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Abstract: Nature-based solutions are increasingly relevant tools for spatial and environmental
planning, climate change adaptation (CCA), and disaster risk reduction (DRR). For this reason, a wide
range of institutions, governments, and financial bodies are currently promoting the use of green
infrastructure (GI) as an alternative or a complement to traditional grey infrastructure. A considerable
amount of research already certifies the benefits and multi-functionality of GI: natural water retention
measures (NWRMs), as GIs related specifically to the water sector are also known, are, for instance,
a key instrument for the prevention and mitigation of extreme phenomena, such as floods and
droughts. However, there are persisting difficulties in locating and identifying GI and one of the most
promising solutions to this issue, the use of satellite-based data products, is hampered by a lack of
well-grounded knowledge, experiences, and tools. To bridge this gap, we performed a review of the
Copernicus Global Land Service (CGLS) products, which consist of freely-available bio-geophysical
indices covering the globe at mid-to-low spatial resolutions. Specifically, we focused on vegetation
and energy indices, examining previous research works that made use of them and evaluating their
current quality, aiming to define their potential for studying GI and especially NWRMs related to
agriculture, forest, and hydro-morphology. NWRM benefits are also considered in the analysis,
namely: (i) NWRM biophysical impacts (BPs), (ii) ecosystem services delivered by NWRMs (ESs),
and (iii) policy objectives (POs) expressed by European Directives that NWRMs can help to achieve.
The results of this study are meant to assist GI users in employing CGLS products and ease their
decision-making process. Based on previous research experiences and the quality of the currently
available versions, this analysis provides useful tools to identify which indices can be used to study
several types of NWRMs, assess their benefits, and prioritize the most suitable ones.
Keywords: copernicus services; green infrastructure; ecosystem services; natural water retention
measures; vegetation and energy indices; regulating services; disaster risk reduction; climate
change adaptation

1. Introduction
Green infrastructures (GIs) are often presented as nature-based solutions in the context of both
spatial and environmental planning [1,2]. However, the concept can be applied to a greater variety of
environments and remains extremely broad [3,4], to the point that, despite the increasing relevance
of GIs in several policy areas, no universally-accepted definition exists [5–8]. In 2013, the European
Union (EU) defined GI as “a strategically planned network of natural and semi-natural areas with
Remote Sens. 2019, 11, 1583; doi:10.3390/rs11131583

www.mdpi.com/journal/remotesensing

Remote Sens. 2019, 11, 1583

2 of 27

other environmental features designed and managed to deliver a wide range of ecosystem services [
. . . ]” [9].
This definition states that GIs are primarily spatial tools for the delivery of both green and
blue (when considering aquatic systems) ecosystem services (ESs) in terrestrial, coastal, or marine
areas [2–4,9–11]. ESs are classified either as (i) provisioning services, supplying natural resources; (ii)
regulatory and maintenance; or (iii) cultural [12].
Multi-functionality is perhaps the most important characteristic of GIs, which are capable of
delivering multiple benefits to both nature and human-beings [10,13]: Given their cost-effectiveness [14],
it is advocated that, where possible, they should be preferred to single-purpose grey infrastructures.
The restoration of a floodplain, a typical GI, is an example of this: Such a measure would provide flood
risk reduction, water storage, biodiversity protection, and recreational opportunities [15], whereas
only the first benefit would be delivered by grey flood defenses.
Over the past decade, GI’s potential as a policy tool to promote the establishment of a
resilient society and a sustainable economic development has been increasingly acknowledged
by policymakers [10,12,13]. In 2011, the EU Biodiversity Strategy to 2020 [16] explicitly stated the
importance of incorporating GIs into spatial planning in order to achieve its target two, the maintenance
and enhancement of ESs and the recovery of at least 15% of the degraded ecosystems across Europe.
Then, in 2013, the European Commission formulated a specific GI strategy, aiming to promote their
uptake among stakeholders, encouraging investments, and developing trans-European GI networks [9].
The strategy outlined the need to incorporate GIs into key policies, recognizing it as an important tool
to achieve a variety of policy objectives. For instance, GI can be employed to:
•

•

•
•
•

Store carbon, reduce greenhouse gas emissions, and lower the carbon footprint due to residential,
transport and energy production sectors, as well as alleviate extreme weather events and natural
disasters, thus supporting the EU Strategy on Adaptation to Climate Change [17].
Improve the connectivity between Natura 2000 core areas, established by the Habitats [18] and
Birds Directives [19] and enhanced by the 2020 Biodiversity Strategy [16], and integrate them with
the surrounding environment.
Avoid forest erosion, soil contamination, and the fragmentation and degradation of ecosystems,
as required by the EU Forests Strategy [20].
Achieve several objectives of the Common Agricultural Policy (CAP) [21] and encourage
agricultural sustainable practices.
Improve water quality and storage, treat waste water, reduce hydro-morphological pressures on
river basins, and mitigate the impacts of floods and droughts, thus contributing to the goals of
all EU water-related policies, including the Water Framework Directive [22], the Groundwater
Directive [23], and the Floods Directive [24].

GIs related to the water sector are identified by the European Commission Directorate-General
Department for Environment Policies (DG-ENV) as natural water retention measures (NWRMs).
NWRMs are defined as “multi-functional measures that specifically aim to protect and manage water
resources and address water-related challenges by restoring or maintaining ecosystems as well as
natural features and characteristics of water bodies using natural means and processes [ . . . ]” [25]. Thus,
their main function is to act upon water-dependent ecosystems to enhance the natural characteristics
that enable them to retain water. This makes it possible to minimize runoff peaks during periods of
abundant precipitation as well as to store water to cope with dry periods, increasing the resilience of
the water ecosystem against extreme events, such as floods and droughts [17,26–28].
In 2013, the DG-ENV launched a two-year-long NWRM initiative [29], with the aim of developing
a knowledge base and bringing together all parties interested in NWRM design and implementation.
The initiative produced a catalogue of 53 NWRMs, classified per sector: Agriculture, forest,
hydro-morphology, and urban. It also studied NWRM benefits, formulating a list of 17 NWRM
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biophysical impacts (BPs) resulting from water retention, 14 ecosystem services (ESs) delivered by
NWRMs, and 14 EU policy objectives (POs) that NWRMs can help to reach.
In this work, we dealt with GIs, and specifically with NWRMs, by considering first the needs
of users and stakeholders related to the implementation, monitoring, control, and management of
actual or potential GIs. We then attempted to fulfil these needs by proposing solutions based on
remotely-sensed data within the Copernicus regulation [30]. Such data, especially when freely available,
up-to-date and in near-real-time, shows great potential, considering the constant changes undergone by
Earth’s ecosystems due to natural land and atmospheric conditions and under the pressure of human
activities [31–33]. Its applications include the parametrization of a wide variety of ecosystem models,
the reproduction of ecosystem dynamics, and the estimation of natural risks to ecosystems or future
scenarios, which can improve the formulation of environmental and conservation policies [34–36].
In order to monitor and manage ecosystem changes, scientists have developed, in the framework of
remote sensing applications, highly useful indices and approaches for evaluating both qualitatively and
quantitatively the vegetative-water-energy nexus of natural surfaces through the execution of spectral
measurements [33,34,36–39]. The worldwide known Copernicus Global Land Service (CGLS) [40],
a component of the Land Monitoring Core Service of the Copernicus Earth Observation program,
provides in particular a freely-available set of products based on qualified bio-geophysical indices.
These products are arranged into long-term time series and monitor the status and evolution of the
land surface on a global scale at mid-to-low spatial resolutions (300 m and 1 km) and in near-real-time.
They can be used to monitor components and processes of the Earth system, including the vegetation,
water cycle, energy budget, and terrestrial cryosphere.
Our study aimed to develop tools for users and stakeholders to ascertain the potential of CGLS
products for the identification, monitoring, and assessment of GIs. As we were particularly interested
in GIs for the reduction and mitigation of water-related hazards, such as floods and droughts, the
analysis focused on determining the most suitable indices for the monitoring of NWRMs. Therefore,
we performed a review of previous research experiences that employed the bio-geophysical indices
provided in the CGLS vegetation and energy products and then used the review’s results to assess
whether each product could potentially be used to monitor several types of NWRMs and their benefits,
also taking into account the quality of the products’ currently-available versions.
Ultimately, the purpose of this review was building an evidence base that, merged with future
research and developments, would allow us to understand the requirements to properly monitor and
identify NWRM and their benefits using operational information data streams covered by current (or
planned) Copernicus capacity. Performing this kind of analysis is essential to provide well-grounded
advice for the future inclusion of new products and services inside the Copernicus framework to suitably
cover institutional and private business processes and needs. Thus, products under demonstration,
pre-operational, or operational conditions could benefit from these analyses, having a clear view of
their current and potential use.
The present article is organized as follows: After describing in detail CGLS products and
GI/NWRM characteristics, benefits, and regulating policies, the methodology section outlines the input
data used for our review of the scientific literature, the results of which are expressed through the
use of Sankey diagrams and flowcharts. The results section indicates which vegetation and energy
indices, among those provided by the CGLS products, are potentially most useful for the monitoring
of each NWRM, biophysical impact, ecosystem service, and policy objective. Moreover, this section
indicates the quality that can be expected when using the CGLS bio-geophysical indices in terms of their
continuity along the globe, spatial and temporal consistencies, and overall accuracy. The discussion
section debates the results derived from the analysis and provides guidelines for users in the form of
flow diagrams showing the most recommended products. Finally, all the conclusions derived from the
study are summarized.
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2. Materials and Methods
Our approach, shown in Figure 1, entailed firstly considering the review of previous scientific
works that used or evidenced the potential use, either direct or indirect, of one of the bio-geophysical
indices provided by the Copernicus Global Land Service (CGLS) vegetation or energy products to
monitor a natural water retention measure (NWRM), observe a NWRM biophysical impact (BP), certify
the delivery of a NWRM ecosystem service (ES), or verify the achievement of a NWRM-related policy
objective (PO) from the targets of EU directives. We also focused on the actual quality that users could
expect using the last-updated versions of the CGLS products in terms of the data continuity along the
globe, spatial and temporal consistencies, and accuracy when compared with other satellite-based
products [40]. Finally, the outcomes were combined in Sankey diagrams and flowcharts designed for
the benefit of GI users.

Figure 1. Flowchart showing the steps followed to determine the most recommended vegetation and
energy indices provided by the Copernicus Global Land Service for monitoring natural water retention
measures and their benefits.

2.1. Catalogue
The first step of our approach was organizing a catalogue of the relevant NWRMs, BPs, ESs, and
POs (Table 1). We made use of the catalogues developed by the DG-ENV NWRM initiative [29].
Table 1. Catalogue of the studied natural water retention measures (NWRMs), based on the NWRM
project [29]. Short-names in bold are the ones displayed in the final diagrams.
Agriculture

Forest

A1

Meadows and pastures

F1

A2

Buffer strips and hedges

F2

A3

Crop rotation

F3

A5

Strip cropping along
contours
Intercropping

A6
A7

A4

Hydro-Morphology

Forest riparian buffers
Maintenance of forest cover in
headwater areas

N1

Afforestation of reservoir catchments

N3

N2

F5

Targeted planting for catching
precipitation
Land use conversion

No till agriculture

F6

Continuous cover forestry

N6

Low till agriculture

F7

Water sensitive driving

N7

F8

Appropriate design of roads and stream
crossings

N8

A8

Green cover

F4

Basins and ponds
Wetland restoration and
management
Floodplain restoration and
management

N4

Re-meandering

N5

Stream bed re-naturalization
Restoration and reconnection of
seasonal streams
Reconnection of oxbow lakes and
similar features
Riverbed material
re-naturalization
Removal of dams and other
longitudinal barriers
Natural bank stabilization
Elimination of riverbank protection
Lake restoration
Restoration of natural infiltration to
groundwater
Re-naturalization of polder areas

A9

Early sowing

F9

Sediment capture ponds

N9

A10
A11
A12

Traditional terracing
Controlled traffic farming
Reduced stocking density

F10
F11
F12

Coarse woody debris
Urban forest parks
Trees in urban areas

N10
N11
N12

A13

Mulching

F13

Peak flow control structures

N13

F14

Overland flow areas in peatland forests

N14
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The original catalogue of NWRMs contained 53 measures divided in four sectors: (i) Agriculture,
(ii) forest, (iii) hydro-morphology, and (iv) urban. As the present analysis was involved in a research [41]
specifically tackling rural GI development, its monitoring, and the management of water-related
natural hazards, the review only studied the 41 NWRMs included in the first three categories (Table 1).
The catalogue of the biophysical impacts resulting from water retention was left unaltered: All 17
BPs, originally divided into either direct (i.e., runoff control) or indirect (i.e., pollution reduction, soil
conservation, habitat creation, or climate alteration), were considered. On the other hand, the list of
NWRM-related ecosystem services was significantly altered: Originally containing 14 ESs, classified as
(i) provisioning, (ii) regulatory and maintenance, (iii) cultural, or (iv) abiotic services, this catalogue was
reduced to the 9 ESs belonging to the first two categories, while the other two were excluded as none of
the cultural (i.e., recreational opportunities) or abiotic services (i.e., navigation or energy production)
were actually relevant for the final goal of monitoring and assessing GIs in rural environments for the
reduction and mitigation of water-related natural hazards (Table 2).
Table 2. Catalogue of the studied biophysical impacts, ecosystem services, and policy objectives linked
to natural water retention measures, based on the NWRM project [29]. Short-names in bold are the
ones displayed in the final diagrams.
Biophysical Impacts

Ecosystem Services

Policy Objectives
Improving status of
biology quality elements
(WFD)
Improving status of
physicochemical quality
elements (WFD)
Improve status of
hydro-morphology
quality elements (WFD)
Improve chemical status
and priority substances
(WFD)

BP1

Store runoff

ES1

Water storage

PO1

BP2

Slow runoff

ES2

Fish stocks and
recruiting

PO2

BP3

Store river water

ES3

Natural biomass
production

PO3

BP4

Slow river water

ES4

Biodiversity
preservation

PO4

BP5

Increase
evapotranspiration

ES5

Climate change
adaptation and
mitigation

PO5

Improve quantitative
status (WFD)

BP6

Increase infiltration
and/or groundwater
recharge

ES6

Groundwater/aquifer
recharge

PO6

Improve chemical status
(WFD)

BP7

Increase soil water
retention

ES7

Flood risk reduction

PO7

BP8

Reduce pollutant sources

ES8

Erosion/sediment control

PO8

BP9

Intercept pollution
pathways

ES9

Filtration of pollutants

PO9

BP10

Reduce erosion and/or
sediment delivery

PO10

BP11

Improve soils

PO12

BP12

Create aquatic habitat

PO13

BP13

Create riparian habitat

PO14

BP14
BP15

Create terrestrial habitat
Enhance precipitation
Reduce peak
temperatures
Absorb and/or retain
CO2

BP16
BP17

Prevent surface water
status deterioration
(WFD)
Prevent groundwater
status deterioration
(WFD)
Take adequate and
coordinated measures to
reduce flood risks (FD)
Protection of important
habitats (HD and BD)
More sustainable
agriculture and forestry
(BS)
Better management of
fish stocks (BS)
Prevention of
biodiversity loss (BS)
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The list of EU policy objectives, finally, originally contained a list of 14 NWRM-related POs
expressed by the Water Framework Directive (WFD) [22], the Floods Directive (FD) [24], the Habitats
and Birds Directives (HD and BD) [18,19], and the 2020 Biodiversity Strategy (BS) [16]. This list was
left mostly unaltered, with the sole exception of PO11, which is explicitly linked to GI deployment and
was henceforth considered redundant, considering the method used to perform the literature review,
further explained in Section 2.2.2 (Table 2).
2.2. Research Works Using Bio-Geophysical Indices
2.2.1. CGLS Vegetation and Energy Products
Nowadays, aerial and satellite remote sensing techniques are the foremost source of spatial
information due to their capability to catch large areas and monitor bio-geophysical parameters with
competitive spatial and temporal resolutions [42,43]. The bio-geophysical indices freely offered by the
Copernicus Global Land Service through its vegetation and energy products can be applied to a wide
range of thematic areas, such as global crop monitoring and food security; forest, water, and natural
resources management; land carbon modelling; or weather and climate forecasting [40]. The indices
have been validated using other existing global products derived from remotely-sensed data, mostly
produced by the MODIS (Moderate-resolution Imaging Spectrometer) sensor platform [44]. Moreover,
accuracy assessments have been performed through the comparison with ground-based reference data,
especially from the 2012 Land Use and Cover Area frame Survey (LUCAS) [45].
Focusing on CGLS vegetation products (as of November 2018), the widely-used normalized
difference vegetation index (NDVI) gives an indication of the current greenness of the natural
surface [33,36]. Derived from this index are the VCI and VPI (vegetation condition and productivity
indices; the latter has now been discontinued), which compare measured NDVI values respectively
to its long-term average and to its historical maximum and minimum. Other products provide
measurements of physical variables of the canopy: The leaf area index (LAI), the fraction of vegetation
cover (FCOVER), and the fraction of radiation absorbed for the photosynthesis (FAPAR) quantify the
density, extent, and health of the vegetation, respectively. On the other hand, dry matter productivity
(DMP) and gross dry matter productivity (GDMP) feature the growth of standing biomass and have
specific agronomic applications. The soil water index (SWI) adds complexity to the analysis by
quantifying the moisture condition at various soil depths. Finally, the maps of burned areas delineate
the zones of the globe that have been affected by fire events [34,46–65]. The Global Climate Observing
System (GCOS) recognizes the maps of burned areas, FAPAR, LAI, and SWI as essential climate
variables (ECVs) [40].
The energy bio-geophysical variables, on the other hand, assess the energy budget at the land
surface. Top-of-canopy reflectance (TOCR) and surface albedo quantify the part of the sunlight reflected
by the surface, respectively, dependent and independent from the angular observation conditions (the
first has been discontinued). In addition, the land surface temperature (LST) indicates how hot or cold
the ground is and depends on the surface albedo, vegetation cover, and soil moisture [66–69].
These bio-geophysical indices are useful for weather and climate forecasting as they are the
resulting effect of key forcing variables controlling the energy exchanges between the continental
surface and the atmosphere. Since they also detect how energy is distributed between the ground
and vegetation, they have become essential for crop growth modelling. As a sensitive indicator of
environmental vulnerability, surface albedo is especially efficient for the detection of land degradation
and desertification [66–69]. Table 3 shows the CGLS products considered in the literature review
together with their main characteristics.

Remote Sens. 2019, 11, 1583

7 of 27

Table 3. Main characteristics of the last-updated versions of the bio-geophysical indices considered in
the literature review, provided by the Copernicus Global Land Service (CGLS) through its vegetation
and energy products [40] (as of November 2018).
Satellite Sensor

Spatial
Resolution

Temporal Resolution

Temporal Coverage

Stage

FAPAR

PROBA-V
SPOT-VGT, PROBA-V

300 m
1 km

10 days
10 days

01/2014–present
01/1999–present

Demonstration
Operational

FCOVER

PROBA-V
SPOT-VGT, PROBA-V

300 m
1 km

10 days
10 days

01/2014–present
01/1999–present

Demonstration

LAI

PROBA-V
SPOT-VGT, PROBA-V

300 m
1 km

10 days
10 days

01/2014–present
01/1999–present

Demonstration

PROBA-V

300 m

SPOT-VGT, PROBA-V

1 km

10 days
NRT 1 : 10 days
LTS 2 : 6 months

01/2014–present
04/1998–present
01/1999–12/2017

Operational

VCI

PROBA-V
SPOT-VGT

1 km
1 km

10 days
10 days

06/2014–present
01/2013–05/2014

Demonstration
Operational

VPI

PROBA-V
SPOT-VGT

1 km
1 km

10 days
10 days

06/2014–07/2017
01/2013–05/2014

Demonstration
Operational

DMP/GDMP

PROBA-V
SPOT-VGT, PROBA-V

300 m
1 km

10 days
10 days

01/2014–present
01/1999–present

Demonstration

Burned Area

PROBA-V
PROBA-V

300 m
1 km

10 days
10 days

04/2014–present
04/2014–08/2018

Pre-operational

SWI

METOP(A&B)/ASCAT

25 km

SWI: 1 day
SWI10 3 : 10 days
SWI-TS 4 : 6 months

01/2007–present
01/2007–present
01/2007–present

Operational

LST

METEOSAT (MSG);
GOES;
MTSAT/Himawari

5 km

LST: 1 hour
LST10-DC 3 : 10 days
LST10-TCI 5 : 10 days

10/2010–present
01/2017–present
01/2017–present

Operational

Surface
Albedo

PROBA-V
SPOT-VGT

1 km
1 km

10 days
10 days

05/2014–present
12/1998–04/2014

Demonstration
Operational

TOCR

SPOT-VGT, PROBA-V

1 km

10 days

01/1999–08/2018

Demonstration

Index

NDVI
Vegetation

Energy

1

Near-real time. 2 Long term statistics. 3 10-day statistics of daily values.
daily values. 5 Thermal condition index with 10-day composites.

4

Reformatting to time series format of

2.2.2. Literature Review
Having established a catalogue of the relevant NWRMs and related benefits (Section 2.1), we
proceeded to perform a review of the scientific literature in order to estimate the potential of the
vegetation and energy indices provided in the CGLS products to:
•
•
•
•

Study natural water retention measures (NWRMs).
Monitor their biophysical impacts (BPs).
Observe the delivery of NWRM-linked ecosystem services (ESs).
Assess the achievement of NWRM-related policy objectives (POs) expressed by EU directives
and strategies.

Thus, we searched for scientific articles using the Google Scholar search engine, attesting whether
a certain index had already been used, directly or indirectly, to detect or monitor the items in our
catalogue. Google Scholar was the chosen tool to make the queries since more advanced bibliographical
search engines display results based on the authors’ names, the title of the article, and keywords that
the article is associated with. However, the main title and the keywords usually concern the main topic
or the final results of the research, rather than the followed methodology.
The querying procedure entailed, first, the choice of the search terms: Typing the name of a
specific vegetation or energy index among those provided by the CGLS (Table 3) along with a word or
expression describing one of the catalogued NWRMs, BPs, ESs, or POs (Tables 1 and 2). The search
then yielded a list of articles, each of which was critically analyzed to ascertain whether it proved that
the index had actually been used, or could be potentially used, to study the NWRM, BP, ES, or PO.
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To critically decide whether an article actually proved a link between an index and a NWRM
or benefit, a number of criteria were established, as described in step 2 of the followed procedure
(Figure 2). It should be noted that a valid article did not necessarily have to cite the Copernicus
program, nor did the indices it used have to be calculated using remote sensing data. It was also
not necessary for a valid article to explicitly mention GIs or NWRMs or explicitly discuss ecosystem
services and policy objectives.

Figure 2. Flowchart of the followed procedure to perform each query and ascertain whether a
given article was valid and effectively proved the existence of an actual or possible link between a
bio-geophysical index and a NWRM, BP, ES, or PO.

The results of the literature review (i.e., the proven link between an index and a NWRM or benefit)
were represented in a matrix form: Six matrices were prepared, displaying the links to CGLS products
respectively of agriculture NWRMs, forest NWRMs, hydro-morphology NWRMs, BPs, ESs, and POs.
Thus, each matrix cell corresponded to a given type of NWRM or related benefit and to a CGLS index.
Should at least one article be found to prove a link between the two items, the cell value would be 1,
else it would be 0.
2.3. Quality of CGLS Products
To obtain the final diagrams, we did not only assess, by reviewing the scientific literature, the
actual or possible link between the bio-geophysical indices and each of the NWRMs and their resulting
benefits; we also evaluated the quality that users could expect when using CGLS products. We thus
carried out a well-grounded study of each vegetation and energy product, studying in deep detail the
validation and accuracy assessment reports and user guides as of November 2018 [40,46–69] to fully
understand the input data used, the algorithm developed, and the resulting output product. Using this
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information, a quality assessment was formulated for each version of every available product, which is
shown in Table 4.
Table 4. Quality and accuracy assessments of the bio-geophysical indices provided by the Copernicus
Global Land Service (CGLS) vegetation and energy products, evaluating the product continuity, spatial
consistency, temporal consistency, and accuracy as either good (G), acceptable (A), moderate (M), or
poor (P) as in the consulted references [40] (as of November 2018).
Spatial
Resolution

Product
Continuity

Spatial
Consistency

Temporal
Consistency

Accuracy

References

FAPAR

300 m
1 km

P
G

A
A

A
G

G
A

[46–48]

FCOVER

300 m
1 km

P
G

A
A

A
G

P
A

[46–48]

LAI

300 m
1 km

P
G

A
A

A
G

G
A

[46–48]

NDVI

300 m
1 km

G
G

G
G

G

-

[46,49]

G

G

G

-

G

G

G

-

1 km

G

G

G

-

[51,52]

300 m
1 km

M
G

A
A

A
G

M
M

[53]

Index

Vegetation

VCI

VPI
DMP/GDMP
Burned
Area

Energy

1 km
(SPOT-VGT)
1 km
(PROBA-V)

300 m
1 km
(PROBA-V)
1 km
(SPOT-VGT)

-

G

-

-

-

-

-

G

-

-

P

P

[50,51]

[54–63]

SWI

25 km

G

A

G

G

[64,65]

LST

5 km

G

A

G

G

[66,67]

P

A

G

P

P

G

G

G

P

A

G

-

Surface
albedo
TOCR

1 km
(PROBA-V)
1 km
(SPOT-VGT)
1 km

[68,69]

[66,67]

As previously shown in Table 3, almost all vegetation indices from CGLS offer two products
with different spatial resolutions (SRs), either of 300 m or 1 km, except for VCI and VPI, currently just
calculated using the NDVI 1 km product, and SWI, with a 25 km SR. On the other hand, energy indices
are available with either 1 km (surface albedo and TOCR) or 5 km (LST) SRs. As for their temporal
resolution (TR), almost all products are acquired every 10 days. NDVI 1 km, SWI, and LST offer both
near-real time data and long-term composites with different TRs. Specifically, the NDVI 1 km product
provides data every 10 days but also as a 6-month composite; the SWI product gives new data daily,
every 10 days, as statistic composites and every 6 months as time series; and finally, LST is available
hourly, daily, and every 10 days as composites of the daily values.
The quality was assessed on the basis of the product continuity, spatial and temporal consistencies,
and accuracy and according to the categories of good, acceptable, moderate, or poor, as used along the
consulted reports from the CGLS. The product continuity depended on the existence of large fractions
of missing values or noisy and unreliable distributions around the globe, with no correlations between
homogeneous sites. Thus, some products showed a bad continuity due to not properly covering the
entire globe, showing large fractions of missing values in Northern latitudes, equatorial areas, and
during winter time.
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On the other hand, spatial and temporal consistencies measured whether there were large
discrepancies between values relative to homogeneous areas and consecutive dates, respectively.
The temporal consistency also took into account whether the temporal profiles were smooth or noisy.
As for the accuracy, it was considered poor when values were either over or under-estimated compared
to ground-truth data [45] or MODIS products [44]. For instance, FCOVER showed a poor accuracy
over flooded vegetation, but positive results for bare and harvested areas, in comparison with FCOVER
calculated with MODIS satellite sensor, according to the consulted reports [46–48].
Overall, the quality assessment was either good or acceptable for most of the products, being poor
mainly for the newest versions of 300 m SR and still in the “demonstration” stage, such as FAPAR,
FCOVER, LAI, or DMP [46–48,53]. That said, FCOVER remains a good candidate for replacing classical
vegetation indices for the monitoring of ecosystems due to its sensitiveness to the vegetation amount
without depending on the illumination direction [34].
As for the FAPAR and LAI 300 m versions, they showed poor or acceptable product continuity
and spatial and temporal consistencies, but accuracy was good when comparing values with reference
data [46–48]. VCI and VPI directly depend on the NDVI 1 km product and hence on the length
of historical series available, the cloud contamination in the dataset, or existence of snow, which
sometimes leads to below normal values, not corresponding to low vegetation activity, of all the indices.
Hence, the user should always consider new products and see if the trend persists [50–52].
As for the energy indices, the overall quality was good. A “poor” assessment was given only to
the product continuities of surface albedo and TOCR due to missing values over Northern latitudes
and equatorial areas in wintertime. Spatial consistencies were considered acceptable since reliable and
consistent values are obtained globally but unrealistic values result when analyzing locally snowy or
cloudy areas. The temporal profiles, finally, are reliable when comparing PROBA-V, SPOT-VGT, and
MODIS values, showing a good intra-annual precision [66–69].
2.4. Diagrams
The results of the literature review (Section 2.2) and the quality assessments (Section 2.3) were
represented through Sankey diagrams. Moreover, since interpreting results derived from Sankey
diagrams might be difficult due to the significant amount of illustrated information, even though the
foremost aspects are easily visualized, user-friendly flowcharts were also produced.
2.4.1. Sankey Diagrams
A Sankey diagram is a particular type of flow diagram. Within such a diagram, entities (nodes)
are represented by rectangles or text, connected by lines whose thickness expresses the quantitative
relationship between them. These diagrams are particularly suited to represent results organized in
matrices [70]. Plotly was the chosen tool to construct the Sankey diagrams since it supported coding in
Python [71]. Six Sankey diagrams were constructed, one for each of the matrices obtained from the
literature review (Section 2.2) (Table 5).
Each diagram is arranged in 4 columns. The columns contain nodes corresponding to, from
left to right: (i) catalogued agriculture NWRMs, forest NWRMs, hydro-morphology NWRMs, ESs,
BPs, or POs; (ii) bio-geophysical indices provided by the CGLS vegetation and energy products; (iii)
product versions depending on the available spatial resolutions; and (iv) characteristics considered in
the quality assessments (see for example Figure 3, representing the agriculture NWRM diagram).
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Table 5. Matrix representing the links of the evaluated agriculture NWRM and CGLS. Cell values of 1
or 0 indicate, respectively, whether an article indicating the actual or potential use of a given index to
monitor a given agriculture NWRM was found or not during the review of research works.
Agriculture
NWRM

FAPAR

A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13

1
0
1
0
1
1
0
0
1
0
0
0
0

FCOVER LAI
1
1
1
0
1
1
1
1
0
1
0
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1

NDVI

DMP/GDMP

Burned
Area

SWI

LST

Surface
Albedo

TOCR

1
1
1
1
1
1
1
1
1
1
1
1
1

1
0
1
0
1
1
1
1
1
1
0
1
1

1
0
1
0
0
0
0
0
0
0
0
0
1

1
0
1
0
0
0
0
0
0
0
0
0
0

1
0
0
0
0
0
0
1
0
0
0
0
0

1
0
1
0
1
1
1
1
1
1
0
1
1

1
1
1
0
1
1
1
1
1
1
0
1
1

Figure 3. Sankey diagram linking the vegetation and energy indices to the agriculture NWRM that
they can be employed to study and monitor, according to previous research works, and to their
versions available in the Copernicus Global Land Service, which are in turn linked to expected quality.
The short-names of the catalogued NWRM are explained in Table 1.

The nodes in the two leftmost columns are linked by lines, which mirror the cells of the matrix to
which the Sankey diagram is related: If the value of a matrix cell (Tij ), concerning an i-th index and
a j-th NWRM, ES, BP, or PO, is equal to 1, a line linking the respective nodes exists, whereas if Tij is
equal to 0, no such line is represented. The index nodes in the second column are then connected to
their available versions, as provided by CGLS, in the third column. Finally, these versions are linked to
the quality assessment parameters in the fourth column via color-coded lines: The line color indicates
whether a product version has been evaluated with respect to a particular parameter as poor, moderate,
acceptable, or good (Table 4).
It is worth mentioning that the NDVI node in the second column is linked to nodes in the third
column relative to the available NDVI, VCI, and VPI versions, in light of the fact that the two latter
products are derived directly from the former [40,50–52].
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The width of each node of the three leftmost columns (represented as Nj , Pi , and Vik , corresponding
to NWRM or benefits, indices, and versions, k being the product version number) depends on the
following equations (Equations (1)–(3)):
X
Nj =
Tij ,
(1)
i

Pi =

X

Tij ,

(2)

j

1
P , ∀k.
(3)
2 i
Thus, the width of a NWRM, BP, ES, or PO node depends on how many indices have been
indicated by previous scientific works to be suitable for the direct or indirect study of the said NWRM,
BP, ES, or PO. The width of an index node, on the other hand, shows how many NWRMs, BPs, ESs, or
POs that index can study, again on the basis of previous research works.
Vik =

2.4.2. User-Friendly Flowcharts
With the aim of merging all the information and assisting actual GI users in selecting the potentially
most suitable remotely-sensed bio-geophysical indices for analyzing NWRMs and their benefits, we
designed user-friendly decision flows. These flowcharts lead from a given category of NWRMs, BPs,
ESs, or POs to the CGLS index that is most appropriate for studying a wider variety of items belonging
to the aforementioned category, on the basis of previous scientific research, and inform the user on the
spatial resolution and temporal coverage (which is important for long time-series analyses) that are
available in CGLS.
3. Results
3.1. Interpreting the Sankey Diagrams
The main result of the work that we performed is the linking of the vegetation and energy indices
freely available in the CGLS to NWRMs, BPs, ESs, and POs, on the basis of scientific articles that were
found through a deep literature review. Sankey diagrams are useful to visualize the proportional flow
and relationships between the different nodes within a network. They were thus well-suited to the
representation of the above-mentioned links.
The six diagrams designed are meant to quickly show which vegetation and energy indices,
available from the CGLS products, appear as the most suitable (according to previous research works)
for the study and monitoring of NWRMs, ESs, BPs, and POs. Moreover, the diagrams show the quality
that can be expected when employing the various versions of the CGLS products.
All the produced Sankey diagrams are displayed in Appendix A. As an example to interpret
them, Figure 3 shows explicitly the diagram for the agriculture NWRMs. The linking lines between
the nodes of the two leftmost columns (respectively representing the agriculture NWRMs and the
bio-geophysical indices and hence their connection according to the reviewed works) are based on
the matrix shown in Table 5, and hence on the cell values being either 1 or 0, as explained in detail in
Section 2.4.1. The links with the two other columns are instead based on the data displayed in Table 4.
Overall, the diagram reveals, by analyzing each node width and the links between them along the
different columns, the following information:
•

Which NWRMs or benefits (Tables 1 and 2) have been successfully connected to the greatest
number of bio-geophysical indices. This information can be ascertained from the widths of the
diagram’s nodes of the leftmost column. In this specific diagram, the agriculture NWRMs that
were suitably highlighted using most of the CGLS indices are meadows and pastures (A1) and
crop rotation (A3), while solely two links and just with vegetation indices were found for strip
cropping along contours (A4) and controlled traffic farming (A11).
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Which CGLS vegetation indices have been used to identify and monitor the greatest number of
NWRMs and benefits. The width of the green nodes of the second column, which depends on
the number of connections to the nodes of the first column (i.e., how many NWRM or benefits
each bio-geophysical index can actually or potentially study, according to the scientific literature),
communicates this information. In this diagram, the normalized difference vegetation index
(NDVI) and the leaf area index (LAI) are the vegetation indices showing the largest number of
links to agriculture NWRMs and hence the greatest width, which implies they are capable of
studying a wider variety of agriculture NWRMs. They are followed by the fraction of vegetation
cover (FCOVER) and the dry matter productivity (DMP)/gross dry matter productivity (GDMP).
The burned area and soil water index (SWI) are the least used vegetation indices.
The most used CGLS energy indices. The width of the red nodes of the second column, which
depends again on the number of linking lines leading to them and hence on the indices’ suitability
to monitor the NWRM or benefits in the first column, conveys this information. In this case,
top-of-canopy reflectance (TOCR) is the energy index with the largest width and thus is capable
of monitoring more agriculture NWRMs, closely followed by surface albedo. On the other hand,
land surface temperature (LST) appears as the least used energy index.
The available versions (depending on the existing spatial resolutions) and the quality that users
can expect when using the products. This information is shown in the third and fourth columns.
Most of the products show a proper continuity along the globe with a minor amount of lost data,
especially in Southern latitudes and during summertime, and a good temporal consistency for
long-term analysis, with smooth temporal profiles (green lines). As for the spatial consistency, it is
acceptable (yellow lines) for more than half of the products, with discrepancies when comparing
values between homogeneous areas. Accuracy varies widely and has not been assessed for a
significant number of product versions (Table 4). It is worth highlighting that the lines connecting
the third and fourth columns are equivalent in all six Sankey diagrams.

3.2. Understanding the User-Friendly Flowcharts
As previously mentioned, Sankey diagrams display such a large amount of information that we
deemed it necessary to create more easy-to-read flowcharts to show just the most substantial results.
All these charts are held in Appendix B and their aim is to help users in their decision-making tasks
by indicating solely the most appropriate indices (according to the reviewed research works) for the
monitoring of each category of items (NWRMs, BPs, ESs, and POs). The diagrams also show the
temporal coverage of each version (300 m and 1 km) of these indices. This way, users can decide
whether a better spatial resolution or a longer temporal coverage is preferable for their analyses
and choose the most suitable product accordingly. Figure 4 is presented to illustrate how the final
charts look.
Clearly, these flowcharts are easier to comprehend than Sankey diagrams, though it is the latter that
truly hold all the outcomes of our research. This chart was specifically created for NWRM and shows
that NDVI and LAI are both the indices that allow the monitoring of the greatest number of agriculture
NWRMs. NDVI remains the index that lets us study the widest range of forest NWRMs, while TOCR
is the recommended index for identifying hydro-morphology NWRMs. All the above-mentioned
vegetation indices are available in the CGLS as two different products: 300 m and 1 km spatial
resolutions; while TOCR is currently just offered as a 1 km product.
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Figure 4. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of natural water retention measures.

4. Discussion
Nowadays, supporting the development of nature-based measures, such as GIs or, more specifically,
NWRMs, is very appreciated by policy makers since it contributes simultaneously to the achievement of
several policy goals from water-related EU directives and climate change policies [10,12,13]. However,
the lack of a well-grounded framework that allows the assessment of the multiple benefits of green
infrastructures, including the improvement of the resilience of ecosystems, the achievement of policy
goals, and cost-effectiveness, makes its implementation not yet truly operational [25,26]. Stakeholders
and decision makers need to properly monitor and evaluate the effectiveness and impacts of the
measures they are implementing [26,29,41]. Thus, aiming to support the successful implementation of
NWRMs by promoting the use of the best available monitoring techniques, we reviewed the use of the
bio-geophysical indices that are obtained from remotely-sensed earth observation data (and that are
freely available in the CGLS [40]). Overall, they have proved to be certainly suitable to monitor most
of the catalogued NWRMs, biophysical impacts, ecosystem services, and policy objectives (Table 2).
Analyzing both the final decision flowcharts (Appendix B) and the Sankey diagrams (Appendix A),
some general trends can be noticed. For instance, NDVI is the most successfully used index, not
only for the monitoring of agriculture and forest NWRMs but also for NWRM-related biophysical
impacts. This is partly to be expected, given that this well-known parameter has actually been
the most widely used vegetation index for decades, especially for monitoring vegetation health and
growth [33,36,72,73], and hence an extensive scientific literature employing NDVI exists, starting from
its first use in 1973 [74]. According to the reviewed articles, LAI also stands out as one of the most
suitable indices for the monitoring of both agriculture NWRMs and “direct” biophysical impacts
(slowing and storing run-off and reducing run-off), while TOCR is the following most used index in
both categories (Figures 4 and A8 in Appendix B).
Turning to the detection of the accomplishment of policy objectives from the Water Framework [22],
Floods [24], Habitats [18], and Birds [19] EU Directives and the 2020 Biodiversity Strategy [16], it would
appear that energy indices are the ones potentially most useful for this purpose. Specifically, TOCR is
recommended for detecting the accomplishment of policy objectives linked to the first four directives,
while DMP is the first choice for assessing the goals of the biodiversity strategy. In both cases, surface
albedo is the following choice. Both TOCR and DMP have a very competitive temporal coverage,
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offering data from 1999 with 1 km spatial resolution globally. The main disadvantage of TOCR is that
it is not available with a spatial resolution of 300 m yet (although we should point out that the TOCR 1
km version has been discontinued in 2018, awaiting the transition to Sentinel-2 data, which will solve
this handicap) [40]. Thus, use of it would depend on the user’s needs: Desired level of detail and range
of temporal coverage. The use of 300 m DMP products, which offer data from 2014, might be a better
approach when analyses require a better spatial resolution (Figure A10 in Appendix B).
Regarding the delivery of ecosystem services, DMP stands out as the most recommended index for
identifying NWRM-related provisioning services. On the other hand, a large set of indices is attested
to be suitable for monitoring regulatory and maintenance services: NDVI, LAI, FCOVER, and TOCR.
Except for TOCR, all indices are available in the CGLS as 300 m global products and data is offered
from 1999 (1998 for NDVI) using 1 km versions [40] (Figure A9 in Appendix B).
It must be recognized that the bio-geophysical indices that appear to be the most recommended
ones to identify and monitor NWRMs and their benefits are also the most consolidated, meaning that
more scientific works employing them exist. FCOVER is an exception to this: It is a relatively new
index, but it is considered as a promising replacement for classical vegetation indices [34,46–48] and
this is visible in the developed diagrams, where its suitable use is frequently almost equivalent to
LAI, NDVI, and DMP. On the other hand, FAPAR, burned area, and SWI seem to be overall the least
used vegetation indices according to the literature review. Only in the Sankey diagram concerning the
policy objectives addressed in the EU directives and the 2020 Biodiversity Strategy [16,18,19,22,24] does
FAPAR show the same potential as FCOVER and LAI, mostly due to its links to biodiversity-related
objectives (Figure A6 in Appendix A).
Let us now consider how suited NWRM and NWRM benefits are at being studied using CGLS
products, which would definitely help in the framework of their truly operational implementation [25,
26]. Agriculture NWRMs stand out as the nature-based measures for water retention that could be
conceivably monitored through a larger set of bio-geophysical indices. This is especially true for
meadows and pastures (A1) and crop rotation patterns (A3) (Figure A1 in Appendix A). Also, forest
riparian buffers (F1) and land use conversion (F5) are linked to a high number of indices (Figure A2).
It should be noted that riparian vegetated buffer strips have been widely discussed in the literature
due to their ability to enhance and protect water quality, soil moisture, and river streams [15,75],
more economically than would be possible to achieve through the implementation of traditional grey
defenses [76].
On the other hand, no links were found for some forest-based measures, such as sediment capture
ponds (F9) or overland flow areas in peatland forests (F14). A first hypothesis could be that this happens
because energy and vegetation indices are not particularly suitable for the identification of hydrological
features. However, wetland restoration and management (N2), floodplain restoration and management
(N3), and restoration of natural infiltration to groundwater (N13) are hydro-morphology measures
linked to a relatively large set of vegetation and energy indices (Figure A3). This fact highlights the
potential of CGLS indices for the study of most NWRMs, even the aquatic ones. Thus, these apparently
harder-to-monitor NWRMs might also be the least established in the scientific literature and hence
hotspots to consider in future developments and research as pilot projects to test the hands-on condition
and effectiveness of these NWRMs.
Our results thus show that NDVI and LAI are the indices that allow the monitoring of most
NWRM-related biophysical impacts, as well as most agriculture and forest NWRMs. However, TOCR
and DMP stand out as the most appropriate indices when studying the accomplishment of EU policy
objectives, in line with the result obtained for NWRM-related ecosystem services.
A significant limitation of the present work that must be acknowledged is that our approach was
solely reliant on the review of existing already-published literature. Thus, it could be argued that some
NWRMs or related benefits could be monitored by more indices than those revealed by our review,
even though no one has performed this analysis in the past [25,26,29,40]. It is even more likely that
some of the newly developed bio-geophysical indices may have a great potential not yet assessed
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through scientific experiences. We are also aware that we might not have found articles linking the
study of a given NWRM, ES, BP, or PO with the use of a certain index, in which case the matrices
developed would contain false negatives (zeros).
Finally, users exploiting our results should not neglect to verify, even for highly recommended
indices, that the available spatial and temporal resolutions are adequate to their needs. To this end,
understanding the observation needs by collecting and consolidating GI users’ requirements will lead
to maximization of their fulfilment [77].
In this sense, the temporal resolution of most of the CGLS products is very competitive, offering
new data every 10 days at a global scale, which might fulfil the user requirements for any scale of their
analyses and examined phenomenon. The issue of the spatial resolution is however more complex:
CGLS products are currently available with either 300 m or 1 km spatial resolutions, which might or
might not be acceptable for the users, highly dependent on the required level of detail. Thus, when GI
users might need an analysis to be performed at a local level of detail, these products will almost surely
not accomplish their requirements, which probably call for a spatial resolution of around 10 m (such
a resolution is, for instance, currently provided by the Sentinel-2 MSI satellite sensor). It is for this
reason that we advise that, as we analyzed in this work the suitability of the global Copernicus Land
products for studying GIs/NWRMs and their benefits and policy goals, so should the appropriateness
of the pan-European and local Copernicus products be assessed in future research, even if entailing
different kinds of products [40].
5. Conclusions
From the obtained results, we are able to draw the following main conclusions:
•
•

•
•

•

•

•

Remotely-sensed satellite data keeps proving its high potential for monitoring the Earth, easing
spatial planning and land use management tasks in large areas.
The examined vegetation and energy bio-geophysical indices, freely provided by the Copernicus
Global Land Service (CGLS) products, are able to monitor most natural water retention measures
(NWRMs) and their benefits, by which we mean NWRM biophysical impacts, delivered ecosystem
services, and the accomplishment of NWRM-related policy objectives. Overall, the most suited
vegetation indices are firstly the normalized difference vegetation index (NDVI) and secondly the
leaf area index (LAI), while the most used energy index is top-of-canopy reflectance (TOCR).
We can thus see that the apparently most useful indices are the older ones, which can be used in a
wide variety of contexts. NDVI remains the most suitable index based on the literature review.
Some newly-developed indices are also promising alternatives: The fraction of green vegetation
cover (FCOVER), in particular, has shown its potential to replace or complement consolidated
indices and we are implementing new research in that direction [78].
Just 8 out of the 80 catalogued NWRMs and related benefits were not linked to any index, which
shows the indices’ potential for testing real NWRM pilot cases, providing a first baseline that,
combined with future multidisciplinary research, eases the successful implementation of the same
or similar measures. This may be due to: (i) No studies having been carried out on that specific
subject or (ii) no indices being actually capable of monitoring the item. Future research could
focus on studying this issue in detail.
Potential users should consider that the CGLS was not conceived as a database of complete and final
products but as input data for researchers and institutions to develop new down-streaming services
and evolve more detailed and scalable models, policies, strategies, planning, or management tools,
with the aim of enhancing Earth monitoring and the detection of land changes and land uses, as
well as assessing and encouraging the use of nature-based solutions for climate change adaptation.
The developed Sankey diagrams and final user-friendly flowcharts will hence help GI users in
their decision-making tasks, providing information on the most suitable indices (according to
the scientific literature) to monitor both NWRMs and their benefits. Moreover, the diagrams
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indicate the quality and accuracy that the user can expect when downloading and using the
CGLS products.
The temporal coverage of the CGLS products is very competitive, particularly considering that
most of them cover the globe every 10 days, surely fulfilling several users’ requirements on this
regard, for any level of detail of their analyses. Also, most of the 1 km versions provide data from
1999, which allow studies using very long-term data series, also taking advantage of a good overall
temporal consistency and data continuity along the globe, especially with almost no gaps during
summertime and in Central and Southern latitudes. When instead analyzing data in Northern
latitudes or wintertime, users should consider double-checking consecutive dates, homogeneous
areas, and temporal profiles. Spatial consistency and accuracy should also be verified by the
users, checking data from different sensors or for the same areas in several locations, since the
reviewed technical documents show overall low, acceptable, or not-yet-assessed results for these
two quality parameters.
Since Copernicus aims to meet the needs for ecosystem analyses on a global scale coming from
national and regional public agencies countries and political/economic unions, such as the USA
and the EU, a global and systematic acquisition system (i.e., able to acquire the Earth surface almost
continuously and systematically with very competitive spatial resolutions) is a fundamental
requirement for the Copernicus evolution. Specifically, referring to the spatial resolution, our
study highlights the need for the Copernicus program to develop 300 m versions of all global
indices, as this would make them considerably more useful, at least for intra-national and global
scale analyses of the provided data. A coarse spatial resolution is unfortunately a significant
handicap (e.g., as proven for the TOCR product). Accuracy assessments should also be provided
for all the product versions.
The findings of this study are also valuable for the performance of a gap analysis between the
available Copernicus products and operational user needs, as we are starting to work on [77].
Indeed, the European Commission has placed increasing interest in the collection of requirements
to support the work of different institutional and private communities among the Member States.
Thus, stakeholder needs, in terms of Copernicus products and services, can be identified through
elicitation techniques and compared to the review hither performed in order to validate the
information collected. This integration would provide the baseline not only for the advancement
in technological provision, but also for the elaboration of policy recommendations in the domain
of agriculture and environmental protection.
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Appendix A. Sankey Diagrams
This appendix contains all the Sankey diagrams derived from the presented review. Section 2.4.1
explained how these diagrams were developed. Each catalogued item was identified with an acronym
(Tables 1 and 2) while the main characteristics and quality assessment of the Copernicus Global Land
Service (CGLS) products are shown in Table 4.

Figure A1. Sankey diagram linking the agriculture NWRM (A) and the CGLS vegetation and energy
indices that are suitable for their monitoring, according to previous research experiences.

Figure A2. Sankey diagram linking the forest NWRM (F) and the CGLS vegetation and energy indices
that are suitable for their monitoring, according to previous research experiences.

Remote Sens. 2019, 11, 1583

19 of 27

Figure A3. Sankey diagram linking the hydromorphology NWRM (N) and the CGLS vegetation and
energy indices that are suitable for their monitoring, according to previous research experiences.

Figure A4. Sankey diagram linking the vegetation and energy indices that according to previous
experiences are suitable for monitoring the biophysical impacts (BP) resulting from the application of
natural water retention measures (NWRMs).
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Figure A5. Sankey diagram linking the vegetation and energy indices that according to previous
experiences are suitable for monitoring the ecosystem services (ES) delivered by natural water retention
measures (NWRMs).

Figure A6. Sankey diagram linking the vegetation and energy indices that according to previous
experiences are suitable for monitoring the achievement of policy objectives (PO) through the application
of natural water retention measures (NWRMs).
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Appendix B. Decision Flowcharts
This appendix contains all the final user-friendly flowcharts derived from the presented review.
Section 2.4.2 explained how these diagrams were developed. Each catalogued item was identified with
a short name (Tables 1 and 2) while the main characteristics of the Copernicus Global Land Service
(CGLS) products are shown in Table 3.

Figure A7. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of natural water retention measures.

Figure A8. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of NWRM biophysical impacts.
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Figure A9. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of ecosystem services provided by NWRMs.

Figure A10. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of the achievement of NWRM-related EU policy objectives.
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