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Environmental research is rapidly evolving toward an integration of different disci-
plines, and this is also reflected in hydrology and the hydrological modelling community.
Models can be integrated by combining different physical processes within the same
compartment or cycle (e.g., surface, subsurface, groundwater flow, geochemistry and geo-
morphology) [1] and/or different compartments of the terrestrial system (e.g., atmosphere
and biosphere) [2,3]. The integration of models entails also several technical and technolog-
ical aspects related to (i) coupling techniques, (ii) data integration (e.g., data assimilation
and machine learning approaches) and (iii) computation offloading.

The development and use of integrated models pose several challenges. The level of
complexity achieved when integrating many processes and components makes it difficult
to comprehensively understand and interpret the model results in all their facets, ques-
tioning their reliability and application for operational purposes. An increased number of
physical processes implies a larger number of parameters, state variables and unknowns,
which could lead to overparameterisation and equifinality [4]. Coupling physical pro-
cesses occurring at different temporal and spatial scales (e.g., fast surface runoff and slow
groundwater flow) can lead to a loss of accuracy, unless complex numerical techniques
are adopted. It is also important to remark that many physical interactions across the
terrestrial compartments are not explicitly resolved but rather rely on parameterisations
that are difficult to constrain with observations [5]. This could lead to biases in representing
feedback mechanisms between model components [6]. Software architecture is becoming
increasingly more complex and difficult to maintain, requiring advanced skills in software
engineering and high performance computing [7]. Finally, the large volume of information
usually produced by numerical simulations that integrate many physical processes across
the terrestrial compartments and over long periods hinges to the challenge of the 4 V’s of
big data and research reproducibility [8].

This special issue focuses on hydrological models based on mechanistic formulations
of the coupled physical, biological and geochemical processes of terrestrial systems. By
providing a holistic view of the integrated water, energy and matter cycles, such models
strive to define a unified and physically consistent framework for testing and validating
advanced scientific hypotheses [9]. Moreover, as suitable models for long-term climate
simulations, they represent promising decision support tools for the definition of new water
management strategies and natural hazard mitigation policies [10]. Thanks to the increasing
availability of computational resources and data, integrated modelling approaches have
received growing attention in recent years [11].

Within this framework, this Water Special Issue collects five research contributions
from over 25 authors on recent developments and applications of physics-based hydrologi-
cal models, integrating mass and energy processes in catchments at different scales and
with different approaches.
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Gatel et al. [12] present a global sensitivity analysis performed on a vineyard hills-
lope affected by transport of pesticides, i.e., reactive solutes, simulated with the CATHY
model [13]. The overall goal of this study is to model migration and fate of reactive solutes
in natural environments, which is a highly complex process, and to identify the most
important parameters. Gatel et al. found that pesticide transport is highly controlled by the
saturated hydraulic conductivity and the retention curve shape parameter n. This implies
a strong role for parameter interactions associated with the exchange processes represented
in the model. Their results highlight that, at the hillslope scale, an accurate quantification
of contaminant fluxes and concentrations requires a physically based model with a full
computation of the Richards equation regulating water flow and an explicit description of
the transport of reactive tracers.

The work of Daneshmand et al. [14] deals with a similar problem, but at the catchment
scale. In this case, they used the integrated surface–subsurface hydrological model MIKE-
SHE [15], whereby water and salt fluxes are simulated in a number of afforestation scenarios.
Compared to CATHY, MIKE-SHE is also physically based, but more conceptualised, and
therefore more flexible and computationally efficient. In this modelling application, the
authors explore the potential of integrated surface–subsurface models to simulate salt
transport processes leading to soil salinisation, which is a major environmental issue in
arid and semi-arid regions, including the possible impacts of land use and climate change.

Li et al. [16] address the integration of different models working at different scales
to simulate runoff formation in mountain catchments, where the process has both a fast
surface and a slow baseflow component, making its simulation and forecasting a significant
hydrological challenge. Li et al. proposed an efficient integrated modelling approach,
whereby the baseflow is treated as a black box and forecasted using a long-term memory
method, while the surface flow is simulated using a spatio-temporal variable source mixed
runoff generation module, based on hydrological response units constructed from eco-
geomorphological units. This model application is indicative of the challenges arising
with integrated models aiming to cover processes with different characteristics spatial and
temporal scales.

Bizhanimanzar et al. [17] compare an externally linked (MOBIDIC-MODFLOW) [18,19]
and a physically based (MIKE SHE) surface water–groundwater model in their capability
to capture the integrated hydrologic responses of the Thomas Brook catchment, in Canada.
The performance and advantages of the two models were evaluated from an applied point
of view. It was found that, while the physically based model is more accurate, the externally
linked model is more effective in terms of computational efficiency, showing its potential
for modelling groundwater–surface water interactions at regional scale.

Finally, Bottazzi et al. [20] present a new approach for estimating evapotranspiration
in a modular, component-based eco-hydrological modelling framework, New-Age [21]. In
this case, the model integration focus is given by the coupling of physiological processes
controlling plant transpiration and soil hydrological processes. The most interesting
advancement lies in the use of different and alternative components in a modular modelling
framework, based on the Open Modelling System [22], whereby integration is intended
both in terms of processes and code structure. This could be a promising approach to
seamlessly integrate different or alternative modelling approaches.

In summary, this Special Issue effectively highlights some of the various challenges
posed by the integration of hydrological models, such as the coupling of different pro-
cesses (e.g., water flow and solute transport, both at the catchment [14] and at the hills-
lope scale [12]), spatio-temporal scaling issues [16], pros and cons related to use of fully
physics-based integrated approaches as compared to more simplified and/or conceptual
models [17], and the coupling of different eco-hydrological modules in a component-based
integrated framework [20].

Author Contributions: The authors made equal contributions to this editorial. All authors have read
and agreed to the published version of the manuscript.



Water 2021, 13, 2013 3 of 3

Funding: This research has been partially supported by the Eurac Research project “EcoHydro”.

Acknowledgments: The authors appreciate the efforts of the Water editors and publication team at
MDPI and the anonymous reviewers for their comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maxwell, R.M.; Putti, M.; Meyerhoff, S.; Delfs, J.; Ferguson, I.M.; Ivanov, V.; Kim, J.; Kolditz, O.; Kollet, S.J.; Kumar, M.; et al.

Surface-subsurface model intercomparison: A first set of benchmark results to diagnose integrated hydrology and feedbacks.
Water Resour. Res. 2014, 50, 1531–1549. [CrossRef]

2. Fatichi, S.; Vivoni, E.R.; Ogden, F.L.; Ivanov, V.Y.; Mirus, B.; Gochis, D.; Downer, C.W.; Camporese, M.; Davison, J.H.; Ebel, B.; et al.
An overview of current applications, challenges, and future trends in distributed process-based models in hydrology. J. Hydrol.
2016, 537, 45–60. [CrossRef]

3. Fatichi, S.; Pappas, C.; Ivanov, V.Y. Modeling plant-water interactions: An ecohydrological overview from the cell to the global
scale. Wiley Interdiscip. Rev. Water 2016, 3, 327–368. [CrossRef]

4. Beven, K.; Cloke, H.; Pappenberger, F.; Lamb, R.; Hunter, N. Hyperresolution information and hyperresolution ignorance in
modelling the hydrology of the land surface. Sci. China Earth Sci. 2015, 58, 25–35. [CrossRef]

5. Fan, Y.; Clark, M.; Lawrence, D.M.; Swenson, S.; Band, L.E.; Brantley, S.L.; Brooks, P.D.; Dietrich, W.E.; Flores, A.; Grant, G.; et al.
Hillslope Hydrology in Global Change Research and Earth System Modeling. Water Resour. Res. 2019, 55, 1737–1772. [CrossRef]

6. Maxwell, R.M.; Kollet, S.J. Interdependence of groundwater dynamics and land-energy feedbacks under climate change. Nat.
Geosci. 2008, 1, 665–669. [CrossRef]

7. Heaton, D.; Carver, J.C. Claims about the use of software engineering practices in science: A systematic literature review. Inf.
Softw. Technol. 2015, 67, 207–219. [CrossRef]

8. Hutton, C.; Wagener, T.; Freer, J.; Han, D.; Duffy, C.; Arheimer, B. Most computational hydrology is not reproducible, so is it
really science? Water Resour. Res. 2016. [CrossRef]

9. Weiler, M.; Beven, K. Do we need a Community Hydrological Model? Water Resour. Res. 2015, 51, 1–8. [CrossRef]
10. Sivapalan, M. From engineering hydrology to Earth system science: Milestones in the transformation of hydrologic science.

Hydrol. Earth Syst. Sci. 2018, 22. [CrossRef]
11. Kollet, S.; Sulis, M.; Maxwell, R.M.R.; Paniconi, C.; Putti, M.; Bertoldi, G.; Coon, E.E.T.; Cordano, E.; Endrizzi, S.; Kikinzon, E.; et al.

The integrated hydrologicmodel intercomparison project, IH-MIP2: A second set of benchmark results to diagnose integrated
hydrology and feedbacks. Water Resour. Res. 2017, 53, 867–890. [CrossRef]

12. Gatel, L.; Lauvernet, C.; Carluer, N.; Weill, S.; Paniconi, C. Sobol Global Sensitivity Analysis of a Coupled Surface/Subsurface
Water Flow and Reactive Solute Transfer Model on a Real Hillslope. Water 2019, 12, 121. [CrossRef]

13. Camporese, M.; Paniconi, C.; Putti, M.; Orlandini, S. Surface-subsurface flow modeling with path-based runoff routing, boundary
condition-based coupling, and assimilation of multisource observation data. Water Resour. Res. 2010, 46. [CrossRef]

14. Daneshmand, H.; Alaghmand, S.; Camporese, M.; Talei, A.; Yeh, P.J.F.; Daly, E. Long-Term Impacts of Partial Afforestation on
Water and Salt Dynamics of an Intermittent Catchment under Climate Change. Water 2020, 12, 1067. [CrossRef]

15. Refsgaard, J.C.; Storm, B.; Clausen, T. Systè me Hydrologique Europeé n (SHE): Review and perspectives after 30 years
development in distributed physically-based hydrological modelling. Hydrol. Res. 2010, 5. [CrossRef]

16. Li, Y.; Wang, G.; Liu, C.; Lin, S.; Guan, M.; Zhao, X. Improving Runoff Simulation and Forecasting with Segmenting Delay of
Baseflow from Fast Surface Flow in Montane High-Vegetation-Covered Catchments. Water 2021, 13, 196. [CrossRef]

17. Bizhanimanzar, M.; Leconte, R.; Nuth, M. Catchment-Scale Integrated Surface Water-Groundwater Hydrologic Modelling Using
Conceptual and Physically Based Models: A Model Comparison Study. Water 2020, 12, 363. [CrossRef]

18. Castillo, A.; Castelli, F.; Entekhabi, D. Gravitational and capillary soil moisture dynamics for distributed hydrologic models.
Hydrol. Earth Syst. Sci. 2015, 19, 1857–1869. [CrossRef]

19. Harbaugh, A.W.; Banta, E.R.; Hill, M.C.; McDonald, M.G. Modflow-2000, The U.S. Geological Survey Modular Ground-Water
Model-User Guide to Modularization Concepts and the Ground-Water Flow Process; Open-File Report; U. S. Geological Survey: Reston,
VA, USA, 2000; p. 134, doi:10.3133/ofr200092 [CrossRef]

20. Bottazzi, M.; Bancheri, M.; Mobilia, M.; Bertoldi, G.; Longobardi, A.; Rigon, R. Comparing Evapotranspiration Estimates from the
GEOframe-Prospero Model with Penman–Monteith and Priestley-Taylor Approaches under Different Climate Conditions. Water
2021, 13, 1221. [CrossRef]

21. Formetta, G.; Antonello, A.; Franceschi, S.; David, O.; Rigon, R. Hydrological modelling with components: A GIS-based
open-source framework. Environ. Model. Softw. 2014, 55, 190–200. [CrossRef]

22. David, O.; Ascough, J.; Lloyd, W.; Green, T.; Rojas, K.; Leavesley, G.; Ahuja, L. A software engineering perspective on
environmental modeling framework design: The Object Modeling System. Environ. Model. Softw. 2013, 39, 201–213. [CrossRef]

http://doi.org/10.1002/2013WR013725
http://dx.doi.org/10.1016/j.jhydrol.2016.03.026
http://dx.doi.org/10.1002/wat2.1125
http://dx.doi.org/10.1007/s11430-014-5003-4
http://dx.doi.org/10.1029/2018WR023903
http://dx.doi.org/10.1038/ngeo315
http://dx.doi.org/10.1016/j.infsof.2015.07.011
http://dx.doi.org/10.1002/2016WR019285
http://dx.doi.org/10.1002/2014WR016731
http://dx.doi.org/10.5194/hess-22-1665-2018
http://dx.doi.org/10.1002/2016WR019191
http://dx.doi.org/10.3390/w12010121
http://dx.doi.org/10.1029/2008WR007536
http://dx.doi.org/10.3390/w12041067
http://dx.doi.org/10.2166/nh.2010.009
http://dx.doi.org/10.3390/w13020196
http://dx.doi.org/10.3390/w12020363
http://dx.doi.org/10.5194/hess-19-1857-2015
http://dx.doi.org/10.3133/ofr200092
http://dx.doi.org/10.3390/w13091221
http://dx.doi.org/10.1016/j.envsoft.2014.01.019
http://dx.doi.org/10.1016/j.envsoft.2012.03.006

	References

