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ABSTRACT

This commentary offers a constructive extension to Beven (2025), arguing that the Remote Sensing Era has already transformed

hydrology's observational and inferential foundation, enabling globally consistent, process-relevant analysis of the water cycle.

1 | Defining the Remote Sensing Era
Beven's “Seven Ages of Hydrology” is an unusually useful prov-
ocation because it foregrounds hydrological process and the
historical role of observation, rather than treating modelling
fashions as inevitable progress (Beven 2025). The proposed ages
are deliberately debatable, and Beven explicitly invites that de-
bate. In that spirit, we offer one focused refinement intended to
strengthen, rather than dispute, the framework: remote sensing
has already initiated a distinct era in hydrology since the early
1990s, coinciding with the emergence of sustained global hydro-
logic observing systems and data records, even if this transfor-
mation remains ongoing.

Here, we use the term era to denote a sustained shift in hydrol-
ogy's epistemic workflow—what can be observed, how hypoth-
eses are tested, and how uncertainty is communicated from
measurement to prediction and decision. This framing aligns
with broader historiographies of hydrology that identify 1990-
2010 as a “Geosciences Era,” in which remote sensing (RS)—in-
cluding spaceborne and airborne observations and their derived
products—emerged as a defining technological shift (Sivapalan
and Bloschl 2017). The defining question of this period is how
RS, together with models, can be used to address hydrological
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science questions and quantify where water is stored, where
and how it moves, and how these patterns evolve beyond what
in situ networks alone can provide (Sorooshian et al. 2000;
Lakshmi 2004; Lettenmaier et al. 2015; Sheffield et al. 2018).

Historically, major shifts in hydrology have often followed ex-
pansions in observational capability—from tracer techniques to
distributed measurements and large-sample analysis. This tra-
jectory was already recognized in foundational assessments of
the field, which emphasized the central role of observation in ad-
vancing hydrologic science prior to the widespread availability
of global Earth observations (National Research Council 1991).
By the same logic, the emergence of sustained, global, multi-
sensor Earth observation systems since the 1990s represents a
comparable shift in what hydrology can observe, test, and eval-
uate. This transition has been widely recognized as transfor-
mative, with satellite observations providing the “big-picture”
spatial coverage and regional-to-global perspective essential
for understanding water availability and change (Famiglietti
et al. 2015; NAS 2018). In this sense, recognizing a Remote
Sensing Era is less a proposal than a reflection of how the disci-
pline has already evolved over the past three decades. This em-
phasis on epistemic workflow matters because, as Beven (2020)
argue, apparent advances in modelling sophistication can create
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an “illusion of real progress” when observational uncertainty
and conceptual gaps remain limiting; the Remote Sensing Era is
precisely the period in which hydrology reorganized to confront
those limits through observation-driven inference.

2 | Revisiting Indirectness and Uncertainty

Beven (2025) notes that remote sensing (RS) has “had the po-
tential to transform our appreciation of the spatial heterogeneity
of hydrological processes,” but suggests that its full impact re-
mains in the future. His argument centers on two concerns: that
RS often provides hydrological variables indirectly, and that RS
data may lack explicit uncertainty statements. These concerns
are valid, but they are not unique to RS. On the contrary, the RS
system now operates as a full-spectrum observing architecture
(visible — thermal — microwave — gravimetric) that enables hy-
drology to observe not only states and extents, but also spatial
patterns and process signatures that were previously inaccessi-
ble at scale.

Importantly, while many hydrologic quantities derived from
remote sensing are retrieved, they are rooted in a broad spec-
trum of physically grounded observations, some of which are
observed relatively directly. In the visible and near-infrared,
optical sensors observe surface water extent, flood inundation,
river and lake planform, shoreline position, snow cover, glacier
extent, vegetation condition, and water colour. Thermal infrared
sensors measure land and water surface temperature, revealing
spatial structure in groundwater-surface water exchange and
thermal signatures of flow pathways. LIDAR measures topog-
raphy, floodplain geometry, channel form, and, in some set-
tings, water-surface elevation. Synthetic aperture radar (SAR)
observes inundation dynamics, wetland connectivity, and flood
extent under all-weather conditions. Radar altimetry and inter-
ferometry measure water-surface elevation and slope, extending
these capabilities to large river and lake systems. Collectively,
these observations constitute a physically grounded, multi-
sensor measurement system that captures hydrologically rele-
vant extents, geometries, temperatures, elevations, and physical
signals across the water cycle.

At the same time, some hydrologic variables derived from these
observations—such as precipitation rate, evapotranspiration,
root-zone soil moisture, river discharge, recharge, and certain
storage components—are retrieved or inferred through radiative
transfer models, inverse methods, empirical relationships, data
assimilation, or hybrid process-learning frameworks. However,
this indirectness is not fundamentally different from other forms
of hydrologic inference. Hydrology has long relied on indirect
measurements to infer system behaviour: river discharge is com-
monly derived from stage-discharge relationships, groundwater
contributions are inferred from tracers and geochemical signa-
tures, and many state variables are estimated through model-
based integration of sparse observations. If in situ streamflow
is accepted as an indirect, model-dependent estimate, then the
indirectness of many remote-sensing products is not, by itself, a
reason to discount their hydrologic significance. Rather, remote
sensing extends this long-standing measurement-inference
framework to the global domain, providing spatially continuous,
physically interpretable observations that can be translated into

hydrologic states and fluxes with explicit uncertainty character-
ization. In this sense, RS does not introduce a fundamentally
different epistemology; it scales established hydrologic obser-
vation-inference relationships across space, time, and process
domains.

The issue of uncertainty in RS retrievals further reinforces,
rather than weakens, this argument. The nontrivial error
structures of RS data have driven advances in uncertainty
quantification, data assimilation, and model-data fusion. The
community has increasingly treated uncertainty as a first-class
quantity, developing methods to propagate information from
sensor-level observations through hydrologic states to predic-
tions and decisions (Hong et al. 2006; Dorigo et al. 2021). By
building translation layers—such as data assimilation and hy-
brid modelling—the discipline now converts RS information
into hydrologic states while demanding end-to-end uncertainty
traceability.

Partial indirectness and uncertainty are therefore not disqualifi-
ers; they are the defining catalysts that have shaped the Remote
Sensing Era around inference discipline and uncertainty ac-
countability. In this sense, RS does not introduce a fundamen-
tally different epistemology, but extends existing hydrologic
inference frameworks to the global domain.

3 | What Has Changed: From Observation to
Global Hydrology

A useful criterion for identifying an era is not simply that a tech-
nology exists, but that it forces the discipline to change how it
observes, evaluates, and operationalizes hydrological under-
standing. By that criterion, remote sensing has already been
field-structuring. Five developments illustrate how remote sens-
ing has already restructured hydrologic science in ways compa-
rable, if not larger, in scope to earlier hydrologic ages.

First, the globalization of hydrology. Traditional hydrology has
been shaped by data-rich regions with dense gauge networks.
In many parts of the world, particularly the Global South, such
networks never existed. In these regions, RS provides the first
scalable sources of hydrologic forcing and state information, en-
abling quantitative hydrology where conventional approaches
are not feasible (Clark et al. 2016). It provides the regional-to-
global perspective that would not be possible with sparse in situ
measurements alone (Famiglietti et al. 2015). For much of the
developing world, this represents the first period of globally con-
tinuous, quantitative hydrologic observation.

Second, RS has enabled water-cycle-spanning observing sys-
tems that changed what hydrology can ask. Since the early
1990s, Earth observation has evolved into a multi-sensor system
capturing precipitation, snow, soil moisture, surface water, and
terrestrial storage (Lettenmaier et al. 2015). Satellite precipita-
tion has progressed from early neural-network estimates (Hsu
et al. 1997) to multi-sensor global products (Hong et al. 2004;
Huffman et al. 2007; Hou et al. 2014) with multi-decadal re-
cords and kilometre-scale resolution (Ashouri et al. 2015;
Zadeh et al. 2026). Missions such as GRACE and SWOT, to-
gether with emerging high-resolution soil moisture products
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(Fang et al. 2025), have expanded the observable dimensions
of the water cycle. These advances have enabled integrated as-
sessments of global freshwater availability and its variability,
revealing patterns that were previously unobservable (Rodell
et al. 2018). The result is a shift toward spatially continuous,
multi-variable, and dynamically consistent observation of hy-
drologic processes.

Third, hydrologic science is the discipline that seeks to observe,
understand, explain, and predict the storage, movement, and
transformation of water across the coupled Earth system. By
that standard, remote sensing has advanced hydrologic science
not merely by extending spatial coverage, but by improving
process-level understanding and sharpening the science ques-
tions that can be posed across key components of the water
cycle. Without remote sensing, hydrology would have remained
far more confined to point-based, catchment-scale studies, with
limited ability to observe and test the larger-scale atmospheric,
terrestrial, and cross-basin connections that organize the water
cycle. Precipitation is a central example. Satellite observations
have transformed precipitation from a sparsely sampled forc-
ing input into an observable and testable hydrologic process.
They now allow hydrologists to track and predict where storms
initiate, how cloud systems grow, mature, and decay through
their life cycles, and how those dynamics shape downstream
rainfall-runoff response and flood generation (Zhu et al. 2025;
Guilloteau and Foufoula-Georgiou 2024). Similar advances
apply across other major domains of hydrologic science: remote
sensing of surface water using Synthetic Aperture Radar has im-
proved understanding and modelling of runoff routing, flood-
plain exchange, and inundation dynamics (Getirana et al. 2017;
Shen et al. 2019); satellite observations have also clarified land-
atmosphere coupling by revealing soil moisture-cloud-precip-
itation feedbacks that lead to improved prediction of localized
convection storms (Gao et al. 2024); remote-sensing-based
evapotranspiration has revealed the spatiotemporal dynamics of
water and energy flux exchange between land and atmosphere
(Yang et al. 2023); and GRACE observations have made terres-
trial water storage an observable integrative state, advancing un-
derstanding and modelling of large-scale groundwater depletion
and groundwater-surface water exchange (Rodell et al. 2018).
Owing to page limits, we mention only a few examples rather
than attempting a comprehensive review. Together, these results
show that remote sensing has changed not only what hydrolo-
gists can monitor, but also which hydrologic process hypothesis
and broader hydrologic science questions can be posed, mod-
elled, and explained across scales.

Fourth, RS established large-sample hydrology across global
basins. The availability of consistent observations across thou-
sands of basins enables cross-basin hypothesis testing, regime-
based analysis, and evaluation of transferability across climates
and physiographic settings (Sheffield et al. 2018). Hydrology is
no longer constrained primarily by where gauges exist, but by
how hypotheses are formulated and tested. This transition en-
ables continental-scale diagnostics and systematic evaluation
that were previously infeasible (Lettenmaier et al. 2015).

Fifth, RS has enabled operational sensor-to-decision hydrologic
systems. Over the past three decades, hydrology has evolved
toward end-to-end workflows linking observations to states,

forecasts, and decisions. These systems integrate multi-sensor
data through data assimilation and model-data fusion, support-
ing near-real-time situational awareness and early warning at
continental scales. A key requirement is end-to-end traceability,
ensuring that observational uncertainty is propagated through
models to decision-relevant outputs. RS has therefore been cen-
tral to the emergence of scalable, observation-driven hydrology
as an operational service (Dorigo et al. 2021).

4 | Implications for the Next Phase

Recognizing a Remote Sensing Era does not require claiming
that RS directly observes all hydrologic variables with complete
certainty. Rather, it reflects the fact that hydrology has reorga-
nized around translating observational information into states
and fluxes through model-data integration. Community model-
ling systems such as GLDAS explicitly integrate RS observations
into hydrologic inference (Rodell et al. 2004). The discipline
has matured through the development of translation layers—
data assimilation, model-data fusion, and emerging hybrid
approaches—that progressively improve uncertainty character-
ization (Guilloteau et al. 2025; Sun et al. 2026). In this sense, RS
has redefined the observational foundation of hydrology.

Recognizing a Remote Sensing Era does not compete with
Beven's framework but complements it. Hydrologic advances are
not strictly sequential; they are overlapping shifts in observation,
modelling, and inference. Remote sensing provides the spatially
continuous constraints that allow modelling, tracer studies, and
uncertainty frameworks to be tested at larger scales. It therefore
completes the observational-computational structure of mod-
ern hydrology.

In summary, hydrology advances when new observations en-
able new analysis, a principle articulated decades ago (National
Research Council 1991). Since the early 1990s, remote sensing
has fundamentally altered hydrology's observational capabili-
ties, evaluation strategies, and operational reach. Recognizing
this Remote Sensing Era clarifies both what has matured and
what remains to be developed. If earlier ages were defined by
new ways of seeing hydrologic processes, then the Remote
Sensing Era represents the first time hydrology can observe
those processes continuously across the globe—an identifiable
historical phase that helps explain how hydrology has evolved
over the past three decades and how it is likely to evolve next.
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