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Abstract. This comment challenges the perspective of Gao
et al. (2023) that is rejecting the role of soil processes in hy-
drology. We argue that the authors present a false dichotomy
between soil-centric and ecosystem-centric views. These two
views of hydrology are complementary and reflect on the in-
herent multiscale complexity of hydrology where soil pro-
cesses dominate at certain scales but other processes may
become important at the catchment scale. We recognize the
need for a new scale-aware framework that reconciles the in-
terplay between soil processes at small scales with emergent
behaviors driven by vegetation, topography, and climate at
large scales.

1 Introduction

The recent HESS Opinions paper by Gao et al. (2023) “Are
soils overrated in hydrology?” offers a provocative perspec-
tive. While we agree with certain points raised in their
piece, we welcome the opportunity to challenge sweeping
and poorly substantiated assertions regarding the role of soil
processes in hydrology. Our response is organized around
three main points: (1) separation of ecosystem-centered hy-
drology from soil-centered representation offers a false di-
chotomy; (2) we highlight the importance and limitations of
soil properties across different scales; and (3) we argue for
the need of a scale-aware theoretical framework to replace

the current reliance of watershed hydrology on small-scale
soil processes, a framework that interfaces naturally with soil
physics where appropriate. We conclude by suggesting ways
to reconcile the two perspectives.

2 A false dichotomy?

In his seminal work “a random walk on water”, Koutsoyian-
nis laments the traditional dichotomy in science between de-
terminism (good) and randomness (evil) and concludes that
the “entire logic of contrasting determinism with randomness
is just a false dichotomy” (Koutsoyiannis, 2010). Similarly,
we argue that the division presented in Gao et al. (2023), con-
trasting soil-centered (microscale) and ecosystem-centered
(macroscale) views of hydrology, represents a false di-
chotomy that hinders a deeper and nuanced understanding
of hydrology as the study of water in nature. Hydrology’s
inherently multiscale character demands observational and
theoretical approaches for describing processes at all scales,
from water distribution within a single pore to the behavior
of river networks at continental scales. Prioritizing one scale
or process over another unnecessarily limits the scope of con-
temporary hydrology.

The assertions in Gao et al. (2023), such as “the ecosys-
tem, not the soil, determines the land-surface water bal-
ance and hydrological processes. Moving from a soil- to
ecosystem-centered perspective allows more realistic and
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simpler hydrological models” (found in the “Short sum-
mary”), are not only unsubstantiated, but also lack a formal-
ism for parameterization, scale-appropriate governing equa-
tions, or tools for systematic hypotheses testing. Certain hy-
drological processes will always rely on soil properties and
microscale physics (Vereecken et al., 2022), while others
may manifest “emergent behavior” at larger scales such as
catchments and beyond – “emergent” in the sense that they
are not predictable from their microscale components such
as the complexity of rainfall–runoff based on infiltration the-
ory discussed in Beven (2021). The hydrology community
has recognized the significance of ecosystem attributes and
hydrologic responses that become apparent at larger spatial
scales and over longer time frames, e.g., from Horton (1933)
to the Budyko (1974) framework. Although not explicitly
stated, Gao et al. (2023) simply call for “Darwinian hydrol-
ogy” articulated in Harman and Troch (2014, p. 428), ignor-
ing the explicit caveat that “The Darwinian approach should
not be confused with superficially persuasive ad hoc expla-
nations about the holistic interactions that appear to control
the regimes of watershed behavior, but do not offer expla-
nations for their origins, or do not provide independent evi-
dence of causation”. The iconic work of Budyko (1974) has
been designated “Darwinian” as opposed to “Newtonian” hy-
drology, as Sposito (2017) explains “because it foregoes re-
ductionist explanations based on constitutive equations in fa-
vor of establishing universal relationships based solely on the
mass and energy balance laws to which any physical system
must conform”. The opinion of Gao et al. (2023) with its
wholesale rejection of small-scale soil processes offers no
such path forward. Most theories and even explanations in
textbooks often begin with conceptual hydrologic constructs
(perceptual models as defined originally by Beven, 1987) that
invoke small-scale processes to quantify simple scenarios
over uniform soil before embracing the inherent complexity
of natural hydrologic systems at larger scales (Koutsoyian-
nis, 2010), where topography, vegetation, and variable cli-
matic patterns jointly lead to hydrologic behavior not antici-
pated by microscale models of infiltration or runoff (Beven,
2021). Moving from a simple to more complex large-scale
description of hydrological processes or even making a con-
ceptual leap to a complex ecosystem without ascribing to it
untestable traits or intent, such as made by Gao et al. (2023)
“According to this view, a terrestrial ecosystem manipulates
the soil hydraulic properties to satisfy specific water manage-
ment strategies” or “Our interpretation is that the ecosystems
had prepared for this eventuality and had created enough root
zone buffer to overcome this period of drought”, would have
significantly strengthened the argument for their own per-
spective for large-scale hydrology rather than rejecting the
role of present building blocks.

The frustration and debate regarding the role of “reduc-
tionist approaches” or small-scale processes in hydrology are
not new, as noted by Sivapalan et al. (2003), Harman and
Troch (2014), Or (2020), and Beven (2021). We completely

agree with Gao et al. (2023) that advances in large-scale hy-
drology in an era of big data and Earth observing platforms
require a change in perspective and development of new the-
ories and tools. However, the critique in Gao et al. (2023)
that builds a potential shift of perspective on dismissing the
significance of soil processes in hydrological studies with-
out offering theoretical alternatives is unwarranted at this
stage of development. We envision the emergence of large-
scale hydrology characterized by the development of theories
and new laws specific to this scale while acknowledging that
small-scale processes continue to influence certain aspects
and traits at various levels. Nevertheless, we are grateful for
the interest of Gao et al. (2023) in the review by Vereecken
et al. (2022) and the opportunity to address the role of soil
processes in contemporary hydrology.

3 Soil-centered processes at different scales

Gao et al. (2023) implicitly argue for embracing “Darwinian
hydrology” (Harman and Troch, 2014; Sposito, 2017) as the
sole representation of hydrologic processes at large scales
while rejecting the role that soil processes might play in
this overarching framework. In the absence of a predictive
theory for large-scale hydrology, ignoring the present un-
derstanding of how soil characteristics influence hydrology
(including water movement, storage, and availability) at dif-
ferent spatial scales is premature. The limitations of small-
scale processes in representing hydrologic behavior in com-
plex natural systems have been examined by many. A re-
cent review by Beven (2021) explains some of the limitations
of infiltration theory to describe rainfall–runoff behavior at
catchment scales. Hence, we are left with the reality that de-
tailed soil data are crucial at the pedon scale for predicting
rainfall partitioning, while for predicting runoff generation
at the catchment scale vegetation and topography become
far more important than soil properties. Unlike soil hydrol-
ogy, catchment hydrology models often do not need to de-
pict details of internal states or process dynamics. In contrast,
understanding processes like landslides, groundwater pollu-
tion risks from agrochemicals, and subsurface water flow and
storage necessitates knowledge of small-scale biological ac-
tivities (e.g., root growth, microbial activity, and earthworm
activity) affecting hydrological processes. By design, such
“subgrid” processes are not captured in large-scale or catch-
ment hydrology models. A properly constructed ecosystem-
centered modeling framework would significantly reduce de-
tails of soil property measurements and embrace landscape
traits that dominate at these scales. Such a framework, how-
ever, may not adequately address predictions required for
fields or smaller catchments where a detailed representation
of processes is needed. Hence, ecosystem-centered and soil-
centered approaches are not mutually exclusive but comple-
mentary representations of hydrology.
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Inquiries continue to concentrate on gaining a process-
based comprehension of hydrological variability and its
causes across all spatial and temporal scales (Blöschl et al.,
2019). This highlights the continuum of scales within which
hydrology operates, underscoring that the discipline extends
beyond the confines of Gao’s perspective. Indeed, environ-
mental issues have underscored the effects on hydrology and
the difficulties arising from human influences on the interac-
tions between the water cycle and nature, particularly in com-
plex water management. McDonnell et al. (2021) introduce
a “fill-and-spill” concept, explaining how water accumulates
in a landscape (fill) until it reaches a critical level (spill), acti-
vating new outflow pathways. This process, observed at var-
ious scales, suggests that future models should identify the
specific scale of interest, highlighting the idea that emergent
behaviors depend on the observational scale. Similarly, when
combining pedotransfer functions (PTFs) with hydrological
models for large-scale modeling, Li et al. (2024) propose us-
ing convolutional neural networks (CNNs) as a cross-scale
transfer approach. This method reduces potential errors by
directly mapping soil and landscape static properties to soil
hydraulic parameters across different spatial scales. Intrigu-
ingly, certain variables, such as evapotranspiration, allow for
upscaling from microscale processes like root water uptake,
which can be scaled consistently across various levels. Re-
cent developments have led to methodologies for upscaling
root water uptake processes and defining effective param-
eters grounded in microscale analyses (e.g., Vanderborght
et al., 2023). These methodologies can be easily integrated
into both catchment scale and land surface models. A sig-
nificant advancement in hydrologic modeling is the access
to spatially detailed and continuous data, which offer new
opportunities for using large-scale system responses to re-
fine parameters, tackle heterogeneity, and enhance model se-
lection and structure. Ideally, the optimal approach involves
developing scale-aware parameterization such as multiscale
PTFs to span a continuum of scale, considering soil’s role in
the interconnected geology–plant–atmosphere system verti-
cally such as the primary driving concept by water potential
gradient (Novick et al., 2022) and horizontally such as the
hydrological connectivity between different model domains
(Janzen et al., 2011).

4 Catchment hydrology at a crossroads

Gao et al. (2023) argue for an ecosystem-centered perspec-
tive on catchment hydrology (Harman and Troch, 2014)
while rejecting the role of small-scale physics that is based
on first principles (Newtonian) used to upscale hydrologic
processes (e.g., Vereecken et al., 2008). However, they fail to
outline a coherent alternative theory for such an ecosystem-
centered view. McDonnell et al. (2007) have proposed a path
forward for building theories suitable for hydrological pro-
cesses at larger scales; however, not much has been done to

translate these concepts into modeling and parameterization
tools. Some advances toward a coherent hydrologic theory at
catchment scales were made by Reggiani et al. (1998, 1999)
for a unified model rooted in thermodynamics with the con-
cept of representative elementary watershed (REW), paral-
leling the representative elementary volume (REV) concept
of soil physics. Reggiani’s work meticulously derives conser-
vation laws for mass, momentum, energy, and entropy within
a watershed, alongside necessary constitutive relationships
and ways for incorporating experimental data and observa-
tions into these models. Despite the promise of this model-
ing approach, Gao et al. (2023) dismiss this effort as “based
on the integration of small-scale conservation equations de-
veloped for porous media”. The point being that proposing
a generic ecosystems’ viewpoint without the scientific ma-
chinery for generating and testing hypotheses cannot replace
fundamental physical and biophysical laws governing hydro-
logic processes across scales. In this respect, catchment hy-
drology seems to be at a crossroads with respect to develop-
ment of its scale-aware scientific basis.

Approaches based on physical principles, applicable at
smaller than catchment scales, are crucial in enriching this
scientific foundation. With catchment hydrology at a piv-
otal point in its theoretical development, we believe in inte-
grating ecosystem-based and fundamental physical and bio-
physical laws derived at smaller scales (Novick et al., 2022).
Recent advances in machine learning and deep learning,
along with their hydrological applications, may now offer
promising avenues to blend physical-based methods (Kon-
apala et al., 2020) and to incorporate soil data across various
scales. In contrast, adopting a heuristic “ecosystem-scale”
approach without scientifically linked and physically based
building blocks harbors the risk of being overwhelmed by
advanced machine learning and data-driven tools that would
render large-scale hydrology obsolete.

5 Concluding remarks

As Gao et al. (2023) noted, climate models, even the first
weather prediction model of Richardson (1922), recognized
the importance of mechanistic representation of land surface
processes considering water and heat fluxes at the soil sur-
face (Or, 2020). Richardson was not infected by soil-centered
bias, and he simply recognized the natural links between
soil surface processes and weather models that persist to
this day with the inclusion of “small-scale” soil processes
in global climate models. A top-down approach driven by
climate and ecosystem factors may offer certain advantages
for catchment hydrology modeling, as shown by Budyko’s
framework for large catchments and annual balances. How-
ever, for certain processes a bottom-up physically based ap-
proach remains critical for its explanatory power of localized
processes and patterns not resolved by large-scale models.
A comprehensive large-scale theory would enhance current
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small-scale foundational elements, adapting to various appli-
cations depending on the information and scale of interest.
The challenge of explaining catchment-scale behavior’s non-
linearities has been transformed into an opportunity for hy-
drologic model calibration. For instance, the Budyko frame-
work has been applied to examine hydrologic responses to
climate change on a continental level (Donohue et al., 2012).
Similarly, the complementary relations of Bouchet (1963)
exemplify the use of large-scale emergent phenomena to in-
form evaporation and water balance predictions for extensive
areas (Zhang et al., 2010). We observed that the integration of
such large-scale emergent behaviors for routine model eval-
uation milestones has been limited, primarily due to the mis-
match in spatial and temporal scales between Earth system
models and hydrologic distributed models (Or, 2020). De-
spite these challenges, many studies have reported successful
applications of these concepts in model evaluation, particu-
larly within the hydroclimatic context.

We believe that both perspectives are needed for hydrol-
ogy and that a common path should be sought in order
to advance hydrology as a discipline in Earth system sci-
ences. The enduring issue of accurately representing small-
scale soil processes at the catchment scale is anticipated to
be addressed through parameterization using PTFs at an in-
termediate scale, e.g., 1 km resolution, by incorporating ef-
fects of soil structure and vegetation, applying soil-based sur-
face evaporation resistance, and promoting potential syner-
gies among small and large scales with more intimate col-
laboration between global-scale climate and ecological mod-
elers. Recently, Weber et al. (2024) pointed out the need to
further develop hydro-PTFs that go beyond the use of only
textural properties. What the viewpoint of Gao et al. (2023)
should invoke is the urgent need, based on the blueprint of
McDonnell et al. (2007), to explore organizing principles
that underlie heterogeneity and complexity of catchments in-
stead of attempting to explicitly characterize landscape het-
erogeneity. Exploring scaling and emergent behaviors, along
with network and optimality principles, aligns with a Dar-
winian approach that aims to understand the origins of these
patterns through the processes that generate them (Harman
and Troch, 2014). The credibility and applicability of hy-
drological optimality theory are enhanced when its historical
evolution is clarified, guiding its relevance to specific wa-
tersheds. Optimality may also explain the self-organization
of catchments in Budyko space, where a shape parameter
emerges through vegetation’s adaptation to climatic condi-
tions in a specific hydrological setting (Hunt et al., 2021; Ni-
jzink and Schymanski, 2022). Indeed, there is a need for in-
creased communication and collaboration between the vari-
ous disciplines dealing with the hydrology of the land surface
across scales to achieve a shared understanding of the chal-
lenges and solutions in catchment hydrology. This will help
design a consistent and seamless framework for hydrologic
research grounded in solid scientific principles.
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