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Global climate change and growing urbanization pose a threat to both natural and urban ecosystems. In these, one of the

most impacted elements is water, which is responsible for a large variety of ecosystem services and benefits to society.

Mathematical models can be used to simulate the implementation of Nature-Based Solutions (NBSs), thus helping to

quantify their impacts on these issues in a practical and efficient manner.
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1. Introduction

It is expected that up to 68% of the world’s population will be living in cities by the year 2050 . This growing urbanization

results in increased impermeable surface area, which leads to increased runoff, peak flow, and pollutant loads and

concentrations . The population is increasingly exposed to toxins resulting from industrial activities as well as traffic .

Urban non-point pollution is rising in urban environments, increasing concentrations of nitrogen, phosphorus, heavy

metals, and organic carbon, among other pollutants, and is now a major case of concern for ecosystems in developed

landscapes as well as human health .

With the growing recognition that hydrological resources must be carefully managed, water-related issues and potential

ways to mitigate them have been a focus of study across several scientific areas, such as Environmental Science, Civil

Engineering, and Hydrology. For this reason, the terminology used for solutions to urban water problems varies

significantly in the literature, with terms employed such as ‘Blue-Green Infrastructure’ (BGI), ‘Stormwater Control

Measures’ (SCM), ‘Sustainable Urban Drainage Systems’ (SUDS), ‘Water Sensitive Urban Design’ (WSUD), and ‘Low

Impact Development (LID) measures’ often being used to refer to similar, or sometimes the same, applications. Despite

the contextual differences in definition, these terms often overlap with the concept of ‘Nature-Based Solutions’.

Nature-Based Solutions (NBSs) come in the form of natural or partly engineered measures that borrow from or

incorporate nature in their usage as a means to mitigate societal issues. The International Union for Conservation of

Nature (IUCN) defines NBS as “Actions to protect, sustainably manage and restore natural or modified ecosystems that

address societal challenges effectively and adaptively, simultaneously providing human well-being and biodiversity

benefits” . On the other hand, NBSs are defined by the European Commission  as “solutions inspired and supported

by nature, which are cost-effective, simultaneously provide environmental, social and economic benefits and help build

resilience”. The natural focus of the definition, as well as the added social and economic aspects of the measures,

separate NBSs from SUDS or LID. Nevertheless, the concept is considered open and not well-defined by the scientific

community .

The physical state of media (such as velocity, pressure, density, etc.) at every point in a specific domain can be predicted

using numerical formulations, and models can solve the state of an entire system using sophisticated but well-understood

numerical equation solvers . Hydrological modelling, is described by Allaby and Allaby  as the characterization of

real hydrological features and processes using small-scale physical models, mathematical analogues, or computer

simulations. Thus, this type of modelling is used in the study of environmental phenomena concerning water excess or

scarcity, as well as dissolved or solid material transport .

NBSs have been shown to be useful in the improvement of water quality ; their use in urban water management

improves the quality of rainwater and runoff waters , and also helps create an approximation of the natural water cycle

.
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2. Modelling of Nature-Based Solutions on Surface Water Quality

Wetlands are by far the most frequently occurring NBS in water quality modelling studies, likely due to their extended use

in wastewater treatment as well as stormwater control. Another interesting finding is that wetlands are most often the sole

focus of the studies they appear in. Other solutions, however, appear often in groups, as is the case of green roofs that

are always accompanied by more solutions. This is also the case for permeable pavements, reforestation, bioretention

cells, retention ponds, and bioswales. The reason for this might be that these solutions (with the exception of bioretention

cells) are more often used for air quality improvement and flood control, and less so for water treatment. In this way, the

focus of studies may be on the modelling of NBS in sets or individually, but the focus may also be mixed. As an example,

Dutta et al.  modelled the pollutant removal efficiency of bioretention cells, bioswales, and permeable pavements

individually (in sets of two and sets of three), while Seyedashraf et al.  used model optimization to find the optimal

scenario with multiple solutions, among which are permeable pavements, green roofs, rain gardens, bioswales, and other

non-Nature-Based Solutions.

This study found that most of the literature on the topic of modelling NBS impacts on water quality is published in

European countries; over 55% of publications came from Europe and, of those, over 33% originated from Italy. An

important aspect to point out is that these results are highly biased towards European publications because of the usage

of the term NBS, which is less common in other continents. Publications on the topic go as far back as 2018 due to the

recency of the NBS term used and have been increasing since.

The most commonly recurring modelling software used was Stanford University’s and Natural Capital Project’s ‘Integrated

Valuation of Ecosystem Services and Tradeoffs’ (InVEST) suite , an ecosystem service valuation and mapping tool

employed by Di Grazia et al. , Zwadazka et al. , and Singh et al. . The InVEST tool comes with a nutrient delivery

ratio model that uses a mass balance approach  to model nutrient dynamics based on source mapping, transport

capacity, and retention values of different land use and land cover conditions of an area, as well as the morphology of the

catchment. The second most popular modelling tool used was the United States Environmental Protection Agency (EPA)’s

‘Storm Water Management Model’ (SWMM), a software solution for the design and analysis of stormwater runoff control

strategies . SWMM is reportedly the tool most commonly used by researchers to model NBSs and water quality , a

trend that is not verified as InVEST is used in one more paper than SWMM. The tool comes with hydraulic modelling and

pollutant load estimation capabilities, being employed by Dutta et al.  and Seyedashraf et al. . Hamann et al. 

chose to use two different modelling tools, the Dutch National Institute for Health and Environment’s ‘The Economics of

Ecosystems and Biodiversity’ (TEEB; ) and SusDrain’s ‘Benefits Estimation Tool’ (B£ST; ). Both tools follow an

ecosystem modelling approach as in InVEST, as opposed to the hydraulic modelling approach of SWMM. The scholars of

the aforementioned paper modelled their water quality parameters using both tools, comparing the results after validation.

Baustian et al.  used the Deltares Systems’ Delft3D, the 3D modelling suite for hydrodynamic, sediment transport and

water quality modelling, more precisely, the Integrated Biophysical Model . Another similar approach was taken by

Zhang et al.  with eWater’s ‘Model for Urban Stormwater Improvement Conceptualization’ (MUSIC), which contains a

wide range of functions to model stormwater runoff and contaminant removal resulting from treatment devices . Lastly,

Gallotti et al.  used NutSpaFHy, a tool that can model nutrient export from forest areas, in conjunction with Finnish

Environment Institute’s VEMALA, which calculates nutrient loads from the remaining land use and land cover categories

. Three of the aforementioned software suits (37.5%), SWMM, B£ST, and MUSIC, are advertised as directly

supporting the modelling of NBS or analogue measures, suggesting that practitioners have access to varied options for

these sorts of studies even before having to consider less-specific tools.

Nitrogen appears as the most commonly used element in the studies, which is to be expected as it is, along with

Phosphorus, the most studied pollutant in the field of surface water quality. Indeed, Nitrogen levels in the form of Total

Nitrogen (TN) are studied in over half of the selected papers. Results show that NBS can be beneficial to surface water

quality by reducing the export of nutrient pollution (N, P)  as well as suspended solids , and by promoting

nutrient removal services (N, P, BOD) . Some scholars observed that NBS had “excellent performance” , while

others saw only small improvements to water quality , with no particular performance trends associated with specific

elements. It is also important to note that results from these studies should not be generalized, as the models are

sensitive and require that calculations consider the local circumstances of each case study .

The water quality improvements obtained from NBS implementation can provide substantial benefits. The cost–benefit

analysis-based studies highlight the economic feasibility of these solutions , deeming them well-justified considering

their long-term benefits relative to the investment necessary . The benefit assessment study also acknowledges the

economic value of externalities from the water quality improvements of NBSs . Finally, the cost-effectiveness approach

studies do not mention economic viability but estimate that significant water quality improvements can be achieved by

NBSs, with larger investment values often being associated with better performances .
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While there is no significant pool of papers from which to extract conclusions on this topic, it is worth noting that Di Grazia

et al.  found that NBSs can effectively reduce nutrient exports under RCP 4.5 conditions. Zhang et al.  found that

NBS performed about the same under RCP 8.5 conditions as they do under current conditions, recommending larger

systems in order to maintain water treatment effectiveness.

References

1. United Nations Department of Economic and Social Affairs World Urbanization Prospects: The 2018 Revision. Working
Paper No. ESA/P/WP.252. 2018. Available online: https://population.un.org/wup/Publications/Files/WUP2018-
Methodology.pdf (accessed on 11 November 2021).

2. Davis, A. Field Performance of Bioretention: Hydrology Impacts. J. Hydrol. Eng. 2008, 13, 90–95.

3. Fletcher, T.; Andrieu, H.; Hamel, P. Understanding, management and modelling of urban hydrology and its
consequences for receiving waters: A state of the art. Adv. Water Resour. 2013, 51, 261–279.

4. Khalifa, A.; Bouzouidja, R.; Marchetti, M.; Buès, M.; Bouilloud, L.; Martin, E.; Chancibaut, K. Individual contributions of
anthropogenic physical processes associated to urban traffic in improving the road surface temperature forecast using
TEB model. Urban Clim. 2018, 24, 778–795.

5. Walsh, C.J.; Roy, A.H.; Feminella, J.W.; Cottingham, P.D.; Groffman, P.M.; Morgan, R.P. The urban stream syndrome:
Current knowledge and the search for a cure. J. N. Am. Benthol. Soc. 2005, 24, 706–723.

6. Egodawatta, P.; Thomas, E.; Goonetilleke, A. Mathematical interpretation of pollutant wash-off from urban road
surfaces using simulated rainfall. Water Res. 2007, 41, 3025–3031.

7. Schwarzenbach, R.P.; Egli, T.; Hofstetter, T.B.; Von Gunten, U.V.; Wehrli, B. Global Water Pollution and Human Health.
Annu. Rev. Environ. Resour. 2010, 35, 109–136.

8. Cohen-Shacham, E.; Walters, G.; Maginnis, S.; Janzen, C. Nature-Based Solutions to Address Global Societal
Challenges; IUCN: Gland, Switzerland, 2016.

9. European Commission. Towards an EU Research and Innovation Policy Agenda for Nature-Based Solutions & Re-
Naturing Cities; European Commission: Brussels, Belgium; Luxembourg, 2015.

10. Nesshöver, C.; Assmuth, T.; Irvine, K.N.; Rusch, G.M.; Waylen, K.A.; Delbaere, B.; Haase, D.; Jones-Walters, L.;
Keune, H.; Kovacs, E.; et al. The science, policy and practice of Nature-Based Solutions: An interdisciplinary
perspective. Sci. Total Environ. 2017, 579, 1215–1227.

11. Ogden, F.L. Geohydrology: Hydrological Modeling, 2nd ed.; Alderton, D., Elias, S.A.B.T.-E.G., Eds.; Academic Press:
Cambridge, MA, USA, 2021; pp. 457–476.

12. Allaby, A.; Allaby, M. A Dictionary of Earth Sciences. Edited by Ailsa Allaby and Michael Allaby, 2nd ed.; Oxford
University Press: Oxford, UK, 1999.

13. Burges, S.J. Trends and directions in hydrology. Water Resour. Res. 1986, 22, 1S–5S.

14. Fardel, A.; Peyneau, P.-E.; Béchet, B.; Lakel, A.; Rodriguez, F. Performance of two contrasting pilot swale designs for
treating zinc, polycyclic aromatic hydrocarbons and glyphosate from stormwater runoff. Sci. Total Environ. 2020, 743,
140503.

15. Al Husseini, A.E.-M.; Béchet, B.; Gaudin, A.; Ruban, V. Trace metal fractionation as a mean to improve on the
management of contaminated sediments from runoff water in infiltration basins. Environ. Technol. 2013, 34, 1255–
1266.

16. Wild, T.C.; Henneberry, J.; Gill, L. Comprehending the multiple ‘values’ of green infrastructure–Valuing Nature-Based
Solutions for urban water management from multiple perspectives. Environ. Res. 2017, 158, 179–187.

17. Dutta, A.; Torres, A.S.; Vojinovic, Z. Evaluation of Pollutant Removal Efficiency by Small-Scale Nature-Based Solutions
Focusing on Bio-Retention Cells, Vegetative Swale and Porous Pavement. Water 2021, 13, 2361.

18. Seyedashraf, O.; Bottacin-Busolin, A.; Harou, J.J. Many-Objective Optimization of Sustainable Drainage Systems in
Urban Areas with Different Surface Slopes. Water Resour. Manag. 2021, 35, 2449–2464.

19. Sharp, R.; Tallis, H.T.; Ricketts, T.; Guerry, A.D.; Wood, S.A.; Chaplin-Kramer, R.; Nelson, E.; Ennaanay, D.; Wolny, S.;
Olwero, N.; et al. InVEST 3.5.0 User’s Guide. The Natural Capital Project; Stanford University: Stanford, CA, USA;
University of Minnesota: Minneapolis, MN, USA; The Nature Conservancy and World Wildlife Fund: Arlington, VA, USA,
2018.

[20] [30]



20. Di Grazia, F.; Gumiero, B.; Galgani, L.; Troiani, E.; Ferri, M.; Loiselle, S.A. Ecosystem Services Evaluation of Nature-
Based Solutions with the Help of Citizen Scientists. Sustainability 2021, 13, 10629.

21. Zawadzka, J.; Gallagher, E.; Smith, H.; Corstanje, R. Ecosystem services from combined natural and engineered water
and wastewater treatment systems: Going beyond water quality enhancement. Ecol. Eng. 2019, 142.

22. Singh, N.K.; Gourevitch, J.D.; Wemple, B.C.; Watson, K.B.; Rizzo, D.M.; Polasky, S.; Ricketts, T.H. Optimizing wetland
restoration to improve water quality at a regional scale. Environ. Res. Lett. 2019, 14, 064006b.

23. Romero, E.; Le Gendre, R.; Garnier, J.; Billen, G.; Fisson, C.; Silvestre, M.; Riou, P. Long-term water quality in the
lower Seine: Lessons learned over 4 decades of monitoring. Environ. Sci. Policy 2016, 58, 141–154.

24. Rossman, L.; Huber, W. Storm Water Management Model Reference Manual Volume I, Hydrology; U.S. EPA Office of
Research and Development: Washington, DC, USA, 2015.

25. Hamann, F.; Blecken, G.-T.; Ashley, R.M.; Viklander, M. Valuing the Multiple Benefits of Blue-Green Infrastructure for a
Swedish Case Study: Contrasting the Economic Assessment Tools B£ST and TEEB. J. Sustain. Water Built Environ.
2020, 6, 05020003.

26. TEEB. The Economics of Ecosystems and Biodiversity Ecological and Economic Foundations; Kumar, P., Ed.;
Earthscan: London, UK; Washington, DC, USA, 2010.

27. CIRIA. Benefits of SuDS Tool: Guidance to Assess the Benefits of Blue and Green Infrastructure Using B£ST; CIRIA:
London, UK, 2019; p. W047b. ISBN 978-0-86017-934-74.

28. Baustian, M.M.; Jung, H.; Bienn, H.C.; Barra, M.; Hemmerling, S.A.; Wang, Y.; White, E.; Meselhe, E. Engaging coastal
community members about natural and Nature-Based Solutions to assess their ecosystem function. Ecol. Eng. 2020,
143, 5.

29. Baustian, M.M.; Meselhe, E.; Jung, H.; Sadid, K.; Duke-Sylvester, S.M.; Visser, J.M.; Allison, M.A.; Moss, L.C.;
Ramatchandirane, C.; van Maren, D.S.; et al. Development of an Integrated Biophysical Model to represent
morphological and ecological processes in a changing deltaic and coastal ecosystem. Environ. Model. Softw. 2018,
109, 402–419.

30. Zhang, K.; Manuelpillai, D.; Raut, B.; Deletic, A.; Bach, P.M. Evaluating the reliability of stormwater treatment systems
under various future climate conditions. J. Hydrol. 2018, 568, 57–66.

31. Wong, T.; Fletcher, T.; Duncan, H.; Coleman, J.; Jenkins, G. Model for Urban Stormwater Improvement
Conceptualization (MUSIC) Version 3. Glob. Solut. Urban Drain. 2002.

32. Gallotti, G.; Santo, M.; Apostolidou, I.; Alessandri, J.; Armigliato, A.; Basu, B.; Debele, S.; Domeneghetti, A.; Gonzalez-
Ollauri, A.; Kumar, P.; et al. On the Management of Nature-Based Solutions in Open-Air Laboratories: New Insights and
Future Perspectives. Resources 2021, 10, 36.

33. Lauren, A.; Guan, M.; Salmivaara, A.; Leinonen, A.; Palviainen, M.; Launiainen, S. NutSpaFHy—A Distributed Nutrient
Balance Model to Predict Nutrient Export from Managed Boreal Headwater Catchments. Forests 2021, 12, 808.

34. Huttunen, I.; Huttunen, M.; Piirainen, V.; Korppoo, M.; Lepistö, A.; Räike, A.; Tattari, S.; Vehviläinen, B. A National-Scale
Nutrient Loading Model for Finnish Watersheds—VEMALA. Environ. Model. Assess. 2015, 21, 83–109.

35. Fu, Y.; Zhao, J.; Peng, W.; Zhu, G.; Quan, Z.; Li, C. Spatial modelling of the regulating function of the Huangqihai Lake
wetland ecosystem. J. Hydrol. 2018, 564, 283–293.

36. Masseroni, D.; Ercolani, G.; Chiaradia, E.A.; Maglionico, M.; Toscano, A.; Gandolfi, C.; Bischetti, G.B. Exploring the
performances of a new integrated approach of grey, green and blue infrastructures for combined sewer overflows
remediation in high-density urban areas. J. Agric. Eng. 2018, 49, 233–241.

37. Symmank, L.; Natho, S.; Scholz, M.; Schröder, U.; Raupach, K.; Schulz-Zunkel, C. The impact of bioengineering
techniques for riverbank protection on ecosystem services of riparian zones. Ecol. Eng. 2020, 158, 106040.

38. Castañer, C.M.; Bellver-Domingo, Á.; Hernández-Sancho, F. Environmental and Economic Approach to Assess a
Horizontal Sub-Surface Flow Wetland in Developing Area. Water Resour. Manag. 2020, 34, 3761–3778.

Retrieved from https://encyclopedia.pub/entry/history/show/58611


