered average groundwater
table representing a gradually increased river-aquifer hydraulic head difference. These four cases are low, me-
dium, high, and extremely high in terms of groundwater elevation decline and hydraulic head difference between
the river and underlying groundwater. In the low case, the groundwater table at the bottom boundary fluctuates
from values relatively close to the river head, creating no obvious gaining or losing regional fluxes at the
beginning of the groundwater table fluctuations. With decreasing average groundwater table elevations in the
medium and high cases, hydraulic head differences between river and aquifer are increased, resulting in longer
losing and disconnected river-aquifer conditions. In the extremely high case, river water is continually lost to the
underlying aquifer, and hyporheic exchange barely occurs even when the hydraulic head at the bottom boundary
is highest, which is the closest to the river head.

The river stage and flow velocity are kept constant for all simulations. This approach of constant river head with
lowering of the water table or groundwater hydraulic head to cause head gradient requirements for transitions
from connected to disconnected conditions is commonly used in modeling work (Brunner, Cook, & Sim-
mons, 2009; Brunner, Simmons, & Cook, 2009; Brunner et al., 2011; Irvine et al., 2012; Riviere et al., 2014; Xian
et al., 2017, 2019). In this work, the groundwater table fluctuations create a suitable range to hydraulic head
differences between surface water and groundwater. These suitable ranges (presented in Equation 6) enable
characterization of the persistence of hyporheic zones under temporary connection and disconnection between
surface water and groundwater systems. In fact, a relatively constant river stage can be commonly found in rivers
and streams that are regulated by reservoir operations in semiarid environments (Pearson et al., 2022). Addi-
tionally, this simplification allows us to focus on groundwater dynamics.

Additional simulations with both varying river stages (observed in Rio Grande at Alameda Bridge at Alameda,
NM-08329918) and groundwater tables (observed in USGS 351201106400501 11N.03E.07.141 HUNTERS
RIDGE NO. 1) are provided to evaluate the validity of this simplification. More information is provided in
Supporting Information S1.
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Figure 3. Snapshots of the subsurface flow field and effective saturation for days 392, 465, and 697 (columns; vertical dashed
lines in Figure 2a) under low, medium, high, and extremely high scenarios (rows; solid lines in Figure 2a). Disconnection
between the river and groundwater systems increases from top to bottom.

3. Results and Discussion
3.1. Bedform-Induced Hyporheic Exchange May Not Be as Ubiquitous as Generally Assumed

The dynamic nature of the groundwater flow is commonly ignored in hyporheic zone studies, where a constant
regional groundwater flux and fully saturated conditions are generally assumed (e.g., Azizian et al., 2017; Boano
et al., 2008, 2009, 2018; Cardenas, 2007; Cardenas & Wilson, 2007a; Caruso et al., 2016; Gomez-Velez &
Harvey, 2014a; Gomez-Velez et al., 2014, 2015). However, the temporal dynamics of groundwater fluxes can
have significant implications for the spatiotemporal evolution of the exchange process. In the following, we
present a systematic analysis to understand the conditions leading to the emergence of bedform-induced hypo-
rheic flow cells under different degrees of river-aquifer disconnection. In particular, we explore scenarios that
mimic seasonal-scale and event-scale groundwater table fluctuations (Figure 2), which induce dynamic behavior
in the ambient groundwater flow and the hyporheic exchange process.

First, we focus on the dynamics induced by seasonal groundwater table fluctuations. Figure 3 presents snapshots
of the streamlines (encapsulating the flow field) and the effective saturation for three snapshots during one annual
cycle (columns) and for different groundwater average cases (rows). Snapshot 1 (day 392) corresponds to a case
where the water table starts deepening but is still relatively close to the river head, which results in a slightly losing
condition. Snapshot 2 (day 465) is taken when the water table is at its deepest, resulting in the strongest head
gradients driving losing conditions. Finally, snapshot 3 (day 697) represents a condition when the water table
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recovers and is becoming shallower resulting in modest river-aquifer hydraulic head differences that drive slightly
gaining or losing conditions.

For the low case (first row in Figure 3), snapshot 1 shows the formation of hyporheic circulation cells under losing
regional groundwater flow. These cells start and end at the streambed-water interface and extend downwards into
the streambed layer (with lower hydraulic conductivity) and the aquifer layer (with higher hydraulic conduc-
tivity). In snapshot 2, we see the formation of an inverted water table (Stephens, 1994; Xie et al., 2014), where an
unsaturated layer (effective saturation lower than one) develops beneath the streambed layer. In this case, surface
water recharges the aquifer without circulating back to the river channel. In other words, the bedform-induced
hyporheic zone disappears. Finally, in snapshot 3, where the groundwater table recovers to a position slightly
higher than the river head, we see the reemergence of hyporheic circulation cells under the modulating effect of a
mildly gaining condition.

As the average head difference between the groundwater and river increases (rows 2—4 in Figure 3), the losing
groundwater conditions become prevalent throughout the year. Similar to the low case, we see the formation of an
inverted water table with its thickness increasing with the magnitude of the average head gradient. The medium
case (second row in Figure 3) shows the emergence of modest hyporheic flow cells during snapshots 1 and 3;
however, their size is significantly smaller than the ones seen under the low case. As we will show in the following
subsections, this is reflected in the total hyporheic exchange flux and its flux-weighted mean age. The reduction in
the size of the hyporheic zone is explained by the increase in the groundwater flux as the average head gradient
increases, which effectively compresses the cells. This hydrodynamic behavior has been shown under fully
saturated conditions (e.g., Azizian et al., 2017; Boano et al., 2008, 2009; Cardenas & Wilson, 2007a; Gomez-
Velez et al., 2014). As the average river-groundwater head differences increase, the groundwater flux exceeds
the threshold where circulation cells can develop (analogous to Boano et al., 2008; Azizian et al., 2017, for
saturated conditions), leading to conditions where the bedform-induced hyporheic zone is permanently absent.

Among the wide range of groundwater scenarios with varying river-groundwater head differences (Figure 2), in
only a few cases would hyporheic zones actually form (Figure 3). Only when the groundwater head and the river
head are similar in magnitude can hyporheic circulation cells form. Strong gaining or losing conditions can easily
obliterate hyporheic zones. This is more evident in the high and extremely high cases, where even during fully
saturated conditions (snapshots 1 and 3) no hyporheic zones are present for prolonged periods of time. In other
words, hyporheic zones are not always persistent under losing and gaining conditions even when there is water
present in the river channel under fully saturated subsurface conditions. In fact, for our simulations, hyporheic
zone circulation cells are inhibited under strongly losing conditions and never occur under disconnected surface
water-groundwater conditions (extremely high case). These results illustrate the fragility of the hyporheic ex-
change, which is shown here to only occur in a few cases where the groundwater elevation is closer to the stream
without a significant hydraulic head difference. Only when the groundwater head and the river head are relatively
close can hyporheic exchange circulation cells form.

3.2. What Are the Temporal Patterns of Bedform-Induced Hyporheic Exchange Fluxes?

To evaluate when and how much hyporheic exchange occurs under different degrees of groundwater-surface
water connection during an annual groundwater fluctuation cycle, we estimate the net hyporheic exchange
flux and the flux-weighted mean age for the four cases in groundwater average and atmospheric river scenarios.

3.2.1. Groundwater Average Scenario

For the groundwater average scenario, results from day 600 to 900 are presented in Figure 4, and the full-time
simulation results are shown in the insets, which mainly illustrate the periodicity of the behavior that supports
the focus on individual bedform features.

In the low case, hyporheic exchange fluxes occur when the river and groundwater heads are in close proximity
(i.e., minor head differences). During an annual groundwater table fluctuation cycle, the groundwater head (solid
gray line) approaches the surface water head (dashed gray line) twice, resulting in two peaks of hyporheic ex-
change fluxes. The first peak is slightly higher than the second due to the asymmetry of the groundwater table's
rising and falling rate. The slope of the groundwater table rising limb is gentler than the slope of the falling limb,
therefore more surface water is pushed into the hyporheic zone and returns to the river channel during the
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Figure 4. Net hyporheic exchange flux and flux-weighted mean age at different levels of surface water groundwater
disconnection for the groundwater average scenario. The river head (dashed gray line) and the groundwater head (solid gray
line) are included for reference.
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groundwater table rising period. Hyporheic fluxes rapidly become negligible when the groundwater head declines
and deviates in magnitude from the river head.

With increasing disconnections between the river and the aquifer in the medium case, there are still two peaks of
increased hyporheic fluxes that coincide with the time when the river and groundwater head values are in close
proximity, and the magnitude of the hyporheic peaks are similar to that in the low case. These two peaks have
increased temporal frequency (or reduced length of time between the peaks) because the two intersections be-
tween the groundwater head (gray solid line) and the river head (gray dashed line) in the medium case are closer
than that of the low case. As the results indicate, hyporheic exchange fluxes only occur when the groundwater
head and the river head are relatively close to each other; the increased temporal frequency between the two
intersections of the groundwater head and the river head contributes to the reduced length of time between the two
peaks in the hyporheic exchange fluxes.

For the high case, the groundwater head only intersects with the river head once. Therefore, only one peak of the
hyporheic exchange flux is shown. For the extremely high case, because the river-groundwater head differences
are continually too large to allow for the reversal of the infiltrated surface water flow path, resulting in a
continually losing condition, and thus no bedform-induced hyporheic exchange occurs.

The flux-weighted mean age shows similar patterns as the hyporheic exchange fluxes. The mean age peaks are
coincident in time with the hyporheic flux peaks. For the low and medium cases, where two age and flux peaks
develop, the second mean age peak is higher because during this period the system is flushing both water that
entered the hyporheic zone during the first flux peak, which has aged within the sediments, and water that entered
during the second, milder flux peak, which is characterized by lower flow rates and longer residence times.
Together, these factors result in the flushing of older hyporheic water.

Our results suggest that bedform-induced hyporheic exchange fluxes only occur within a small window of time
when the groundwater head is relatively close in magnitude to the river head. This window's length depends on the
groundwater table and river stage fluctuation patterns. In this study the river stage is kept constant; the results
indicate that the groundwater table fluctuation alone drives the dynamics in the hyporheic exchange processes.
Even a mild difference between the river head and the groundwater head can obliterate the hyporheic exchange.

3.2.2. Atmospheric River Scenario

The atmospheric river results, in general, are similar to the average groundwater results shown in Figure 4, but the
frequency of groundwater elevation changes is higher and more rapid (Figure 5). Results from day 450 to day 580
are presented in Figure 5, and the full-time simulation results are shown in the insets which again illustrate the
periodicity of the behavior. Hyporheic exchange fluxes only occur when the groundwater head approaches the
river head. For the low (Figure 5a), medium (Figure 5b), and high cases (Figure 5c), groundwater head approaches
river head four times during the observation period, resulting in four peaks of hyporheic exchange fluxes. For the
extremely high case (Figure 5d), only at the highest groundwater table position (around day 477) can bedform-
induced hyporheic exchange occur, but only in a minor amount.

The magnitude of flux-weighted mean age depends on the antecedent flow conditions. That is, if the previous flow
condition is gaining, then the hyporheic flux-weighted mean age would be relatively high due to the mixing with
old regional groundwater. On the other hand, if the previous flow condition is losing, the mean age would be
relatively low because of the mixing of fresh surface water. Take the high case as an example (Figure 5c), from
day 460 to 500, with the groundwater table fluctuations (gray solid line), the system goes from losing to gaining,
then to losing, and again to gaining to losing. The second hyporheic flux peak is after a gaining condition, and the
third hyporheic flux peak is after a losing condition, therefore the magnitude of flux-weighted mean age at the
second peak is higher than the third peak.

In the atmospheric scenario, the groundwater losing-disconnected period is punctuated by short periods of
transitional losing-to-gaining conditions due to the impact of storm events. These short transitional periods create
temporary connections and therefore hyporheic exchange fluxes. Compared with the groundwater average sce-
nario, the higher groundwater table fluctuation frequency results in the formation of additional hyporheic flux and
flux-weighted mean age peaks. Again, the flux peak timing always coincides with the time when the river and
groundwater head values are in close proximity, the magnitude of the hyporheic peaks are similar, and hyporheic
fluxes rapidly become negligible aside from these peaks. The main difference for the atmospheric river scenarios,
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Figure 6. (a) Hyporheic exchange fluxes and (b) flux-weighted mean age as a function of river groundwater hydraulic head
gradient (i.e., head at the water-sediment interface minus head at the bottom of the modeling domain) for the groundwater
average scenario.
in addition to the increased frequency of peaks, is the increased sharpness of the peaks, which was associated with
the increase in speed of the change in groundwater head conditions.
3.2.3. Intermittency and Sensitivity of Bedform-Induced Hyporheic Exchange Fluxes
Bedform-induced hyporheic exchange only occurs intermittently when there are small or negligible differences
between river and groundwater heads and can be non-existent when there are increased differences between river
and groundwater heads. The extremely high case, in particular, results in a condition where the bedform-induced
hyporheic zone cannot form because the head gradient between the channel and the aquifer results in losing fluxes
to the regional aquifer that continually suppress the formation of hyporheic circulation cells. This intermittency
responds to the seasonal- and event-scale groundwater hydraulic head variations. Only when the gaining and
losing fluxes are low or negligible can bedform-induced hyporheic fluxes occur.
Our results also suggest that hyporheic flux has vast changes in magnitude, indicating the sensitivity of hyporheic
exchange responding to the seasonal- and event-scale hydraulic head variations. The temporal frequency of the
intersections between surface water and groundwater hydraulic heads controls the number and frequency of the
hyporheic zone formations. The slope of the rising and falling limbs of groundwater table fluctuations determines
the magnitude of hyporheic exchange fluxes and the flux-weighted mean age (Figures 4 and 5).
3.3. Windows for Hyporheic Exchange Occurrence
To further analyze under which range of river-groundwater head differences hyporheic exchange occurs, we plot
the hyporheic exchange fluxes (Figure 6a) and flux-weighted mean ages (Figure 6b) as a function of river-
groundwater head differences for the groundwater average scenario. Given the periodic and non-hysteretic
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nature of this process, we explored a single year, starting when the groundwater table is at its deepest (i.e., the
largest positive value of the hydraulic head difference). The full range of head difference considered for each case
is indicated by the vertical lines on the plots, and the windows where the hyporheic zone is active are illustrated by
the shaded areas.

Initially, the positive gradient induces losing conditions, with regional groundwater fluxes strong enough to
completely suppress bedform-induced hyporheic exchange. Over time, as the gradient progressively decreases
(i.e., the groundwater head at the bottom boundary increases), it reaches a threshold where the hyporheic zone
can overcome the compressing effect of the downward regional groundwater flow to form a hyporheic cell.
This is the beginning of the rising limb for the exchange flux and mean age (moving from left to right in
Figures 6a and 6b).

The exchange flux and mean age eventually reach a maximum, which depends on the water table dynamics for
each case. For example, the low and medium cases reach the maximum exchange flux and mean age before the
gradient momentarily reverses (see Figure 2). This “sweet spot” occurs at a head difference of approximately
0.13 m and not when the head difference is zero, which is likely explained by the delayed propagation of the
hydraulic signal in a partially saturated porous media. Smaller head differences are characterized by lower ex-
change fluxes and mean ages, even after the head reversal. Notice that for the low case, the head reversal is strong
enough to temporarily compress the hyporheic zone. However, the mean ages remain high and even increase due
to the mixing of older groundwater and fresh surface water under gaining conditions (Figure 6b). Then, the cycle
continues with a receding water table, and the fluxes follow the same path until the bedform-induced hyporheic
zone disappears again.

Our results show that a peak exchange flux and mean age occurs near the zero difference in the hydraulic head,
and the exchange becomes negligible when the head difference exceeds approximately 0.6 m (for the hydraulic
properties used herein). Only when the head difference is below this threshold (inside the shaded areas) the
hyporheic zone is active. This narrow range of hyporheic zone activity can be understood as a hot moment for
biogeochemical activity (McClain et al., 2003) and highlights the fragility of the bedform-induced hyporheic
zone, as it only exists when the head differences between the river and groundwater are small. When the hydraulic
gradient is too large under losing conditions, the river water that infiltrates into the streambed sediments is lost
permanently and not able to return to the river. Under gaining conditions, when the hydraulic gradient is too large,
the stream water is unable to infiltrate into the streambed sediments.

These findings are consistent with the descriptions in prior papers. For example, O’Connor and Harvey (2008)
showed that groundwater upwelling in field measurements deviates from advective pumping and diffusive mass
transfer scaling developed from lab flume studies, which suggests the fragility of hyporheic exchange when
modulated by changing hydraulic gradients. Similarly, in a recent study, Bonanno et al. (2023) showed that the
dynamics of regional groundwater fluxes can lead to periods where the exchange process is undetectable in tracer
tests. Most rivers and streams are gaining or losing (Wroblicky et al., 1998) and are likely to inhibit the formation
of bedform-induced hyporheic exchange. In fact, this inhibition is likely to become more prevalent in the future
due to the widespread presence of losing conditions in river channels across the contiguous USA (Jasechko
et al., 2021), with many basins expected to have increased future water shortages associated with the combined
effects of population growth and climate change in the U.S. (Heidari et al., 2021), a factor that could further
decrease river flows and increase intermittency in the U.S. and around the globe.

3.4. The Fragility of the Hyporheic Zone

Bedform-induced advective pumping is at the core of most upscaling frameworks for hyporheic exchange. While
not the only exchange driver, it has become the common conceptualization for the hyporheic exchange processes.
However, as shown here, this process can easily succumb to ubiquitous regional groundwater fluxes, likely
limiting its overall role in river corridor biogeochemical transformations.

Note that the river sediment scenario and the groundwater table fluctuation patterns are generalized based on arid
and semi-arid environments. However, the conclusions are transferable in other types of environments. Without a
perched stream, the sensitivity of the bedform-induced hyporheic zone is still very high to the groundwater table
fluctuations as noted in previous studies (Boano et al., 2008; Cardenas & Wilson, 2006; Sawyer & Carde-
nas, 2012). In wetter environments, the hyporheic exchange can also be deactivated as soon as the river-aquifer

WU ET AL.

14 of 18

ASUAOIT suowwo)) aAnear) ajqeatdde ay) £q pauioaod are sa[onIe YO asn Jo sajni 10j K1eiq suljuQ A3[IA\ UO (SUOHIPUOS-PUE-SULIR)/W0d Kd[1m ATeIqi[aul[uo//:sdny) suonIpuoy) pue swd | oyl 39S ‘[$707/L0/61] uo Areiqi aurjuQ Lo[IA ‘90L9E0UMETOT/6T01 0 1/10p/wod Kafim K1eiqioutjuosqndnSe,/:sdny woly papeojumod ‘L ‘4207 ‘€L6LPY61



ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR036706

Acknowledgments

This research was funded by the U.S.
Department of Energy, Office of Science,
Biological and Environmental Research.
This work is a product of three programs:
(a) Environmental System Science
Program, as part of the Watershed
Dynamics and Evolution (WaDE) Science
Focus Area at Oak Ridge National
Laboratory, and the IDEAS-Watersheds
project, (b) Data Management Program, as
part of the ExaSheds project, (c) the
Research and Development Partnership
Pilots (DE-SC0023132), and (d) ORNL
SEED project: Tracking Disturbance
Signals Along River Networks. Additional
support was provided by the Department of
Energy Minority Serving Institution
Partnership Program (MSIPP) managed by
the Savannah River National Laboratory
and National Science Foundation (awards
2142686, 1830172, 2020814, 2312326).

hydraulic gradients are larger than a threshold. As discussed in the previous results, bedform-induced hyporheic
exchange is obliterated by minor losing conditions well in advance of the disconnection between rivers and
groundwater. Therefore, the hyporheic zones are likely to be fragile as well in other types of environments as in
the arid and semi-arid regions.

The fragility of bedform-induced advective pumping emphasizes the importance and need for more research
attention and considerations of other types of hyporheic exchanges, that is, near-bed turbulence and turnover
(Grantet al., 2018; Nagaoka & Ohgaki, 1990; Roche et al., 2018; Schulz et al., 2023). Although these two types of
hyporheic exchange may also potentially be affected by large gradients between surface water and groundwater
hydraulic heads, there is still a lack of evidence to quantify how fragile these processes would be. For example,
mass exchange rates in flat gravel beds have been found to be 2—4 orders of magnitude greater than those pre-
dicted by advective pumping, which is negligible in streambeds with small topographic features (O’Connor &
Harvey, 2008; Packman et al., 2004; Roche et al., 2018) or under the modulating effect of regional groundwater
flow, as shown in this study. The turbulent exchange of mass and momentum is likely more persistent and in-
dependent of groundwater table fluctuations and can potentially play an important role in sustaining the
biogeochemical and ecological functioning of the river-aquifer system. Apart from the vertical hyporheic ex-
change processes, river channel meander-driven hyporheic exchange also plays an important role. A recent study
reported that meander-driven hyporheic exchanges exhibit relatively more resilience to the regional groundwater
table fluctuations (Gonzalez-Duque et al., 2024).

4. Conclusions

In this paper, we evaluate the persistence of bedform-induced advective pumping hyporheic exchange (bedform-
induced exchange) under a range of seasonal- and event-scale groundwater table fluctuation scenarios, which lead
to episodic river-aquifer disconnections and reconnections. Our study shows that this exchange mechanism,
commonly assumed as ubiquitous, is highly sensitive to typical changes in groundwater table fluctuations and
stream-aquifer disconnections. Such water table dynamics are particularly common in arid and semi-arid envi-
ronments, but the presence of strong losing and disconnected channels is common in humid environments and is
expected to expand due to climatic and anthropogenic drivers (e.g., Jasechko et al., 2021).

Bedform-induced exchange only occurs under conditions when the river head is not significantly different from
the groundwater head, resulting in a fragile exchange mechanism that is either intermittent or absent under typical
groundwater dynamics. When a bedform-induced hyporheic zone forms, typically during a short window of time,
it is characterized by fluxes and mean water ages with significant peaks that vary by orders of magnitude. This
intermittent process can be associated with the emergence of hot spots and hot moments of enhanced hyporheic
zone biogeochemical reactivity along river corridors.

We propose that the fragility of bedform-induced hyporheic exchange highlights the importance of expanding
typical conceptualizations to better represent the potential role of near-bed turbulence and turnover mechanisms
when representing hyporheic connectivity in water quality models (e.g., Grant et al., 2018, 2020).

Data Availability Statement

The data and R scripts needed to reproduce the analyses and figures in this study are available through FigShare:
https://figshare.com/s/3c8a2d5ce9e818560217.
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