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1. Introduction

Land surface models (LSMs) are central to weather and climate prediction, flood and drought
risk assessment, and climate adaptation planning through their representation of key pro-
cesses that regulate energy, water, and carbon exchanges between land and atmosphere
(Stephens et al. 2023).

Yet, in many LSMs, descriptions of soil processes rely on simplified parameterizations
of static properties, with parameters typically derived from pedotransfer functions (PTFs)
calibrated on legacy datasets and applied to global soil maps of variable quality. These
approaches often struggle to capture real-world variability and change (Bréda et al. 2024).
Unsurprisingly, soil parameterizations have been identified as a major cause of persistent
biases in hydrological fluxes and land—atmosphere feedbacks predicted by LSMs (Dennis
and Berbery 2021; Xu et al. 2023).

The hybrid Soil and GEWEX Water Initiative (SoilWat)_2025 meeting, held 14-16 July 2025
at the University of Reading (United Kingdom), aimed to confront this issue. The meeting
brought together soil physicists, land surface modelers, micrometeorologists, hydrologists,
ecologists, plant physiologists, and remote sensing experts, from 12 countries and 30 institu-
tions, and spanning a wide range of career stages (Fig. 1). We examined how soils and root
systems are represented in LSMs and how this representation must evolve to meet emerging
Earth system modeling needs. The program combined invited keynotes, short talks, plenary
discussions, and synthesis sessions to coordinate next steps.

The SoilWat effort interfaces two communities (Zeng et al. 2021): the International Soil
Modeling Consortium (ISMC) and the Global Energy and Water Exchanges project (GEWEX)
via its Global Land-Atmosphere System Study (GLASS) panel. SoilWat_2025 continued
from the first GEWEX SoilWat Initiative Planning Workshop held in Leipzig in 2016
(Or 2017), which catalyzed ISMC working groups and widely cited reviews on PTFs (Van
Looy et al. 2017; Weber et al. 2024), hydrological processes (Vereecken et al. 2019, 2022),
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Fic. 1. SoilWat_2025 group photo, Whiteknights Campus, Reading University, 14 Jul 2025.

soil structure (Fatichi et al. 2020; Bonetti et al. 2021), and soil biophysical feedbacks
(Robinson et al. 2019), among others.

At SoilWat_2025, we took stock of recent progress in critical zone science and identified
new frontiers in an era of machine learning, digital twins, and kilometer-scale Earth system
modeling. Three topics surfaced repeatedly: (i) How can we represent soils and roots in a way
that is physically grounded yet computationally tractable? (ii) Which below-ground processes
matter most for surface fluxes, atmospheric boundary layer development, and extremes? And
(iii) how can the soil and LSM communities move beyond incremental ad hoc updates and
jointly address scaling from pedon to global scales?

2. Soil hydraulic-thermal properties and pedotransfer functions

A clear message from the meeting was that soil hydraulic parameterizations in LSMs require
updating. Across models [e.g., Community Atmosphere—Biosphere Land Exchange (CABLE);
CLM; ECMWF Land Surface Modeling System (ecLand); HydroBlocks; ISBA; JULES; Minimal
Advanced Treatments of Surface Interaction and Runoff (MATSIRO); Noah-MP; ORCHIDEE;
and Simultaneous Transfer of Energy, Mass, and Momentum in Unsaturated Soils—-Soil Canopy
Observation of Photochemistry and Energy fluxes (STEMMUS-SCOPE)], hydraulic parameters
are still commonly derived from soil texture (sometimes augmented with bulk density and
organic carbon) using PTFs developed decades ago for limited regions and with sparse meta-
data on land management, vegetation, and soil mineralogy (Weber et al. 2024). Participants
also noted that vertical variations in soil properties are rarely represented adequately in LSMs,
despite the widespread use of multilayer soil columns.

Beyond updating “classic” PTFs, discussions emphasized the need for covariate geo-
transfer functions (CoGTFs) (Gupta et al. 2021, 2022) that include environmental covariates
(vegetation, topography, climate, and lithology). A related discussion point was that most
PTFs are calibrated at the soil profile support and should not be applied at gridcell scales
without explicit change-of-support: robust upscaling frameworks (e.g., stochastic/geostatis-
tical methods and effective parameter approaches) are needed to account for heterogeneity,
lateral redistribution, and preferential flow.
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Participants highlighted emerging “spectral PTFs” that use reflectance spectra as covariates
for landscape-scale parameter inference (Romano et al. 2023; Zeng et al. 2025). Two priori-
ties crystallized: (i) develop and test “scale-aware” parameterizations with specific support
(point, plot, catchment, or grid cell) and (ii) quantify how parameter choices propagate into
infiltration capacity, runoff partitioning, and soil moisture dry-downs, noting that legacy
threshold concepts (e.g., field capacity and wilting point) contribute to model structural
ambiguity (Romano et al. 2025).

Presentation of Soil Parameter Model Intercomparison Project (SP-MIP; Gudmundsson and
Cuntz 2017) results reinforced that soil parameter uncertainty is a first-order issue: swapping
soil maps and/or PTFs can substantially alter simulated soil moisture, ecosystem fluxes, and
extreme event behavior (Weihermiiller et al. 2021; Paschalis et al. 2022). The meeting also
stressed that LSMs focus on capillary water, whereas in (semi)arid regions, adsorbed water
can strongly affect surface fluxes (Verhoef et al. 2006; Bekin et al. 2025). Therefore, several
talks proposed more explicit and consistent treatment of adsorbed and capillary water (e.g.,
Weber et al. 2019) when modeling soil hydraulic properties in LSMs.

A key outcome of the discussions was a commitment to evaluate emerging unified
hydraulic-thermal parameterizations across multiple LSMs—formulations in which soil hy-
draulic and thermal properties share parameters representative of soil pore size distribution
(e.g., Fu et al. 2025). Participants also noted opportunities to better constrain the adsorption
branch by incorporating mineralogical covariates (e.g., clay-mineral-based specific surface
area) within CoGTF frameworks.

3. Uncertainty and model evaluation

Another recurring theme in the meeting was the uncertainty of soil representation in LSMs.
Participants highlighted three intertwined sources: (i) the PTFs and their applicability across
regions and land management regimes, (ii) the underlying soil maps, and (iii) model structural
assumptions such as the choice of functions that describe the hydraulic-thermal properties
or the decision to keep soil parameters constant in time. While uncertainties stemming from
(i) to (iii) can be masked in models by “ad hoc” tuning and bespoke calibration to improve
model-data agreement, such practices limit the predictive power of models particularly under
novel conditions and extremes.

In response, the participants strongly endorsed evaluation strategies that look beyond
surface fluxes alone. Rather than treating the land surface model as an “opaque” system that
produces total latent and sensible heat fluxes, participants called for systematic benchmarking
of internal variables and fluxes such as soil temperatures, root zone moisture, and soil evapo-
ration fluxes. Modeling experiments were presented in which soil hydraulic parameters were
constrained by matching simulated soil moisture dynamics to in situ— and satellite-derived
observations using data assimilation and machine learning—assisted optimization (Cooper
etal. 2021; Mu et al. 2021; Raoult et al. 2021). This illustrated both the potential and the pitfalls
of parameter estimation and underlined the importance of retaining physical interpretability.

4. From static to dynamic soil properties
A third major theme was the recognition that key soil properties should not be treated as
static model inputs. Participants emphasized that porosity, water retention curve and hy-
draulic conductivity, and thermal conductivity can vary over time due to wetting—drying and
freeze—thaw cycles, biological activity, and land use and management (Jarvis et al. 2013,
2024; Jha et al. 2023; Robinson et al. 2022; Blanchy et al. 2023). Notwithstanding, in most
operational LSMs, these soil properties remain fixed during a model run.

Discussions captured a shift in mindset: from prescribing soil properties as immutable
texture-derived parameters to treating them as “state” variables that coevolve with climate,
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vegetation, and management. While total pore volume and pore size distribution are strongly
linked to texture, they are continually reshaped by soil-plant interactions, microbial and
faunal activity, physical processes, and human activities. These modulations will affect
soil hydraulic, thermal, mechanical, and biochemical properties; transport processes; and
biogeochemical reactions and transformations, which in turn will influence pore size distri-
bution again (Fig. 2).

Human activities were frequently discussed, noting that tillage, grazing, traffic, irrigation,
erosion, and vegetation leave persistent signatures in soil structure and function. The idea
of “anthropo-environmental transfer functions” (beyond PTFs or CoGTFs) gained traction:
semimechanistic relationships that translate management histories into model-relevant
changes in soil parameters, embedded within dynamic soil property frameworks. Its feasi-
bility will depend on “soil memory,” which differs across disturbances and soil properties
(Rahmati et al. 2023).

5. Heterogeneity and kilometer-scale Earth system modeling

Participants presented and discussed the benefits and drawbacks of existing approaches to
represent multiscale heterogeneity in LSMs. This challenge is driven primarily by the scale
mismatch between observed soil landscape heterogeneity (10-1000 m) and the resolved
spatial heterogeneity in Earth system models (10—100 km). One approach that was discussed
was “HydroBlocks” that clusters observed heterogeneity according to their hydrological simi-
larity; this allows for subgrid heterogeneity in soil and land cover to be preserved as a set of
representative tiles within each grid cell while maintaining computational efficiency (Chaney
et al. 2018). Another approach presented is to explicitly resolve soil heterogeneity in fully
distributed catchment-scale models (Lian et al. 2025).

With Earth system modeling moving to finer resolutions, it becomes more pressing to ad-
dress deficiencies in soil and land surface parameterizations. The meeting highlighted that
subgrid soil moisture heterogeneity can generate horizontal air temperature and humidity
gradients that feed back to the atmospheric boundary layer, influencing convective rainfall,
and land-atmosphere coupling (Simon et al. 2021). Various discussions underscored the
continued need to test the influence of soil and root parameterizations not only for local
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Fic. 2. Interactive effects of soil texture, soil structure, and external drivers on soil properties and state
variables (light yellow), highlighting the central role of pore size distribution.
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effects but also in terms of their impact on boundary layer development and extreme events
via coupled simulations.

6. Soil-root-plant interactions

Although soils were the nominal focus of SoilWat_2025, plant hydraulics and root dynamics
featured prominently. Participants noted that, in most LSMs, rooting depth and root profiles
still depend on plant functional type, and the link between root distribution, soil structure,
and plant hydraulics is either absent or largely implicit. This limits the ability of models to
capture vegetation responses to droughts, heat waves, and changing carbon dioxide (CO,) and
nutrients. Moreover, not only soil depth but also groundwater table depth and soil hydrology
are affecting root depth (Fan et al. 2017). Roots can also extract water stored in the bedrock
below the soil (Bert et al. 2025).

Several talks showed how dynamic models of root growth, architecture, and hydraulic
traits can be coupled to evolving soil pore structure, allowing simulation of root access to
water and the feedbacks of root growth, exudation, and decay on soil structure. Others high-
lighted advances in trait-based and “hydraulic functional type” approaches, in which plant
hydraulic parameters are inferred from measurable plant traits. Progress will depend on bet-
ter global coverage and standardization (including reliable metadata) of plant hydraulic and
root trait data, including information from rhizotrons, lysimeters, and root trait databases
(Baca Cabrera et al. 2024).

New theoretical developments such as the implementation of Miinch theory (pressure flow;
Giraud et al. 2023) in crop models, eco-evolutionary optimality theories for vegetation func-
tion (Harrison et al. 2021; Sabot et al. 2022), and mechanistic frameworks that couple soil
and plant hydraulics to explain critical plant water potentials were presented as promising
avenues (Su and Zeng 2025). Participants explored the idea of contrasting “plant hydraulic
strategies” with “soil hydraulic strategies,” asking how vegetation adjusts its hydraulic traits
in response to soil hydraulic limitations and how this coadaptation should be reflected in
parameterizations (Carminati and Javaux 2020).

7. Hybrid modeling, machine learning, and computational tools

Machine learning (ML) approaches were discussed throughout the meeting as both an op-
portunity and a risk, with the latter related to unconstrained, purely data-driven ML. Several
speakers warned that unconstrained machine learning models can easily overfit or violate
basic soil water, energy, and matter conservation laws. Instead, participants showcased ap-
plications in which machine learning components are coupled to physical models to estimate
soil parameters (Bandai et al. 2024; Raoult et al. 2025) or infer difficult to observe system
states, e.g., active root zone storage (Blougouras et al. 2025). Surrogate LSMs such as aiLand
(Raoult and Pinnington 2025) were presented as examples of how emulators can accelerate
sensitivity studies and LSM structural testing.

We saw that the GEWEX Machine Learning for Land Modeling (https://www.gewex.org/
project/ml4lm/) activity and related efforts provide a focal point for such work, linking machine
learning experts and land surface modelers. Participants also highlighted the role of data as-
similation frameworks for soil state updating and parameter estimation. Idealized large-eddy
simulations [e.g., used in the GEWEX Atmospheric Boundary Layer Study (GABLS) project]
were noted as valuable tools to test land—atmosphere coupling schemes and the impact of
soil parameter choices on boundary layer development.

8. Observational networks, multidisciplinary observatories, and data products
Participants discussed how to evaluate and constrain increasingly complex soil and root
representations. Observational priorities included profiles of soil and plant water potential
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and soil temperature; joint hydraulic and thermal properties, across the full wetness range
(and including frozen conditions); root distribution and trait data; time-variable information
on soil structure and pore size distribution; and measurements of soil-atmosphere water
fluxes in (semi)arid regions, including deserts: e.g., signatures of soil vapor adsorption are
detectable in dry-condition land—atmosphere exchange obtained by eddy covariance systems
(Paulus et al. 2025).

Multidisciplinary observatories were highlighted as essential. Emerging GEWEX
Land-Atmosphere Feedback Observatories (GLAFOs) provide coordinated below- and
above-ground measurements, including vertical atmospheric temperature and humidity
profiles, enabling development and testing of parameterizations that capture soil-land-
atmosphere feedbacks and nonlocal turbulence (Spath et al. 2023).

The SoilWat community is also advancing “blended observations.” The Vegetation as a
Soil Sensor (VaaSS) concept (Zeng et al. 2025) combines soil-plant hydraulic modeling with
satellite observables (e.g., vegetation optical depth, solar-induced fluorescence, leaf area
index, soil moisture, land surface temperature) to infer root zone soil properties and dynam-
ics. In parallel, runoff and river discharge were noted as basin-scale “integrators” for LSM
evaluation (Boussetta et al. 2021).

Data products formed another focal point. Participants discussed new global and regional
soil property maps derived using CoGTFs, spectral PTFs, and satellite—model fusion products.
These datasets, together with community platforms supported by the ISMC (e.g., the Soil Water
Infiltration Global database; Rahmati et al. 2018) and GLASS [e.g., Protocol for the Analysis of
Land Surface Models (PALS) Land Surface Model Benchmarking Evaluation Project number 2
(PLUMBER?2); Abramowitz et al. 2024], are critical for benchmarking, parameter estimation,
and model training.

9. Remaining challenges and communication opportunities

Despite clear progress, balancing realism, transferability, and computational cost remains
difficult. Speakers cautioned against adding complexity tailored to “typical” soils while ne-
glecting fire-affected soils, permafrost, hyperarid, and tropical environments, which require
improved representation of hydrophobicity, freeze—thaw processes, vapor/absorption effects,
and strong weathering.

With growing use of data assimilation and artificial intelligence (AI), maintaining physi-
cal realism and internal consistency of hydraulic—thermal parameters is an added chal-
lenge. Participants also noted that soil information below ~2 m is still poorly constrained in
many regions, yet deeper profiles can improve simulations, especially of soil heat transfer;
better three-dimensional soil property information and improved representation of deep
soil-groundwater interactions are needed.

Progress also depends on broader collaboration beyond traditional communities. Par-
ticipants emphasizing integrating insights from the hydrological community with LSM
development, noting the relevance of the GEWEX Groundwater Network, and reiterated
that open data and model sharing are prerequisites for robust benchmarking and hybrid
modeling.

10. Working groups and a community roadmap
A key outcome of SoilWat_2025 was the formation of several working groups structured
around cross-cutting themes:

e Unified hydraulic-thermal parameterizations: to evaluate, refine, and implement formu-
lations that jointly describe soil hydraulic and thermal properties, across a range of land
surface models and climates.

AMERICAN METEOROLOGICAL SOCIETY Brought to you bquﬁME&ITRE FOR ECOLOGY & HYDROLOGY | IM&@tﬁc%t}i-lcugsg %Igownlg\@cz{l)?/,%()/Z() 10:48 AM UTC



e Dynamic soil properties and pore size distributions: to develop model frameworks in which
soil properties evolve as state variables, linked to climate, vegetation, and management,
and to test these frameworks against long-term data of soil structure observatories.

e Soil-surface—atmosphere interface processes: to improve the representation of infiltration,
evaporation, vapor transport, and surface soil heat fluxes, including numerical aspects of
flux calculation and consistency between energy and water budgets.

¢ Root dynamics, plant hydraulics, and soil-plant interactions: to couple dynamic root mod-
els and plant hydraulic schemes with evolving soil structure and to assess implications for
drought response, mortality risk, and vegetation resilience.

e “Blended” soil property estimation, including “Vegetation as a Soil Sensor” approach:
to combine bottom-up information (texture, laboratory measurements) with top-down
constraints from flux towers, remote sensing, and soil moisture networks using data as-
similation, hybrid modeling, and physics-informed machine learning.

For each theme, participants drafted initial objectives, candidate activities, and expected
outcomes, along with lists of potential contributors spanning universities, research institutes,
and operational forecast centers. The overarching intent is to design coordinated experiments
across multiple land surface models using common driving and evaluation data and evalu-
ation metrics. These experiments are meant to complement ongoing benchmarking efforts,
including PLUMBER2, and to dovetail with broader World Climate Research Programme and
GEWEX priorities on land—atmosphere coupling and extremes.

11. Looking ahead

A clear narrative emerged from the SoilWat_2025 discussions: soils and roots are not just
boundary conditions for the atmosphere; they are dynamic, evolving parts of the Earth sys-
tem whose behaviors shape weather, climate, water resources, and ecosystem resilience.
Representing this dynamism in models will require moving beyond static soil properties and
fixed plant functional types, toward frameworks that integrate evolving soil structure, plant
hydraulics, land management, and richer observational constraints.

Participants left SoilWat_2025 with a shared sense not only of urgency but also of oppor-
tunity. The tools now exist, some more developed than others—unified hydraulic—thermal
parameterizations, dynamic soil and root models, hybrid modeling approaches and ML, and
expanding observational networks—to tackle long-standing deficiencies in soil representation
in LSMs. The challenge is to connect them, test them rigorously across models and scales,
and embed them in the operational systems that underpin weather and climate services.

The working groups launched at SoilWat_2025 are intended as concrete steps in this direc-
tion. Their success will depend on sustained collaboration across disciplinary, institutional,
and national boundaries. As extreme events continue to expose the limits of current models,
the community’s commitment at SoilWat_2025 to “rethink soils” offers a hopeful path to-
ward more reliable predictions and better-informed decisions for long-term management of
ecosystems and water resources in a changing climate.
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