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Abstract. Groundwater systems are components of the Critical Zone, in dynamic balance with the
climate and human pressure. Water and heat fluxes control biogeochemical processes and regulate
both resource potential and system vulnerability. Evaluating system responses to climate and land use
changes requires an estimation of subsurface structure, flow dynamics, and the spatial distribution of
recharge and discharge zones.

Classical hydrological data, such as water levels and river discharge, are commonly coupled with
unconventional methodologies, including heat tracing, electrical resistivity tomography, and surface
wave analysis. Their coupling via time-lapse monitoring and inversion frameworks enables the
characterization of thermal, electrical, and mechanical interactions, thus encouraging a transition
from static structure description to transient representations of groundwater.
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We identify key challenges, including data limitations, model uncertainty propagation, and the in-
tegration of transient variables and parameters into inversion workflows. Petrophysical and geostatis-
tical approaches help overcome these issues by coupling geophysical and groundwater models, quan-
tifying spatio-temporal uncertainties, and addressing scale change. Finally, choices regarding experi-
mental design, parameter reduction, dimensionality, model hypotheses, and inversion scale must be
assessed to balance parsimony with model accuracy. These developments underscore the central role
of hydrogeophysics in advancing Critical Zone science and sustainable groundwater management.
Emphasizing transient processes is essential for capturing how subsurface systems evolve over time
in response to environmental changes.

Keywords. Hydrogeophysics, Critical zone, Transient numerical models, Inverse problem, Uncertanty
quantification, Geostastistics, Groundwater.
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1. Introduction

The Earth’s Critical Zone (CZ) is the near-surface
layer where water, soil, air, and living organisms
interact to support terrestrial ecosystems and hu-
man society. Among its components, groundwater
(GW) represents the largest reservoir of freshwater
(Singha and NavarreSitchler, 2022; R. M. Lee et al.,
2023). It plays a fundamental role in Earth’s hydro-
geochemical cycles by redistributing water, energy,
solutes, and contaminants throughout the subsur-
face (Brunke and Gonser, 1997; Stegen et al., 2018;
Gomez-Gener et al., 2021). In addition to sustain-
ing ecosystems and surface water (SW) bodies crit-
ical to biodiversity, GW is a vital resource for global
water, energy, and food security (De Amorim et al.,
2018; Castilla-Rho et al., 2017; Sacco et al., 2024).

Despite its significance within the Critical Zone
(CZ), GW is frequently overlooked due to the diY-
culty and high cost of subsurface access, and its char-
acteristically slow, diVuse dynamics (Chavez Garca
Silva et al., 2024). Hydrogeophysical methods pro-
vide eYcient, non-intrusive tools to estimate GW
physical properties in time and space. However, key
challenges in CZ hydrogeophysics include: (i) char-
acterizing the structure and behavior of GW systems
and their interactions with other CZ compartments,
(ii) quantifying the temporal and spatial distribution
of water, energy, and nutrients or contaminants, and
(iii) predicting GW responses to climatic variability
and anthropogenic influences.

Shallow GW systems are influenced by both cli-
matic factors (Cuthbert et al., 2019; Fan et al., 2013;
Condon, Atchley, et al.,, 2020) and anthropogenic

pressures such as water abstraction (Dixon et al.,
2006; Rahardjo et al.,, 2010; Waltham et al., 2004),
geothermal exploitation (Bidarmaghz et al., 2021;
Menberg et al., 2025; Bayer, Attard, et al., 2019),
and contaminant discharge (Stigter et al., 2023). In
this context, understanding long-term trends and the
spatial dynamics of GW recharge, SW—-GW exchanges,
flow paths, residence times, and associated thermal
regimes is essential for anticipating future conditions
and managing current impacts (Maxwell and S. J.
Kollet, 2008; De Marsily, 1986; Enemark, Peeters, et
al., 2019; Boulton and Hancock, 2006; Singha and
NavarreSitchler, 2022; Gleeson et al., 2020; Fan et
al,, 2013). Temperature is increasingly recognized as
a key tracer in shallow GW systems, providing crit-
ical insights into water quality, recharge dynamics,
and geothermal potential (Neidhardt and Shao, 2023;
Xu et al., 2021; Benz et al.,, 2024). Although only
a limited number of studies have focused on tem-
perature evolution within GW, recent investigations
underscore its sensitivity to climatic variability and
anthropogenic pressures (Benz et al., 2024). Water
and temperature are fundamental vectors of trans-
port and transformation within the CZ, shaping bio-
geochemical processes that influence CZ function-
ing (Safieddine et al., 2025), altering water quality
through complex biogeochemical feedbacks (Neid-
hardt and Shao, 2023), and aVecting stream and GW
biodiversity (Land and Peters, 2023).

Unraveling the four-dimensional (4D) distribu-
tion of water and heat fluxes at the GW boundaries
(i.e. 3D spatial ~ temporal), particularly at the Va-
dose Zone (VZ) and SW-GW interfaces (Hermans,
Goderniaux, et al., 2023) remains a major challenge
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for accurately assessing the components of the wa-
ter and energy balances and achieving water bud-
get closure, particularly concerning climate changes
and land use (Bléschl et al., 2019; Condon, S. Kollet,
et al., 2021; Xie, Cook, et al., 2018; Xie, Crosbie, et
al., 2019; Levin et al., 2023). VZ regulates recharge,
vertical water movement, and the exchange of en-
ergy and solutes, while SW-GW interactions con-
trol hydrological connectivity as well as the magni-
tude and directionality of both water and thermal ex-
changes. These eVorts are further complicated by
the non-linear, transient nature of GW recharge pro-
cesses, including capillary rise across the water ta-
ble (Vereecken, Huisman, et al., 2008), shifting GW
divides that can induce lateral ows between river-
banks (Texier et al., 2022), and temporally variable
SW-GW connectivity. SW—GW can uctuate between
gaining, losing, transitional, and disconnected states,
introducing uncertainty into water and energy bud-
get estimation (Brunner, Therrien, et al., 2017; Brun-
ner, Cook, et al., 2011; Riviére, Gongalves, Jost and
Font, 2014) (Figure 1).

GW ow systems remain poorly understood due
to their hidden subsurface nature, often described as
a terra incognita (Kleinhans et al., 2005; McDonnell,
2017; Grant and Dietrich, 2017) (Figure 1). Shallow
GW systems exhibit a rich diversity in the compo-
sition and topology of internal structures, shaped
by interactions among geological, hydrological, and
climatic processes (see Appendix A). These systems
are underlain by regolith, which can be categorized
into two types: allochthonous regolith, composed
of unconsolidated sediments transported through
geomorphological mechanisms, and autochthonous
regolith, formed through in-situ weathering and
transformation of the underlying bedrock. The evo-
lution of regolith and bedrock varies signi cantly
across spatial and temporal scales, complicating
the accurate representation of ow and transport
dynamics (further detailed in Appendix A). Despite
the advancement of hydrogeological modeling, GW
management, including well regulation, stream ow
depletion, recharge enhancement, and develop-
ment of geothermal resources, often operates un-
der signi cant data constraints. These limitations
require simplifying assumptions that can obscure
spatial heterogeneity, misrepresent boundary con-
ditions, and ultimately lead to non-unique or un-
reliable model interpretations (Casillas-Trasvina et

al., 2024). However, the hydrological sciences have
historically prioritized hydraulics and mathemat-
ical modeling over geological realism, frequently
yielding precise solutions to ill-posed problems. In-
adequate conceptual geological models and poor
estimations of aquifer parameters still contribute

to major sources of uncertainty in ow modeling
(Rojas et al., 2010; Refsgaard et al., 2012; Enemark,
Peeters, et al., 2019; Yin et al., 2021; D.-H. Tran et al.,
2025).

While many components of the hydrological cy-
cle, such as river discharge, precipitation, piezomet-
ric levels, and even GW pumping (though often not
routinely monitored), can be measured with reason-
able accuracy, uxes at GW boundaries, including
recharge (Rawls et al., 1993; Halloran et al., 2016; W.
Zheng et al., 2019; Vereecken, Amelung, et al., 2022)
and SW-GW exchanges (Fleckenstein, Krause, et al.,
2010; Krause et al., 2011; Flipo et al., 2014; Barthel,
2014; Boano, J. W. Harvey, et al., 2014, Irvine et al.,
2024), cannot be directly observed at the hillslope
scale. Although methods such as seepage meters
(Rosenberry, Duque, et al., 2020), lysimeters (Saaltink
et al.,, 2020; Balugani et al., 2023; Saaltink et al.,
2020), single-well tracer tests (Paradis et al., 2022),
and active Distributed Temperature Sensing (DTS)
experiments (Chang et al., 2024; Briggs, Lautz, et al.,
2012) are often described as “direct measurements”
of these uxes (Rosenberry and LaBaugh, 2008), they
actually infer exchange rates by inverting data. Each
inversion requires modeling assumptions and is sen-
sitive to site-speci ¢ conditions. While informative at
the local scale, such measurements are rarely repre-
sentative of larger domains.

At the hillslope or watershed scale, SW-GW ex-
changes are often depicted using a one-dimensional
conductance term in watershed models. This rep-
resentation neglects heterogeneity and assumes
steady-state conditions and places the GW divide
at the midpoint of the river (Gianni et al., 2016).
This conceptual limitation is illustrated in Figure 1a,
which shows how GW ow paths and divides are
idealized without accounting for hydrofacies vari-
ability. Notably, if the transient state is not taken
into account, predictions of exchange uxes will be
unreliable, especially during extreme events (Tri-
pathi et al., 2021). This limitation impacts water
uxes as well as heat and solute transport pro-
cesses (Lemoubou et al., 2023). In reality, GW head
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Figure 1. (a) Watershed-scale view illustrating GW ow paths, geological structure, SW—GW interactions, and human in uences,
with idealized GW divides and owpaths (after Téth, 1963). (b) Hillslope-scale 3D view with subsurface hydrofacies heterogeneity
meshes, model parameters (intrinsic permeability  k, porosity n, specic yield Sy, water retention curve WRC (Van Genuchten,
1980; Mualem, 1976; Brooks and Corey, 1966; Fredlund, 2006), thermal conductivity , , the density of the porous media “2and heat
capacity C). Parameters may vary continuously or discretely across the domain, re ecting natural heterogeneity and modeling
assumptions. (c) Output of advanced GW simulation following data integration and inversion (Inv), revealing realistic SW—-GW

ow paths, residence time distribution, and estimates of water and heat budgets. After inversion, spatial uncertainty in model
parameters and ow directions can be quantitatively assessed, re ecting the limitations imposed by sparse or uneven eld data.

FWD: forward models; Inv: inversion approaches.

distributions follow physical laws that yield complex
spatial patterns, which are not easily reproduced
with analytical solutions or simplied geometries.
Consequently, assigning boundary conditions based
on topography or interpolation of piezometric level
carries a signi cant risk of physical inconsistency
(De Marsily, Delay, Gongalves, et al., 2005). A major

unresolved issue remains the inherent incomplete-
ness of the data required to constrain these models
accurately.

Figure 1 provides a conceptual overview of GW
systems at multiple scales, illustrating (a) watershed-
scale ow paths and human in uences, (b) hillslope-
scale subsurface heterogeneity and hydrogeological
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parameters, and (c) the output of advanced GW sim-
ulations and inversion approaches, which estimate
GW ow paths, residence times, SW-GW exchanges,
and recharge across the domain. The fundamental
challenge lies in solving ow and transport equations
within a complex geological system that remains only
partially characterized (Anderson, Woessner, et al.,
2015). Parameters may vary continuously or dis-
cretely across the domain. In both cases, the sub-
surface domain is discretized into a mesh of cells in
the model. Each mesh assigned a set of parameters
that de nes the hydraulic and thermal behavior of
the medium (Figure 1b). These parameters such as
the saturated hydraulic conductivity (or permeabil-
ity), porosity, the relative permeability function, wa-
ter retention curve, unsaturated permeability func-
tion, specic heat (heat capacity/density), thermal
conductivity, and density of every phase (i.e., solid
particles, water, and air) are typically linked to a spe-
ci ¢ hydrofacies, which represent geologically coher-
ent units with distinct properties. While this frame-
work enables spatial variability in model inputs, it
also depends heavily on how well the hydrofacies
are conceptualized, parameterized, and distributed
(Zinn and C. E Harvey, 2003; Zhan et al., 2023), un-
derscoring the importance of robust geological char-
acterization. Although heterogeneity is incorporated
into models at a certain scale, it is not directly ob-
served or mapped in detail at the scale of the cell of
the model (Figure 1b). Instead, its spatial distribu-
tion is typically inferred from sparse measurements
through inverse modeling or interpolated through a
geostatistical framework, introducing further uncer-
tainty into the representation of subsurface complex-
ity (Condon, S. Kollet, et al., 2021; H. Zhou et al.,
2014).

As a result, GW simulations often re ect a com-
promise between (Gupta et al., 2012): (i) available
data and its spatiotemporal resolution (Irvine et al.,
2024; Condon, S. Kollet, et al., 2021; De Marsily,
Combes, et al., 1992; Konikow and Bredehoeft, 1992;
Andréassian et al., 2023; Carrera et al., 1993); (ii) the
complexity of physical processes; (iii) model capac-
ity to represent heterogeneity and boundary condi-
tions; and (iv) the inclusion of uncertainties in model
inputs, structure, parameters, and observations used
to constrain model parameter sets (Condon, S. Kol-
let, et al., 2021; H. Zhou et al., 2014; Sagar et al., 1975;
Tarantola, 2006) (Figure 1c).

Most hydrological models are calibrated using
two conventional observation types: hydraulic heads
and river discharge. However, it is established that
these conventional observations alone are insu Y -
cient to accurately parameterize subsurface hetero-
geneity and predict ow paths and transport dynam-
ics, especially in geologically complex settings and
near the SW (De Marsily, Delay, Goncalves, et al.,
2005). Calibration from hydraulic heads alone often
leads to non-unique solutions (Beven, 2006; Doherty,
2011). This issue arises because distinct hydrofacies
can produce similar hydraulic responses but di  Ver-
ent ow paths.

To illustrate the hydrogeological consequences of
sedimentary heterogeneity, Figure 2 presents a hy-
drogeological simulation of GW ow paths and hy-
draulic gradients within a synthetic geological model
of a meandering uvial system. The geological
model, developed using the Flumy process-based
sedimentary simulator, mimics the deposits in a sim-
plied alluvial plain (Weill et al., 2013; Bhavsar et
al., 2024). The facies simulated by Flumy were im-
plemented in a GW ow model to assess the impact
of mud plugs, which are low-permeability deposits
formed in abandoned meanders, on subsurface ow
dynamics. Modeling details are provided in Appen-
dix A. The results show that while the overall hy-
draulic head distributions in the homogeneous and
heterogeneous models appear nearly identical, the
presence of mud plugs signi cantly alters GW ow
directions and locally doubles the velocity beneath
these features. These insights underscore the limi-
tations of relying solely on hydraulic head data for
model calibration.

Conventional observations coupled with uncon-
ventional data (heat or biogeochemical tracer, geo-
physical data) allow addressing these limitations of
GW modeling (De Marsily, Delay, Gongalves, et al.,
2005; Schilling et al., 2019; Casillas-Trasvina et al.,
2024). Concentration and temperature data are more
commonly available and jointly used with the hy-
draulic head in inversion processes (Ellison et al.,
2025). Recent reviews demonstrate the role of geo-
physics in hydrological studies, for characterizing
underground hydrofacies, constraining the GW ar-
chitecture, and estimating key hydrological proper-
ties such as hydrodynamic and thermal parameters
(S. S. Hubbard and Rubin, 2000; Parsekian et al., 2015;
Binley and Kemna, 2005; Hermans, Goderniaux, et
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Figure 2. Sedimentary and hydrogeological setup (facies and hydrological boundary conditions): (a) homogeneous sedimentary
model, (b) heterogeneous sedimentary model, (c, d) zoom of the simulated hydraulic head (black lines) and Darcy ow velocity

elds of both models, (e, f) slice view below the mudplug at

t /E15 days. The map-view locations of pro les A-B (panels a and c)

and A2-B?(panels b and d) correspond to the vertical slices shown in panels () and (f).

al., 2023; F M. Wagner and Uhlemann, 2021; Dumont
and Singha, 2024). These methods provide spatially
extensive, non-invasive insights into subsurface ar-
chitecture and hydrofacies distributions (S. S. Hub-
bard and Rubin, 2000; Parsekian et al., 2015; Bin-
ley and Kemna, 2005; Hermans, Goderniaux, et al.,
2023). Beaujean et al. (2014), Copty et al. (2016),
and Irving and Singha (2010) show that integration
of geophysics results inside GW models can signif-
icantly improve the accuracy of the model com-
pared to using hydrogeological data alone. Com-
mon geophysical approaches such as electrical resis-
tivity tomography (ERT), seismic refraction tomogra-
phy (SRT), and temperature tracer are widely applied
in transient states and complex, heterogeneous geo-
logical environments at the hillslope scale.
Understanding and modeling shallow groundwa-
ter systems in heterogeneous environments remains
a major challenge in hydrology and CZ science. This
review explores how the integration of geophysical
methods, speci cally electrical, thermal, and seismic
techniques, can enhance our ability to characterize
and model these complex systems. We synthesize

recent advances, highlight methodological develop-
ments, and propose directions for future research at
the interface of geophysics and hydrology.

We begin by outlining the fundamental principles
and applications of these three geophysical method-
ologies, highlighting their respective strengths and
limitations in the context of heterogeneous shallow
GW investigations. A particular focus is placed on the
potential of these methods to reveal 4D GW uxes,
which are often poorly constrained in heterogeneous
shallow GW. Recent advances in incorporating geo-
physical data into groundwater models are then dis-
cussed, with a particular focus on the development of
various inversion approaches that optimize data as-
similation and improve model reliability.

Finally, we identify emerging methodological de-
velopments and propose key research directions for
integrating hydrogeophysical data into GW models,
thereby bridging the gap between theory and prac-
tice. These include strategies for e Vective eld data
monitoring, the development of scalable hydrogeo-
physical models, and robust approaches for quanti-
fying uncertainty.
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2. Geophysical methods, petrophysics, and
geostatistics

To identify hydrofacies parameters, common hydro-
logical practices include laboratory measurements,
pumping tests (Theis, 1935; Papadopulos and Cooper
Jr., 1967; C. E. Jacob and Lohman, 1952; Black and
Kipp Jr., 1981), GW time-series analyses, such as data
in the spectral domain (Gelhar and Wilson, 1974;
Guillaumot et al., 2022; Pedretti et al., 2016; Schuite et
al., 2019), or responses to Earth or atmospheric tides
(Klénne, 1880; Rau, Cuthbert, et al., 2020; Meinzer,
1939; M. L. Merritt, 2004; McMillan et al., 2019;
Thomas et al., 2024; Valois et al., 2024). Critics argue
that these methods are inherently local, dependent
on the design of pumping test experiments, piezome-
ter placement, and site-speci ¢ conditions. There is
ongoing debate about the spatial representativeness
and upscaling of these parameters from local mea-
surements to hydrogeological models at the hillslope
scale. However, these data, combined with detailed
geological descriptions, provide valuable constraints
for hydrogeological models, improving the calibra-
tion and validation of model parameters. These data
are commonly used as prior information in hydroge-
ological modeling, supporting the range of the phys-
ical parameter values of the subsurface. Rocks and
unconsolidated materials are often described as a
mix of various components: rock matrix and multi-
uids (air, water). These characteristics control the
physical properties such as the hydraulics, thermal,
electrical, and seismic parameters. Therefore, geo-
physical methods can assist in characterizing hydro-
facies through direct modelling and inverse prob-
lems solving (Rubin and S. Hubbard, 2005).

2.1. Thermal, electrical, and seismic methods

Equations governing the forward model (FWD) of
each method are given in the Appendix B.

2.1.1. Heatas a ow tracer

While temperature is widely acknowledged as a
signi cant state variable with extensive hydrologi-
cal and hydrochemical impacts, the past decade has
seen an increased recognition of the value of temper-
ature measurements to trace subsurface ow paths,
especially for GW ow, vadose zone and SW-GW in-
teraction (Anderson, 2005; Kurylyk, Irvine and Bense,

2019; Halloran et al., 2016). Owing to the strong
coupling between ow and heat transport, temper-
ature has long been used as a natural tracer to in-
fer subsurface ow processes, beginning with foun-
dational studies in the 1960s (Suzuki, 1960; Stallman,
1965; Bredehoeft and Papaopulos, 1965). In such
systems, the advective term in the heat transport
equation is directly proportional to speci c discharge
(Appendices B.1, B.2). The theoretical basis stems
from classical heat conduction work by Carslaw and
Jaeger (1959) and has been extended to account for
advective heat transport under transient conditions
(e.g. Campbell et al., 1991; Heitman et al., 2003;
Briggs, Lautz, et al.,, 2012; Simon, Bour, Lavenant,
et al., 2021). The increasing availability of a Vord-
able temperature sensors facilitates high-resolution
monitoring of thermal dynamics in rivers, soil, and
aquifers, which provides a natural signal for tracing
water movement (Figure 3a, b). Temperature uctu-
ations, whether diurnal, seasonal, or induced by ar-
ti cial sources, can be leveraged to infer SW—GW in-
teractions, quantify the GW recharge, delineate sub-
surface ow paths, and quantify geothermal poten-
tial (Hatch et al., 2006; Keery et al., 2007; Kurylyk,
Irvine and Bense, 2019; Saar, 2011; Anderson, 2005;
Constantz, 2008; Rau, Andersen, et al., 2010; Healy
and Cook, 2002).

The use of temperature as a hydrological tracer re-
lies on two main strategies: passive and active ther-
mal tracing. Passive approaches take advantage of
natural temperature uctuations, typically diurnal or
seasonal surface signals, and analyze their propaga-
tion through the subsurface to infer GW ow charac-
teristics (Figure 3a, b). Signal attenuation and phase
shifts with depth (Figure 3a) allow estimation of ver-
tical uxes and thermal di Vusivity, particularly in
streambeds and in the VZ (e.g. Hatch et al., 2006;
Keery et al., 2007; Kurylyk, Irvine and Bense, 2019;
Constantz, 2008). Heat is a particularly e Vective
tracer for revealing subsurface heterogeneities, as its
transport is highly sensitive to variations in thermal
properties and ow paths.

Figure 3c and d present transient temperature
pro les produced with the Ginette model (Riviere,
Gongalves, Jost and Font, 2014; Riviére, Jost, et al.,
2019; Riviere, Gongalvés and Jost, 2020; Grenier
et al.,, 2018), a coupled water- and heat-di Vusivity
equations, for both homogeneous and two-layer do-
mains, demonstrating the in uence of subsurface
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Figure 3. Using heat as a tracer: (a) Temperature time series recorded in the Orgeval CZ observatory (France) (Tallec et al., 2015;
Riviere, Flipo, Ansart, et al., 2018) for aquifer (black line), bank (gray line), and stream (light-grey line) over a decade. (b) Annual
temperature regime plot: light blue and red points indicate the daily minimum and maximum temperatures, respectively; the gray-
shaded region represents the range between the 0.05 and 0.95 quantiles, and the dark blue line shows the mean. (c) Simulation of
a temperature pro le as a function of depth for a homogeneous soil, and (d) a heterogeneous soil, for aquifer discharge (orange
line) and aquifer recharge (blue line). (c) and (d) showing deviations from the geothermal gradient caused by surface zone and
convection in the geothermal zone. Aquifer recharge (downward movement) results in concave upward pro les, whereas aquifer

discharge (upward movement) results in convex upward pro les.

heterogeneity on heat transfer.  During aquifer
recharge, surface water in ltrates downward, and
advective heat transport produces a concave-upward
temperature pro le characteristic of downward ow.
The in Itrating water may be warmer in summer or
cooler in winter, but the curvature remains diagnos-
tic of recharge, while discharge creates a convex or
compressed pro le near the surface (Figure 3c and
d) (Riviere, Flipo, Goblet, et al., 2020). These advec-
tive processes stand in clear contrast to purely con-
ductive heat transfer, where temperatures vary only
by diVusion and follow a nearly linear trend with
depth. In the heterogeneous model, the presence
of a shallow, permeable layer accelerates advective
transport during recharge and discharge events. As a

result, the thermal pro le diverges from the expected
recharge pattern and instead bends convex-upward.
Kurylyk, Irvine, Carey, et al. (2017) demonstrates that
heat can serve as an eVective hydrologic tracer in
both shallow and deep heterogeneous media, of-
fering analytical tools based on the work of Shan
and Bodvarsson (2004) and eld data to improve
subsurface ow characterization. Thermal tracing
is widely used to assess SW—-GW interactions, as re-
viewed by Anderson (2005), Saar (2011), and Kurylyk,
Irvine and Bense (2019). However, its accuracy relies
on having enough advective heat transfer. Recom-
mended intrinsic permeability values range from
10' 12 to 101 19 m? (Cucchi et al., 2021; Smith and
Chapman, 1983; Riviere, Flipo, Goblet, et al., 2020).
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If the conductivity falls below this range, it is not
possible to infer intrinsic permeability from thermal
data, as heat transport is dominated by conduc-
tion.

In the VZ, temperature data have also been used
to estimate recharge rates (e.g. Tabbagh, Bendjoudi,
et al., 1999; Benderitter, B. Roy, et al., 1993; Bechkit
et al., 2014; Halloran et al., 2016). However, inver-
sion under unsaturated conditions requires a fully
coupled thermo-hydraulic framework, involving soil-
speci ¢ relationships for thermal conductivity and
water retention (e.g. Van Genuchten, 1980; Mualem,
1976; Brooks and Corey, 1966; Fredlund, 2006). How-
ever, no single model yet exists for thermal conduc-
tivity in VZ (Cosenza et al., 2003). Thus, testing and
comparison with other methods under a variety of
conditions, such as low saturation, high saturation,
and active in ltration at various rates, is an obvious
next step to improve the VZ heat tracer methodology
(Halloran et al., 2016). Quantifying vertical GW dis-
charge uxes necessitates measurement approaches
with spatial resolutions consistent with the scale of
subsurface heterogeneity and the gradients driving
vertical ow (Tabbagh, Bendjoudi, et al., 1999).

Recent advances in measurement technologies
have signi cantly expanded the use of thermal
methods to characterize GW ow and heterogeneity.
Fiber-optic distributed temperature sensing (FO-
DTS) enables high-frequency, high-resolution tem-
perature measurements over long spatial domains
(e.g. Tyler et al., 2009; Hermans, Nguyen, Robert, et
al., 2014). Applications include resolving small-scale
hydrofacies variability and preferential ow paths in
alluvial systems. In active FO-DTS, heat is applied
along the ber, and temperature changes are used
to infer thermal and hydraulic properties through
the inversion. This method has proven particularly
eVective in high- ux environments, where passive
signals may be obscured. Briggs, Lautz, et al. (2012)
and Simon, Bour, Lavenant, et al. (2021) demon-
strated how thermal signals correlate with known
hydrofacies and enhance resolution of vertical water
uxes in the context of SW-GW exchanges.

Drone-based thermal infrared imaging provides
complementary surface temperature data across
broad spatial extents. In Arctic catchments and
braided river systems, UAV-mounted TIR cameras
have been used to detect GW discharge zones and
identify ecologically signi cant thermal habitats

(e.g. Hare et al., 2021). These systems have been
validated against FO-DTS and in-situ sensors, pro-
viding an e Vective platform for regional thermal
mapping.

Active thermal tracing o Vers a controlled ap-
proach to investigating subsurface ow by introduc-
ing a heat source, via heated probes, injected water,
or ber-optic cables surrounded by a wire acting as a
resistance that can heat the medium, and monitoring
its spatial and temporal propagation. This approach
is advantageous where natural thermal gradients are
insuY cient to resolve ow dynamics. Moreover, im-
posing a well-de ned heat source signi cantly re-
duces uncertainties related to external forcing and
simpli es the inversion process. For instance, stud-
ies using actively heated DTS have demonstrated the
ability to estimate SW—GW exchanges (Briggs, Buck-
ley, et al., 2016; Simon, Bour, Faucheux, et al., 2022).
Analytical solutions, such as the moving instanta-
neous line source model, can then be applied to de-
rive thermal conductivity and SW—GW uxes with rel-
atively low uncertainty (Simon, Bour, Lavenant, et
al., 2021; Simon, Bour, Faucheux, et al., 2022). Sim-
ilarly, thermal response tests using actively heated
ber-optic cables in boreholes have led to precise
estimation of GW ow rates and the characteriza-
tion of borehole properties by modeling heat transfer
in a controlled environment (B. Zhang et al., 2023).
Chang et al. (2024) applied this approach for char-
acterizing subsurface heterogeneity and ow dynam-
ics in a tidal-in uenced coastal aquifer. The thermal
tracer needs to be used for a long period of time, de-
pending on the thermal delay e Vect (Palmer et al.,
1992). Passive temperature sensing might be better
for long-term and wide-ranging monitoring (Furlan-
etto etal., 2024).

Thermal methods o Ver distinct advantages for
studying ow in heterogeneous media (Figure 3c, d).
Unlike hydraulic head or solute concentration data,
temperature signals can directly characterize the di-
rection, magnitude, and timing of ow across hy-
drofacies boundaries. However, the nature of het-
erogeneity, involving abrupt changes in lithology,
porosity, hydraulic conductivity, thermal conduc-
tivity, and water retention properties, poses dif-
ferent challenges when interpreting heat transport
in subsurface systems. Hydraulic conductivity can
vary dramatically, which complicates the estima-
tion of GW ow rates based solely on temperature
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