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Integrated river basin management involves a sound
knowledge of water and land interactions, and impacts from
and feedbacks to human activity. Remote sensing has been
an efficient and increasingly promising means of gathering
direct information of the Earth surface, as well as informa-
tion on water and energy fluxes. The recent generation of
high-resolution sensors offers a huge potential for monitor-
ing, assessing, and modelling our changing environment in
a context of uncertainty about how future climate conditions
will affect the current water resource and basin management
framework. Moreover, large amounts of data are now avail-
able posing a challenging opportunity to the scientific com-
munity for both exploring and transforming these data into
readily usable information products for different end-users
in our societies.

The scientific decade 2013–2022 of IAHS, entitled “Panta
Rhei – Everything Flows”, is dedicated to research activities
on change in hydrology and society. Undoubtedly, remote
sensing from different sources provides us with the informa-
tion needed to monitor the environment at different spatial
and temporal scales. Renewed efforts are needed to merge
different data sources for generating medium to long-term
series that benefit from both earlier satellite missions and the
recent availability of high quality data provided by the new
satellites and airborne technologies.

The Remote Sensing and Hydrology Symposium (RSHS)
is organized every four years by the International Commis-
sion of Remote Sensing (ICRS) of the International Associ-
ation of Hydrological Sciences (IAHS). This conference is a
meeting point for researchers from both the hydrology and
remote sensing communities, and brings together their joint

experience in Earth Observation for developing innovative
and environmentally-sustainable water resources and basin
management. The 4th edition, RSHS’18, was hosted by the
Andalusian Institute for Earth System Research at the Uni-
versity of Cordoba, Spain, during 8–10 May 2018, who pro-
vided the venue facilities and sponsored the conference, with
support from the IFAPA in Cordoba, and the Daugherty Wa-
ter for Food Global Institute at the University of Nebraska.

RSHS’18 focused on the use of the new generation of re-
mote sensors and applications to hydrology, water resources,
agricultural water management and river basin management,
and the challenges of blending remote sensing images and
data sources with multi-scale modelling and ground-based
data. Under the light of these objectives, innovative and in-
tegrated remote sensing research and applications were pre-
sented and discussed within the different thematic areas of
the Symposium:

– Current and future missions for water cycle observation

– Observations of water cycle components

– Earth Observation retrievals and data products linked to
the water cycle

– Applications of remote sensing data in water resources
management

– Crop irrigation management by remote sensing

– Water quality and soil cover assessment from remote
sensing data

This volumen gathers a selection of the works presented in
RSHS’18. The Organizing Committee thanks all the people
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who made the conference a successful research discussion
forum. IAHS provided sound institutional support and frame-
work for the conference development. Three brilliant keynote
lectures brought cutting-edge research on hydrological ap-
plications of remotely sensed data from different domains in
the spectrum, and motivated questions for the discussion ses-
sions:

– William Kustas, USDA-ARS, USA

The Grape Remote sensing Atmospheric Profile and
Evapotranspiration eXperiment (GRAPEX)-A sinopsis

– José Moreno, University of Valencia, Spain

Vegetation fluorescence as a tool to monitor plant stress
conditions: The FLEX Earth Explorer mission

– Claudia Notarnicola, EURAC, Italy

Addressing hydrological challenges by exploiting re-
motely sensed imagery in the microwave domain

The work carried out by Elisabet Carpintero, Pedro Gómez-
Giráldez, Elena Herrera, and María-José Pérez-Palazón in
the Local Committee to produce an enjoyable time during
the technical sessions and the social events is also acknowl-
edged.

The work of the Scientific Committee is especially ac-
knowledged, who revised the 127 abstracts submitted to the
Symposium, and finally accepted 40 as posters and 87 as oral
presentations:

– Martha Anderson, USDA-ARS Hydrology & Remote
Sensing Lab

– Ana Andreu, University of Berkeley

– Gilles Boullet, IRD-CESBIO

– Alfonso Calera, University of Castilla-La Mancha

– Yangbo Chen, Sun Yat-sen University

– Michael Cosh, USDA-ARS Hydrology & Remote Sens-
ing Lab

– Guido d’Urso, Universita’ degli Studi di Napoli Fed-
erico II

– Simon Gascoin, CNRS-CESBIO

– Maria P. González-Dugo, IFAPA-Junta de Andalucía

– Christopher Hopkinson, University of Lethbridge

– William Kustas, USDA-ARS Hydrology & Remote
Sensing Lab

– José Martínez Fernández, University of Salamanca

– Pamela Nagler, U.S. Geological Survey

– Christopher Neale, University of Nebraska

– Claudia Notarnicola, EURAC

– Rafael Pimentel, Swedish Meteorology and Hydrology
Institute

– Maria J. Polo, University of Cordoba

– Andreas Schumann, University of Bochum

– Bob Su, University of Twente

– Julie Zinnert, Virginia Commonwealth University

56 works out from the oral presentations were selected by the
Scientific Committee as full papers for the PIAHS volume of
the conference. The Editors would like to thank Mario Ebel
and Sarah Schneemann at Copernicus for their work and
valuable support during the abstract submission process and
the production of this volume.
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Abstract. Editors of several journals in the field of hydrology met during the General Assembly of the European
Geosciences Union (EGU) in Vienna in April 2017. This event was a follow-up of similar meetings held in
2013 and 2015. These meetings enable the group of editors to review the current status of the journals and the
publication process, and to share thoughts on future strategies. Journals were represented at the 2017 meeting
by their editors, as shown in the list of authors. The main points on invigorating hydrological research through
journal publications are communicated in this joint editorial published in the above journals.
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1 Introduction

Over the past five years, the editors of a number of jour-
nals in the discipline of hydrology have met informally to
discuss challenges and concerns in relation to the rapidly
changing publishing landscape. Two of the previous meet-
ings, in Gothenburg in July 2013 and in Prague in June 2015,
were followed by joint editorials (Blöschl et al., 2014; Kout-
soyiannis et al., 2016) published in all participating journals.
A meeting was convened in Vienna in April 2017 (during
the General Assembly of the European Geosciences Union –
EGU) which was attended by 21 editors representing 14 jour-
nals. Even though the journals are published in quite dif-
ferent settings, the editors found common cause in a vision
of the editor’s role beyond just that of gatekeeper ensuring
high-quality publications, to also being critical facilitators of
scientific advances. In that enabling spirit, we as editors ac-
knowledge the need to anticipate and adapt to the changing
publishing landscape. This editorial communicates our views
on the implications for authors, readers, reviewers, institu-
tional assessors and the community of editors, as discussed
during the meeting, and subsequently.

2 Recent trends in the publication process –
quantity, speed and multiple authorships

The previous joint editorials have reflected on the increased
productivity across the discipline, and more broadly in sci-
ence, as evidenced by a rise in manuscript submissions. This
growth in submissions and publications has continued in re-
cent years at an unfaltering rate. Collectively, the 14 jour-
nals represented in this editorial published 46 000 pages in
2017, compared with only 26 000 pages a decade earlier.
The main driver of increased submissions has been intensi-
fied publication pressure, which has given rise to a number
of trends of concern that privilege quantity over quality of
science: in “salami publishing” (Martin, 2013; Koutsoyian-
nis et al., 2016) authors split a body of work into several
papers in order to increase the number of their publications
and their citation counts. There is also a tendency to pub-
lish work prematurely, where the contribution is incremental
rather than significant. Despite the standard use of plagiarism
detection tools by most journals, plagiarism still does occur,
and “recycling”, where authors repackage their own work
with minimal extension for a different audience, is on the
increase. Some of this would be regarded as self-plagiarism
(Martin, 2013). There have been cases of authors submitting
the same manuscript simultaneously to multiple journals, and
authors immediately submitting a rejected manuscript to an-
other journal without any reflection or revision in response
to reviewer evaluations. There are also instances of review-
ers (and editors) attempting to promote their own (or their
journals’) citation metrics by requiring authors to cite their
list of papers (citation coercion and citation stacking). None
of these practices are conducive to advancing the science of

hydrology. On the contrary, they contribute to a system over-
load and a dilution of useful information in the published
literature.

Another trend that has become acute recently is that of a
push towards speedier publication. New media have created
a culture of immediacy for traditional journals (Brossard and
Scheufele, 2013), and editors are under pressure to reduce
turn-around times, both in relation to time to first decision
and the subsequent review process. Most hydrology journals
have reduced their turn-around times by at least two months
in the last decade, little of which can be attributed to tech-
nical and system improvements. A number of journals have
introduced a “fast-track” or “rapid communication” route in
an attempt to report quickly on an extreme event or new
technology. These types of papers place a higher burden on
reviewers in relation to speed and additional challenges to
editorial teams regarding review quality, while authors risk
compromising quality for expediency. Recent experience has
highlighted the additional risks of premature press releases,
where a paper is subsequently rejected but broadcasters have
already acted on a press release. Various approaches to pro-
viding a “fast-track” stream are being considered by hydrol-
ogy journals, with varying degrees of success. As a discipline
we need to reflect on whether these approaches are consistent
with the notion of high-quality communication in our jour-
nals or whether other communication forms (e.g. newsletters,
professional magazines, new media) might be more appro-
priate. It may well be that different approaches may coexist
within hydrology.

The third, conspicuous trend is that of an increase in the
number of authors per paper. In the 1980s, the average num-
ber of authors per paper of hydrological journal articles was
below 2 while this figure has soared to 4 to 5 in 2017, de-
pending on the journal. While European Research Council
(ERC) and other internationally funded research often nec-
essarily involve multiple authorships, this does make an in-
dividual’s contribution difficult to determine and advantages
“networkers” as much as “true contributors”. Although long
author lists are evidently not negative per se, as they demon-
strate the need for collaboration and integration of special-
ized knowledge, they may be problematic when used for re-
search assessments. Koutsoyiannis et al. (2016) suggested
addressing this issue by normalizing citation statistics by the
number of authors. There have been similar discussions in
other disciplines. In medicine, for example, a new approach
to authorship transparency has been formalized through the
CRediT (Contributor Roles Taxonomy) initiative (see http:
//docs.casrai.org/CRediT, last access: 2 November 2018, and
McNutt et al., 2018). While the discipline reflects on ways
of dealing with this challenge, we recommend that, in the in-
terim, multi-authored research papers should include a state-
ment of attribution of contributions, specifying who of the
author list contributed in designing the research, conducting
the research, writing the text, editing the text and funding
the research. Furthermore, these trends are located within a

Proc. IAHS, 380, 3–8, 2018 proc-iahs.net/380/3/2018/
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changing landscape of academic publishing. Research fun-
ders and users of research outputs are increasingly demand-
ing open access, and publishers are grappling with different
models. This adds additional complexities to the issues of
quantity, speed and multiple authorships.

3 Recognizing importance of novel insight

The main purpose of scientific publication consists of com-
municating new, important findings to peers in order to ad-
vance the science. The main role of editors, together with
authors, reviewers and associate editors, is to maximize the
potential towards fostering progress. During the publication
process, the degree to which the manuscript contributes to
advancing our science is in theory detected by the peer re-
view system. However, as publications become more numer-
ous, models more complex and data sets more extensive, it
has sometimes become very difficult to assess the validity of
a new theory or model prediction on the basis of the mate-
rial contained in a manuscript. Most hydrology journals have
therefore adopted a policy of open data and open models
(e.g. Data Citation Synthesis Group, 2014), to allow peers
– at least in principle – to repeat any published study. While
the open data/model policies are recognized as being impor-
tant, there are particular challenges in hydrology as, in some
countries, the data (and models) used are often proprietary.
Also, publication strategies often involve keeping part of the
data for further analyses by the same group. Open data/model
policies will certainly need particular attention in the near
future and will likely require a change in the thinking of re-
searchers and data collection agencies. Given the increasing
burden that open data and open model policies impose on au-
thors, institutions and journals should seek approaches that
facilitate compliance.

A secondary purpose of scientific publication lies in rec-
ognizing the contributions of individuals and their research
institutions. While, traditionally, this was done by attributing
seminal achievements to the authors publishing them (e.g.
Newton became famous through the power of ideas in his
Principia), the process has today become more formalized
due to the availability of publication databases and associ-
ated metrics. Typical assessment criteria are the number of
publications, the citations they receive, and the quality of the
journals in which they are published.

The quality of journals, as used in research assessments,
is often quantified by journal impact factors (IFs). They are
a measure of the number of citations to the papers of that
journal over a particular period and have been used to sepa-
rate reputable journals from low threshold web postings, new
media and predatory journals (Beall, 2016). The presump-
tion is that the quality of individual papers can somehow be
inferred from the citation count of the journal as a whole. A
comparison among six leading hydrology journals over the
period 1996 to 2016, published as an editorial in Water Re-

sources Research (Clark and Hanson, 2017), concludes that
the journal impact factor in a given year does not have much
predictive power for journal-level productivity. Impact fac-
tors, particularly in smaller journals, were found to vary sub-
stantially across years, which can be expected for statistical
reasons (small samples). This is not to say that a journal’s
impact factor is not a useful metric; with many more journals
appearing, an impact factor could be helpful, for example, in
indicating journal development and maturity. The important
point is that assessments of research quality and choices of
journals for submitting work to should not be driven by im-
pact factors. Furthermore, a comparison between disciplines
suggests that the journal impact factors of hydrology journals
are rather low (all journals reviewed have an impact factor of
less than 5; Clark and Hanson, 2017) in relation to disciplines
such as medicine, chemistry and physics, which highlights
the problem of using impact factors to compare the quality
of work across disciplines (Koutsoyiannis and Kundzewicz,
2007). In hydrology, papers tend to be cited over much longer
time periods which, together with the smaller size of the dis-
cipline, means that the short 2-year time window for impact
factor calculation is a limitation in our discipline. It is also in-
fluenced by the fact that impacts of some hydrological publi-
cations materialize through application to water-related man-
agement, which is not reflected in citations (Cudennec and
Hubert, 2008).

It is arguable whether there is any set of metrics that
would effectively measure a lasting contribution to academic
thought and practice, quite apart from whether these could
be gamed by an individual choosing to do so. A general con-
cern therefore emerges from the current practice of assess-
ing and ranking scientific productivity of institutions, jour-
nals and individuals by bibliometric indices which could in-
directly incentivize academic misconduct (Edwards and Roy,
2017). We also note that the San Francisco Declaration on
Research Assessment (DORA) (http://www.ascb.org/dora/,
last access: 2 November 2018) urges a focus on the scien-
tific contribution of published papers rather than where the
papers were published in an attempt to reduce the misuse of
impact factors for research assessment. Similarly, the com-
mendable EU “Open Science” initiative and associated report
on next generation responsible metrics (https://ec.europa.eu/
research/openscience/pdf/report.pdf, last access: 2 Novem-
ber 2018) should inform our debate and practice. It would
stand hydrology in good stead if we, like only a generation
ago, assessed research impact (and the performance of indi-
viduals and institutions) by the changes in the thinking in-
duced, rather than by citation numbers. This is the (unfortu-
nately not objectively measurable) criterion that would maxi-
mize advances in science, suggesting that peer review assess-
ments should be given higher priority in the future.
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4 Role of journals in setting the science agenda

With climate change currently being high on the political
agenda and coupled with prevailing publication pressures, it
is not surprising that submissions on climate impact studies,
often with little novelty or innovation, have become some-
thing of a cottage industry. Equally disappointing is the pro-
liferation of model applications with marginal innovation
and/or little generality. There is indeed an interesting ques-
tion of whether societal needs, fundamental ideas or new
technologies are the main drivers of scientific progress. Siva-
palan and Blöschl (2017) suggested that all three have been
and will be important ingredients in hydrology. They also
noted that research progress has come about in discrete steps
or “eras”. For example, the two decades from 1970 to 1990
focused on hydrological processes involving substantial field
work. Later the interest in field work ebbed away because of
the high cost-to-benefit ratio (Blume et al., 2017) and chang-
ing societal priorities.

Indeed in the 21st century the human footprint is fast
becoming a dominant feature in the hydrological cycle,
and research across the disciplines is becoming mandatory.
Publishing interdisciplinary research, however, still remains
challenging. There is a tendency for researchers and their
communities to be socialized within their own discipline
niches, and communities may become self-reinforcing to the
detriment of fresh outside perspectives. Most hydrology jour-
nals have already responded strategically to these interdisci-
plinary publication needs, for example, by selecting editors
and reviewers from a diverse set of disciplines. The strategic
response of Water Resources Research (WRR) is a potential
approach to help mature interdisciplinary thinking. WRR en-
courages didactic reviews to provide the perspective of other
disciplines (i.e. how they undertake research and engage dis-
course within their field) and also commentary papers that
explore why a particular field is struggling and seeks to ex-
plore the field from multiple perspectives.

Whether the research is disciplinary or inter-/multi-
disciplinary, journals play an important role in communicat-
ing and setting the trend for the vision of hydrological re-
search, and for fostering innovation in a coherent way. We
need to work collectively to ensure that science of the high-
est quality and that innovative content is published in our
journals. To do this the hydrological community must redress
research investment deficiencies and the publication biases
that arise as a result of a lack of funding. Research agen-
das should not be so narrowly linked to today’s problems,
and we need to be bold in setting out the grand challenges
of our discipline. For example, the International Association
of Hydrological Sciences (IAHS), in collaboration with the
Hydrology Divisions of EGU and AGU, has recently called
for compiling a list of unsolved scientific problems in hydrol-
ogy that would invigorate research in the 21st century (https:
//iahs.info/IAHS-UPH/, last access: 2 November 2018). The
initiative has been motivated by David Hilbert’s (1900) un-

solved problems, which have greatly stimulated focused re-
search in mathematics. The idea is that a similar list of prob-
lems could be identified by the hydrological community. For
tangible progress to be made the problems should be framed
so they

– ideally relate to observed phenomena and why they hap-
pen

– are universal (i.e. not only apply to one catchment or
region)

– are specific (so there is hope they can be solved).

We commend this initiative and urge colleagues to con-
tribute to shaping progress in hydrology.

5 Summary and concluding remarks

Hydrology, a traditionally integrative science with high so-
cietal relevance and geographic diversity, is perhaps an opti-
mal place from which to launch the movement to reassert the
academic spirit in a time where there is dramatic change in
the way people learn, synthesize and interact with each other.
Our community stands at the cusp of perhaps the greatest so-
cietal revolution in the democratization of access to resources
and knowledge, as well as to the largest population the world
has ever seen. These societal and technological changes have
major effects on the publishing landscape. For hydrological
journals there is a unique opportunity to learn through har-
nessing the energies of the moment to continue to improve
our concept of the world and the role water plays in it.

– Publication quantity, speed and multiple authorships.
Authors, reviewers and editors are encouraged to prior-
itize research quality over quantity. Discussions are cur-
rently under way to discourage unethical behaviour of
authors, reviewers and editorial board members. Mea-
sures may involve a system for sharing information
on ethical misconduct across hydrology, in addition
to reinforcing the guidelines of COPE (Committee of
Publication Ethics), to which our journals adhere. Au-
thors are encouraged to make a personal judgement on
whether fast-track findings may be more appropriately
communicated through scientific journals or other com-
munication forms. Similarly we must emphasize trans-
parency in authorship contributions; multi-authored pa-
pers should include a statement of attribution of the in-
dividual contributions.

– Recognizing importance of novel insight. Most hydrol-
ogy journals have adopted a policy of open data and
open models, to allow peers to repeat any published
study and fully appreciate the validity and novelty of
the material. For these policies to be fully embraced, a
change in culture will be required by both researchers

Proc. IAHS, 380, 3–8, 2018 proc-iahs.net/380/3/2018/
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and data collection agencies. The issue of research as-
sessment on the basis of impact factors (the “tyranny
of metrics”) (Delzon et al., 2016) is symptomatic of
a larger problem that we need to address and act on;
the core values of transparency and peer review are the
foundations of the scientific and social capital of our
journals, and these principles, combined with embrac-
ing alternate and still-to-emerge media, will ensure that
journals remain the trusted and authoritative commu-
nications outlets for compelling ideas for, and of, the
future. We need to identify ways of ensuring that the
value of hydrological journals continues to be recog-
nized; we need to ensure that they are a primary and
effective forum for furthering the science and practice
of hydrology, and presenting solutions to challenging
problems. We also need to ensure the focus of research
assessments is on the scientific contributions of individ-
ual journal papers rather than on impact factors.

– Role of journals in setting the science agenda. Jour-
nals play an important contributory role – together with
their parent organizations and associated conferences
– in communicating and setting the trend for the vi-
sion of hydrological research, and for fostering inno-
vation in a coherent way. Research agendas should be
forward looking and not be narrowly linked to today’s
problems. There is a need for the discipline to work col-
lectively to redress such funding and publication biases
that consequently arise. We need to ensure that science
of the highest quality and innovative content that facili-
tates and invigorates hydrological research is published
in our journals.

As a hydrological community we are experiencing un-
precedented challenges emerging from the rapidly chang-
ing science communication landscape. These challenges also
represent an opportunity for a renaissance in the scope and
societal impact of our discipline. As we engage with new
modes of communication, we must remain vigilant to en-
sure top-quality science distinguishes our journals from the
mass of unverified online information. The success of new
measures for author transparency, for reducing scientometric
bias, and for reinvigorating the hydrological science agenda
depends on your participation and engagement. To realize
this renaissance, we urge all to act in support of the issues
raised in this editorial through activities within journal insti-
tutions, professional societies and the broader community of
practice.

Acknowledgements. This editorial has benefited from the in-
sightful critique of three reviewers – Dani Or, Murugesu Sivapalan
and Ian Littlewood – and we would like to extend our collective
thanks to these reviewers for their useful perspectives, comments
and additions.
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Abstract. Conventional methods of monitoring wetlands and detecting changes over time can be time-
consuming and costly. Inaccessibility and remoteness of many wetlands is also a limiting factor. Hence, there
is a growing recognition of remote sensing techniques as a viable and cost-effective alternative to field-based
ecosystem monitoring. Wetlands encompass a diverse array of habitats, for example, fens, bogs, marshes, and
swamps. In this study, we concentrate on a natural wetland – Clara Bog, Co. Offaly, a raised bog situated in the
Irish midlands. The aim of the study is to identify and monitor the environmental conditions of the bog using
remote sensing techniques. Environmental conditions in this study refer to the vegetation composition of the bog
and whether it is in an intact (peat-forming) or degraded state. It can be described using vegetation, the presence
of water (soil moisture) and topography. Vegetation indices (VIs) derived from satellite data have been widely
used to assess variations in properties of vegetation. This study uses mid-resolution data from Sentinel-2 MSI,
Landsat 8 OLI for VI analysis. An initial study to delineate the boundary of the bog using the combination of
edge detection and segmentation techniques namely, entropy filtering, canny edge detection, and graph-cut seg-
mentation is performed. Once the bog boundary is defined, spectra of the delineated area are studied. VIs like
NDVI, ARVI, SAVI, NDWI, derived using Sentinel-2 MSI and Landsat 8 OLI are analysed. A digital elevation
model (DEM) was also used for better classification. All of these characteristics (features) serve as a basis for
classifying the bog into broad vegetation communities (termed “ecotopes”) that indicate the quality of raised bog
habitat. This analysis is validated using field derived ecotopes. The results show that, by using spectral informa-
tion and vegetation index clustering, an additional linkage can be established between spectral RS signatures and
wetland ecotopes. Hence, the benefit of the study is in understanding ecosystem (bog) environmental conditions
and in defining appropriate metrics by which changes in the conditions can be monitored.

1 Introduction

A bog is a type of wetland which primarily depends on rain-
fall for water and nutrients. Bogs can be categorised as blan-
ket bog and raised bog. Raised bogs are discrete, raised,
dome-shaped masses of peat occupying former lakes or shal-
low depressions in the landscape (Fossitt, 2000). They occur
throughout the midlands of Ireland (Felicity Hayes-McCoy,
2017) and in this study, we focus on one of the largest raised
bogs in Ireland, Clara Bog, Co. Offaly. Monitoring wetland
structure and function typically requires recurrent site vis-
its, which can be prohibitively labour intensive, costly and
time-consuming. Monitoring is often unfeasible due to the
poor accessibility, and is thus, only practical on relatively

small areas (Adam et al., 2010). To acquire frequent mea-
surements and timely information remote sensing (RS) is a
cost-effective tool. Remote sensing provides invaluable in-
formation to characterize and measure the conditions of wet-
lands and their functioning.

The current state of art primarily focuses on mapping dif-
ferent types of the wetlands (Mahdavi et al., 2017). The
mapping is done using different wavelengths and spectral
response of the objects. Satellite imagery-derived vegeta-
tion indices can be effectively used for assessing the vegeta-
tion status of an ecosystem. Vegetation communities present
within an ecosystem are defined as ecotopes. The Normal-
ized Difference Vegetation Index (NDVI), Soil Adjusted
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Figure 1. Clara Bog, Co. Offaly.

Vegetation Index (SAVI), Atmospherically Resistant Vege-
tation Index (ARVI) are the most effective vegetation indices
stated in the literature (Wiegand et al., 1991). Soil moisture
is not directly derivable from the optical bands. The Nor-
malized Difference Water Index (NDWI) using near-infrared
(NIR) and short-wave infrared (SWIR) bands give an indica-
tion of wetness of the surface inferred as soil moisture. These
indices can be used to provide a clearer picture of vegetation
and water extent in an area.

Topography plays a vital role in analysing an ecosystem.
It gives an accurate idea of elevation difference present be-
tween various plant communities. Light detection and rang-
ing (LiDAR) provides with point cloud information which
can be used to deduce the topography of an area. LiDAR sys-
tems can be terrestrial, airborne, or space-borne. Normally,
terrestrial systems are used for 3-D reconstruction, whereas
air and space systems are utilized for remote sensing and
wide territory mapping. In this study, an airborne LiDAR de-
rived DEM is used for analysing the topographic extent of
the bog.

For analysis of the RS data, various machine learning tools
have proven to be useful (Lu and Weng, 2007). There are
many state of the art segmentation and classification algo-
rithms available. It is necessary to make full use of the ad-
vantages of different algorithms on the basis of multi-feature
fusion, so as to achieve better segmentation effect (Yuheng
and Hao, 2017). Hence, in this study a combination of seg-
mentation algorithms is deployed. Classification accuracy is
tested using various classifiers namely, SVM, Bagged Tree
and Subspace KNN. SVM can be tuned using the value of op-

timization parameter, kernel used and hence, overfitting can
be avoided. Bagged Tree, Subspace KNN are ensemble clas-
sifiers. The idea behind ensemble classifiers is to learn from a
set of classifiers rather than a single classifier. The final result
is either the average of the result from all the classifiers or is
obtained using majority voting. An ensemble learner is more
robust and less manpower is required for tuning the param-
eters. Here, a comparative study on the performance of the
classifiers is carried out using freely available Landsat 8 OLI
and Sentinel 2 MSI data for monitoring ecological condition
and mapping ecotopes present inside the bog.

2 Materials and methodology

2.1 Study region and datasets

The site selected for this study is one of the largest bogs in
Ireland, Clara Bog (Fig. 1), covering approximately 840 ha
of which 443.36 ha is uncut high bog with the remaining
393.18 ha mostly cutover bog (About Clara Bog, 2018).

In the Clara bog, 9 broad categories of ecotopes have been
defined namely, Sub-marginal, Sub-central, Marginal, Cen-
tral, Inactive flush, Active flush, Open water, Face bank and
Bog woodland.

The health of the bog is indicated by its ability to form
peat. The formation of peat is depicted by central, subcentral
and active flush. Ecotopes like marginal, submarginal are in-
dicative of peatland degradation (Fernandez Valverde, 2012).

For the best description of the bogs following open source
data is used:

Proc. IAHS, 380, 9–15, 2018 proc-iahs.net/380/9/2018/
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Figure 2. Footprints over Clara, Co. Offaly, Ireland (a) Sentinel-
2, L2A, Tile_Id – 29UNV (https://scihub.copernicus.eu, last ac-
cess: 5 March 2018) (b) Landsat-8, OLI+TIRS, Path 207, Row 023
(https://earthexplorer.usgs.gov/, last access: 19 February 2018)

1. Sentinel-2 Multispectral Instrument Level 2A (S2-
MSIL2A).

S2MSIL2A has bottom-of-atmosphere (BOA) re-
flectance in cartographic geometry. The granules
also called tiles, are 100× 100 km2 ortho-images in
UTM/WGS84 projection. The L2A-BOA product is at-
mospherically corrected and ready to use (Gatti and
Bertolini, 2013) and is accessed from https://scihub.
copernicus.eu/ (last access: 5 March 2018). The area at
test lies under tile id – T29UNV. Sentinel-2 has total of
12 bands out of which 9 bands are used for analysis in
this study (Band 2–8A, Band 11).

2. Landsat 8 Combined (LC08).

Landsat 8 carries two push-broom instruments: The Op-
erational Land Imager (OLI) and the Thermal Infrared
Sensor (TIRS) in UTM/WGS84 projection. Atmospher-
ically corrected, ready to use data is accessed from
http://earthexplorer.usgs.gov/ (last access: 19 Febru-
ary 2018). The area at test lies under path 207, row 23.
In this study, 12 bands are used for analysis (Band 1–
11+Pixel quality assessment, QA) (Zanter, 2016).

The latitde-longitude extent of the Clara bog is
53◦19′47′′ N, 7◦39′34′′W; 53◦18′55′′ N, 7◦37′24′′W. Im-
ages used are acquired by S2 and L8 on the same date
(20 June 2017). Image from Sentinel-2 is resampled to 10 m
(appropriate bands) and image from Landsat 8 is resampled
to 30 m. The footprints for both the satellites can be seen in
Fig. 2.

2.2 Methodology

The methodology used is described in the following
flowchart (Fig. 3). First, it is necessary to delineate the
ecosystem from the surrounding area in order to minimise

Figure 3. Methodology Flowchart.

the effect of outliers; this is achieved using segmentation al-
gorithms. The delineated ecosystem is further divided into
vegetation communities or ecotopes using a set of ensemble
classifiers, namely Bagged Tree and Subspace KNN along
with SVM.

2.3 Vegetation Indices and Soil Moisture

The vegetation indices used in this
study are (Vegetation Indices, 2018):

1. Normalized Difference Vegetation Index

NDVI= (NIR−Red)/ (NIR+Red) (1)

NDVI indicates the amount of vegetation, distinguishes
vegetation from the soil, minimizes topographic effects,
etc.

2. Soil Adjusted Vegetation Index

SAVI= [(NIR−Red)/ (NIR+Red+L)] · (1+L) (2)

where L is a soil correction factor.

3. Atmospherically Resisted Vegetation Index

ARVI= (NIR−RB)/ (NIR+RB) (3)

where RB is a combination of the reflectance in the Blue
(B) and Red (R) channels RB=R−γ (B−R) and γ de-
pends on the aerosol type.

4. Soil Moisture: Normalized Difference Water Index

NDWI= (NIR−SWIR)/ (NIR+SWIR) (4)

Values range from −1, very low moisture level, to 1
very high moisture level.

Hence, there are a total of 5 extra layers i.e., NDVI, SAVI,
ARVI, NDWI, and DEM along with satellite bands which are
fed into the algorithm as input characteristics. Therefore, for
Sentinel-2 data set there is a total of 14 layers and for Landsat
8 there is a total of 17 layers.
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Figure 4. (a) Original Clara Image (b) Entropy Filter Image
(c) Canny Edge Image (d) Boundary Delineated Image.

2.4 Bog Boundary Delineation

Delineation of the wetland extent was carried out using three
algorithms in conjunction:

1. Entropy Filtering: measures the relative change in en-
tropy for detection of edges. All the areas with potential
objects are thus highlighted.

2. Canny Edge Detection: Initially, the intensity gradient is
measured according to which background pixels are re-
moved, i.e. only thin lines depicting edges remain. The
algorithm uses 2 thresholds (upper and lower) to accept
the pixels as the edge.

3. Graph Cut Segmentation: Divides every pixel into fore-
ground (source) and background (sink) based on proba-
bility and neighbourhood information. Two major steps
then follow, first is to construct the graph and the second
is to produce min cut (i.e. max flow).

Since the ecosystem and surrounding areas contain distinct
vegetation, the NDVI image is used as the base image (Bi)
for defining the bog boundary for Sentinel data, and band 8
(panchromatic) for Landsat 8 dataset.

Algorithm 1 Bog Boundary Delineation

EBi← Entropy_filter(Bi)
CBi← CannyEdge_Detect(Bi,EBi)
GCi← Graph_Cut(Bi,CBi)

Graph Cut image (GCi) is the delineated image. From
GCi, spurious regions are removed on the basis of thresh-
olding (Fig. 4).

2.5 Ecotope Identification and Classification

In this study, we have explored the applicability of pixel
based, supervised classification on a raised bog. The clas-
sifier is first trained on a subset of available data, and then
tested on a new location (test) to predict the classes (eco-
topes) present. Here, we are doing a direct transfer of pixel-
based knowledge from the training area to the testing area.
The following classifiers are used for this purpose:

1. SVM – These are supervised learning models with as-
sociated learning algorithms that analyse data used for
classification and regression analysis. Given a set of
training data, an SVM training algorithm builds a model
that assigns new data to one of the two categories, mak-
ing it a non-probabilistic binary linear classifier (Cortes
and Vapnik, 1995).

2. Bagged Tree – Ensemble, supervised classifier. It ap-
proaches to combine several machine learning tech-
niques into one predictive model in order to decrease the
variance hence, tuning the prediction into an expected
outcome (Ensembles, 2018).

3. Subspace KNN – Similar to Bagging, subspace KNN is
an ensemble method to reduce the correlation between
estimators (Ho, 1998).

2.6 Validation

In this study, five major classes are considered namely Sub-
marginal, Sub-central, Marginal, Central and Active flush as
these are the key ecological classes indicating bog condition.

The result achieved is verified using field derived ecotope
map (Fig. 5). Initially, a classification model is created using
training data. For each of the classifier and data set, Model
Accuracy (MA), Transfer Accuracy (TA) and Kappa Coeffi-
cient (kappa) is measured. The model accuracy (MA) is mea-
sured using 5-fold validation of training data. The transfer
accuracy (TA) is the test accuracy when the model is applied
to the testing data.

Ground truth is divided into:

– Case 1: Training (50 %) and Testing (50 %)

– Case 2: Training (70 %) and Testing (30 %)

3 Results and discussion

The results obtained using the aforementioned algorithms are
validated using field derived ecotopes. The spatial location of
the ecotopes is not weather dependent, compared to satellite
imagery and corresponding vegetation indices which change
with respect to weather and other environmental conditions.
This study primarily highlights the condition of the raised
bog during the summer season. TA signifies the scope of

Proc. IAHS, 380, 9–15, 2018 proc-iahs.net/380/9/2018/
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Figure 5. Ground truth with 5 ecotopes.

Table 1. Accuracies for all the cases.

MA % TA % kappa

Sentinel-2 Case 1:

SVM 73.96 32.40 0.1302
Bagged Tree 83.63 53.46 0.3424
Subspace KNN 81.65 52.95 0.3370

Sentinel-2 Case 2:

SVM 71.71 36.36 0.2050
Bagged Tree 83.38 65.23 0.5013
Subspace KNN 62.02 36.50 0.1922

Landsat-8 Case 1:

SVM 77.82 26.76 0.1305
Bagged Tree 87.27 53.87 0.3883
Subspace KNN 87.22 51.97 0.3635

Landsat-8 Case 2:

SVM 72.92 29.06 0.1711
Bagged Tree 85.55 52.69 0.3539
Subspace KNN 85.00 52.71 0.3549

transferring the knowledge gained from the first half (Train)
to identify ecotopes in the second half (Test).

Table 1 states the accuracy achieved using the aforemen-
tioned methodology:

3.1 Discussion

In this study, we have studied the ecological conditions of a
raised bog using data from Sentinel-2, Landsat-8, their vege-
tation derivatives, and DEM. The key points in the result are
discussed below:

1. The use of a single algorithm for boundary delineation
leads to the formation of smaller, non-connected objects
and hence, the bog is not delineated properly. Using the
entropy filter, canny edge detection, and Graph Cut in

Table 2. Number of pixels per class – S2.

Name of Ecotope Number of pixels

Submarginal 13 771
Subcentral 4633
Marginal 4913
Central 1192
Active Flush 2443
Background 12 248

conjunction proved to be an effective way of delineating
a complex structure from a middle-resolution image.

2. SVM achieved the highest accuracy in the delineation
of the submarginal ecotope, but was not viable for
marginal, active flush or background. The classifier
has confused between marginal, active flush and back-
ground, giving 0 % class accuracy in both datasets
(Fig. 6). SVM has a major drawback of tuning the pa-
rameters. In this study the parameters were kept con-
stant for both datasets, which increased the chances of
overfitting, hence, the low accuracy.

3. Ensemble classifiers (BT, SKNN) show similar results
due to the fact that the ensemble methods are gener-
ally consistent (in terms of their effect on accuracy)
(Figs. 7, 8) (Maclin and Opitz, 2011).

4. The test (OA) accuracy (transfer) is also highly depen-
dent on the number of training pixels (Table 2).

Total pixels in the image (Sentinel 2 MSI; 160 ·
245)= 39 200. The Submarginal ecotope is most cor-
rectly classified by all the classifiers followed by
Marginal. Since other ecotopes are present in much
lower quantities (compared to submarginal and back-
ground), they are not identified correctly.

5. Similarity between the signatures of the classes:

Jeffries-Matusita (JM) distance is a widely used method
for feature selection in multiclass problems (Swain and
Davis, 1978). The values of JM distance (Table 3) be-
tween the ROI pixels depicts low spectral separability
between the ecotopes. These values were measured us-
ing 100 points from each ecotope-pair. A lower value
means low separability and higher value shows higher
spectral separability between ecotope pair. A higher
value of JM distance is desirable for better identifica-
tion of classes (Whelley et al., 2014).

proc-iahs.net/380/9/2018/ Proc. IAHS, 380, 9–15, 2018
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Figure 6. SVM Classified Image: (a) Sentinel-2 Case 1 (b) Sentinel-2 Case 2 (c) Landsat-8 Case 1 (d) Landsat-8 Case 2.

Figure 7. Bagged Tree Classified Image: (a) Sentinel-2 Case 1 (b) Sentinel-2 Case 2 (c) Landsat-8 Case 1 (d) Landsat-8 Case 2.

Figure 8. Subspace KNN Classified Image: (a) Sentinel-2 Case 1 (b) Sentinel-2 Case 2 (c) Landsat-8 Case 1 (d) Landsat-8 Case 2.

Table 3. JM distance between ecotopes

Ecotope Pair JM distance

Submarginal and Subcentral 0.22
Submarginal and Marginal 0.85
Subcentral and Central 0.67
Central and Activeflush 1.48

4 Conclusions

In this study, we studied the application of mid-resolution
satellite data for classification of a raised bog. The study
was carried out using data from two satellites, Sentinel-2
and Landsat-8. The data used was resampled to 10 m for ap-
propriate Sentinel-2 bands and 30 m for Landsat-8. The fi-
nal classification accuracy was similar for both the satellite,
unaffected by the resolution of the images. The study ini-
tially describes a competent way of boundary delineation us-
ing a series of edge detection techniques. Vegetation indices

along with soil moisture and DEM information are used as
features to train the classification algorithms. Bagged tree
(BT) classifier proves to be the best classifier for classifica-
tion of the raised bog providing better accuracy than SVM
or SKNN. This is due to the nature of the ensemble clas-
sifier to reduce variance and avoid overfitting. Transfer of
knowledge directly from train location to test location is not
achieved effectively due to limitations in data-resolution and
the amount of input training pixels. The study suggests that
transfer of knowledge is effective between similar ecosys-
tems when there is a distinct difference in the distribution of
various ecotopes and pixels can be unmixed.

Data availability. The data for this study is taken from Landsat-
8 and Sentinel-2, and is openly available to use. Landsat-8
(USGS EarthExplorer, retrieved 19 February 2018 from https://
earthexplorer.usgs.gov/), Sentinel-2 (Copernicus Open Access Hub,
retrieved 5 March 2018 from https://scihub.copernicus.eu/). Eco-
tope data was provided by the National Parks and Wildlife Service
as vector ESRI shapefiles and is available upon request.
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Abstract. EvapoTranspiration (ET) is an important component of the water cycle, especially in semi-arid lands.
Its quantification is crucial for a sustainable management of scarce water resources. A way to quantify ET is to
exploit the available surface temperature data from remote sensing as a signature of the surface energy balance,
including the latent heat flux. Remotely sensed energy balance models enable to estimate stress levels and, in
turn, the water status of most continental surfaces. The evaporation and transpiration components of ET are
also just as important in agricultural water management and ecosystem health monitoring. Single temperatures
can be used with dual source energy balance models but rely on specific assumptions on raw levels of plant
water stress to get both components out of a single source of information. Additional information from remote
sensing data are thus required, either something specifically related to evaporation (such as surface water content)
or transpiration (such as PRI or fluorescence). This works evaluates the SPARSE dual source energy balance
model ability to compute not only total ET, but also water stress and transpiration/evaporation components.
First, the theoretical limits of the ET component retrieval are assessed through a simulation experiment using
both retrieval and prescribed modes of SPARSE with the sole surface temperature. A similar work is performed
with an additional constraint, the topsoil surface soil moisture level, showing the significant improvement on
the retrieval. Then, a flux dataset acquired over rainfed wheat is used to check the robustness of both stress
levels and ET retrievals. In particular, retrieval of the evaporation and transpiration components is assessed in
both conditions (forcing by the sole temperature or the combination of temperature and soil moisture). In our
example, there is no significant difference in the performance of the total ET retrieval, since the evaporation rate
retrieved from the sole surface temperature is already fairly close to the one we can reconstruct from observed
surface soil moisture time series, but current work is underway to test it over other plots.

1 Introduction

There is an increasing need for spatially distributed esti-
mates of agricultural water needs and therefore evapotranspi-
ration (ET). Estimating evapotranspiration, and, in turn, wa-
ter stress, is important for irrigation monitoring and drought
assessment. To do so, Remote Sensing provides an important
array of data and solutions. Three spectral domains are con-

cerned: solar (Visible/Near InfraRed spectrum, e.g. NDVI),
thermal (Thermal InfraRed, e.g. surface temperature) and mi-
crowave (Radar data mostly). NDVI quantifies the amount of
green vegetation, the largest water user in most areas since
plants assess a larger fraction of the soil water through roots
than what contributes to evaporation. Surface temperature is
related to water stress through the energy budget, and gives
a clue about the difference between actual and potential ET
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18 G. Boulet et al.: Dual source energy balance evaporation/transpiration

Figure 1. Flowchart of the SPARSE model (T is the element skin temperature, Tsurf is the surface radiative temperature, LE is the latent
heat flux and H the sensible heat flux, subscript “s” for soil and “v” for vegetation are used to characterize the component fluxes, subscripts
“stress” for stressed and “pot” for potential are used to describe the water status; β is the efficiency, i.e. the ratio between actual and potential
latent heat fluxes; from Saadi et al. (2018).

rates. Finally, radar is related to surface soil moisture and
thus evaporation. While NDVI and radar, on the one hand,
and NDVI and surface temperature, on the other, are fre-
quently used together to estimate ET, the three sources of
information have rarely been combined together.

ET is interesting for water management, drought assess-
ment and irrigation control (esp. for drip or complementary
irrigation), but one must also estimate separately evaporation
and transpiration (the later represents the plant water uptake
and the ecoagrosystem health). An estimate of the separate
contribution of E and T to ET can be deduced from dual-
source energy balance models such as TSEB (Kustas et al.,
1999) or SPARSE (Boulet et al., 2015), but retrieving two
unknowns (E and T ) out of a single source of information
(surface temperature Tsurf) means that an additional assump-
tion is laid down. In TSEB or SPARSE, the initial guess on
the plant water status is that, in most cases, there is no stress,
and Tsurf is used to estimate E while T is computed by solv-
ing the plant energy budget in potential (i.e. unstressed) con-
ditions. If the vegetation is suffering from water stress, its
temperature will be higher than what is deduced from the
energy budget in potential conditions. Consequently, the soil
temperature that corresponds to the observed surface tem-
perature and the underestimated vegetation temperature will
be overestimated, and at some point this leads to a negative
E retrieval. In that case TSEB and SPARSE assume that, if
the vegetation is suffering from stress, the soil surface is al-

ready long dry, and E is close to zero. Tsurf is thus used to
retrieve T . But how robust is this? Can we improve the ro-
bustness by forcing E and T by two RS data, Tsurf and a rel-
ative soil moisture level deduced from radar data (Schmugge
et al., 1980)? This is the purpose of the present paper. It is or-
ganized in 3 main sections: the first summarize the retrieval
and prescribed algorithms of SPARSE. The second is a nu-
merical experiment assessing the limits of E and T retrievals
in many configurations when using the sole surface tempera-
ture. The third section presents how forcing by both Tsurf and
a relative soil moisture level affects the retrieval processes
for a real case study.

2 The retrieval/prescribed algorithms of SPARSE

SPARSE solves the dual-source energy budget of the soil and
the vegetation. The model can be run in two modes: a re-
trieval mode to simulate evaporation and transpiration from
TIR data, and a prescribed mode which simulates evapo-
ration and transpiration rates for known stress levels (from
fully stressed, i.e. E = T = 0 to fully potential). This en-
ables to simulate not only actual fluxes but also surface and
plant water stress. The prescribed (or direct) mode simu-
lates fluxes and component (soil and vegetation) tempera-
tures from known water stress conditions corresponding from
any level between unstressed (potential rate) to fully stressed
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Figure 2. Isolines of total efficiency β simulated for each (βs, βv)
combination using the model in prescribed (continuous lines) or re-
trieval (dotted lines) modes; the surface temperature generated by
the model in prescribed mode for a particular (βs, βv) is used as
input for the retrieval mode.

(minimum ET). The retrieval (or inverse) mode inferE and T
from surface temperature observations using a decision tree
(Fig. 1). In what follows, we use the complementary part to
one of the stress, also named “efficiency”, to characterize the
relative stress levels: soil evaporation efficiency βs is the ra-
tio between the actual and potential soil evaporation rates,
transpiration efficiency βv is the ratio between the actual and
potential transpiration rates and the total efficiency β is the
ratio between the actual and potential total evapotranspira-
tion rates. Here, we focus on instantaneous latent heat fluxes
in W m−2 at the satellite overpass time instead of dailyE and
T values.

3 Synthetic experiment

3.1 “Classical” configuration: using the sole surface
temperature data as input for flux retrieval

In order to infer the limits of the E/T retrieval, a synthetic
study was carried out. In Fig. 1, the model is run for the
two limiting cases (fully stressed, i.e. βs = βv = 0, or fully
potential, βs = βv = 1). The model in prescribed mode can
also be run for any combination of relative stress levels for
the soil (0 <βs < 1) and the vegetation (0 <βv < 1) and pro-
duce the corresponding component fluxes and equilibrium
surface temperature. To carry out the synthetic experiment,
a synthetic Tsurf was simulated using the prescribed mode
for each combination of βs and βv between 0 and 1 and var-
ious climate (meteorological forcing) and vegetation cover
(LAI) configurations. Each Tsurf value was then forced as in-
put after adding a random perturbation (white noise of 1 ◦C

 

Figure 3. Retrieval statistics for conditions close to the model’s
assumption: βs retrieval for βv = 0.8 (a) and βv retrieval for βs =
0.2 (b).

standard deviation) for the retrieval mode. Prescribed and re-
trieved stress levels were then compared: ideally, if the model
is perfect, prescribed and retrieved efficiencies should match.
Two situations were particularly looked at: one close to the
model assumption (slight vegetation stress and low surface
soil mositure) and one away from it (high vegetation stress
and wet soil surface, such as after a small rain event). Results
for a typical dry Mediterranean midday climate in spring
(global solar radiation of 900 W m−2, wind speed of 2 m s−1,
relative humidity of 40 %, and air temperature of 25 ◦C) and
a LAI value close to 1.2 are illustrated on Figs. 2 to 4.

Figure 2 shows the total stress isolines for each combi-
nation of evaporation and transpiration efficiencies. Figure 3
shows the retrieved efficiencies when the conditions are close
to initial assumptions used by the model either for the soil
(dry soil with a prescribed efficiency of 0.2) or the vegeta-
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Figure 4. Same as Fig. 3 for conditions away from the model’s
assumptions: βs retrieval for βv = 0.5 (a) and βv retrieval for βs =
0.5 (b).

tion is transpiring at a level close to the potential rate (tran-
spiration efficiency of 0.8). Figure 3 describes the retrieval
of the soil efficiency when a fixed value of the transpiration
of 0.8 is used (Fig. 3a) or the retrieved transpiration efficien-
cies when a fixed value of the soil evaporation efficiency of
0.2 is used (Fig. 3b), respectively. Figure 4 does the same
for conditions away from the initial guess, that is a more
pronounced vegetation stress (transpiration efficiency of 0.5,
Fig. 4a) or a relatively wet soil (evaporation efficiency of 0.5,
Fig. 4b). If total ET is always consistent between each pre-
scribed and retrieved stress level combinations (Fig. 2), with
prescribed and retrieved curve levels overlapping, it is not
the case for the individual components. For instance, there is
always a mismatch between retrieved (less stressed) and pre-
scribed plant water stress levels, because the model always
assumes as a first guess an unstressed canopy. This is true

 

 

Figure 5. Same as Fig. 4 when both the surface temperature and the
surface soil moisture are used as inputs instead of the sole surface
temperature.

for the conditions close to the assumption (Fig. 3b) and even
more pronounced for the conditions away from the assump-
tion (Fig. 4b). Soil evaporation (and the associated relative
efficiency) is less affected by this mismatch (Figs. 3a and 4a)
and the retrieved soil evaporation efficiency follows the trend
of the prescribed one, except maybe for the highest efficiency
levels (retrieved efficiency reaches a plateau at around 0.6 if
the prescribed transpiration efficiency is 0.8, and 0.4 if the
transpiration efficiency is equal to 0.5).

3.2 Adding an additional constraint with respect to the
soil evaporation efficiency

In order to improve the retrieval away from the initial as-
sumptions, one decided to add another constraint to the re-
trieval process, the surface soil moisture, as it could be re-
trieved from remote sensing (i.e. Sentinel1 data).
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Figure 6. ET by both methods, observed ET, and soil E retrieved
from the sole surface temperature or imposed from soil moisture
level.

Instead of using the initial guess of a fully transpiring
canopy, we carry out the same experiment as in Sect. 3.1,
but now evaporation is fixed by using a fixed value of the
soil evaporation efficiency (as it could be derived from re-
mote sensing). In order to account for the uncertainty related
to the retrieval of soil moisture from radar data, a white noise
with a 0.2 standard deviation is added to the efficiency. This
value is taken from the order of magnitude of the total effi-
ciency uncertainty from Boulet et al. (2015) at local scale and
Saadi et al. (2018) for the irrigated perimeter scale. Results
are presented in the Fig. 5 for conditions similar to Fig. 4
(conditions away from the model’s original assumption), and
show a large improvement for the vegetation efficiency re-
trieval (Fig. 4b).

4 Application to a real data obtained at a
Mediterranean rainfed wheat site

In order to check the added value of surface soil moisture
estimates to better characterize E, T and ET with real data,
we did the same work for a rainfed wheat dataset (Boulet
et al., 2015). The period of investigation spans an entire
growing season (from emergence to harvest) and maximum
LAI is around 2. ET is measured using an Eddy Covariance
tower, while soil moisture at several depths is estimated from
Thetaprobe soil moisture probes. An estimate of E (or its la-
tent heat flux equivalent LEs) is derived from the observed
volumetric surface soil moisture is derived from Merlin et
al. (2011):

LEs =

[
0.5− 0.5cos

(
π
θ0–5 cm

θsat

)]
LEsp (1)

where θ0–5 cm and θsat are the topsoil (0–5 cm) measured and
the saturation soil moisture respectively.

 

 

 

Figure 7. ET by both methods, observed ET, transpiration retrieved
from the sole surface temperature or from combined surface temper-
ature/soil moisture information.

Figures 6 and 7 show the retrieved evaporation and transpi-
ration time series together with the total simulated observed
ET. In order to smooth out some of the day-to-day fluctua-
tions of ET due to varying incoming radiation, we present
in the figures a moving average over five days of the daily
fluxes. Midseason simulated ET is very close to the obser-
vations, and during that time E and T simulated using the
sole temperature information or adding the soil moisture con-
straint are very similar. At the beginning (low LAI values) or
the end (senescent vegetation) of the season the model re-
acts to the rainfall occurrence, but with an amplitude that is
either too large (overestimation, such as for DOY 5–40) or
too small (large underestimation at the end of the season,
DOY 110–140). For the former period, there is certainly a
signifiant uncertainty in LEspot since both methods lead to
similar results. For the latter period, the drop in green LAI
induces a large decrease in transpiration, whereas some parts
of the standing wheat are still transpiring.

The interesting result is that in fact the dual forcing does
not improve the results (on the contrary, RMSE on LE at
midday increases slightly from 57 to 67 W m−2). When the
sole surface temperature is used as input, the evaporation at
the end of the season increases in order to decrease the sur-
face temperature, which is not possible when soil moisture
is imposed. It seems that when the model performs well, i.e.
around maximum growth, both versions (with or without in-
formation on surface soil moisture) perform similarly, while
the poorer performances of the model for early growth or dur-
ing senescence (when the green LAI drops to zero while there
is obviously some transpiration from the dry standing parts)
explain the difficulty to take advantage of the additional con-
straint in that particular case, contrarily to the result shown in
the synthetic experiment. There is therefore a need for further
research to balance accurately the constraint of soil moisture
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and surface temperature for ensuring an increased robustness
in ET estimates when adding additional information.

Data availability. For the data, one should contact the lead au-
thor. SPARSE model code available at http://tully.ups-tlse.fr/gilles.
boulet/sparse (last access: 23 October 2018).
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Abstract. This work explores the dynamics of the water consumed by the vegetation in two Mediterranean
watersheds of Sierra Nevada Mountains (Southern Spain). This region has experienced an increase in the demand
of water in the last years due to the growth of irrigated areas, and a new water resources plan is required.
The evapotranspiration (ET) of irrigated horticultural crops and natural communities were monitored for the
hydrological years 2013/14 and 2014/15, using an approach based on the concept of reference evapotranspiration
(ETo) and canopy coefficients derived from the computation of vegetation indices (VIs), which we will call the
VI-ETo approach. A set of Landsat-8 and MODIS images has been used as remote input data. The results were
used for the spatial analysis of water consumption in terms of the main land cover types in the area. The annual
runoff obtained with a simple surface water balance, using the ET values estimated by the VI-ETo approach, was
comparable to that obtained by the HBV (Hydrologiska Byrans Vattenbalansavdelning) model, a precipitation-
runoff generation model that reproduces the observed river discharge at the outlet of the watershed.

1 Introduction

The high mountain areas of Sierra Nevada (Southern Spain)
have a great ecological value due to the presence of endemic
ecosystems together with landscapes and cultural heritage,
being protected by the status of Biosphere Reserve (1986)
and National Park (1999). However, a considerable increase
of irrigated areas has been observed in the region over the
last few years, resulting in a rise in groundwater consump-
tion, which in turns has an impact on the functioning regime
of rivers and the water quality of the basins runoff. This led
to the river basin authority to conduct a pilot study in order to
improve the current knowledge of the hydrological behaviour
of the high mountain area of Sierra Nevada. In this context,
the dynamics of water consumption in the basin, including
both irrigated horticultural crops and natural vegetation com-
munities, should be continuously monitored to guarantee a
sustainable management of water resources in this area.

Remote sensors provide distributed information about the
status of vegetation. When this information is combined with
meteorological data and integrated into models for estimat-
ing evapotranspiration (ET), it becomes a tool that allows a
regular monitoring of water use at a regional scale. An ex-
tended approach in agricultural applications to estimate crop
water requirements is the one proposed by Allen et al. (1998)
FAO56 guidelines. It determines the actual ET using the con-
cepts of crop coefficient and reference ET (ETo). There is
an approach that combines this method with the spectral re-
flectance of vegetated surfaces, which is provided by remote
sensors in the visible and near infrared regions through veg-
etation indices (VIs), hereunder called the VI-ETo approach
(Campos et al., 2016; González-Dugo et al., 2009). As a re-
sult, the potential transpiration of the plant is determined in
terms of a spatially-distributed basal crop coefficient.

The objective of this work is to estimate, on a regular
and spatially distributed basis, the water consumption of the
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vegetation in two neighbouring high mountain watersheds
of Sierra Nevada, for the hydrological years 2013/14 and
2014/15 by applying the VI-ETo approach. A water resources
evaluation in the watersheds is conducted combining the VI-
ETo approach with both, the results obtained from the hydro-
logical HBV (Hydrologiska Byrans Vattenbalansavdelning)
model (Bergström et al., 1976) and river runoff data mea-
sured in situ. Finally, the pattern of water consumption in
terms of the main land cover types in the area is analyzed.

2 Study area

The study area is composed by the two adjacent watersheds
of Bérchules and Mecina, located on the southern slopes of
Sierra Nevada. The former one is located to the west and
the latter to the east, with the intervening north-south water
divide. Both watersheds are similar in size, shape, orienta-
tion, vegetation, soil and geological bedrock. The Bérchules
watershed has an area of 68 km2, with an altitude which
rises from 980 m a.s.l. at the outlet to about 2910 m at the
highest point. The Mecina watershed is slightly smaller than
Bérchules, it has an area of 55 km2 and presents an eleva-
tion ranging between 1042 and 2618 m a.s.l. In terms of land
cover types, the study area is mainly characterized by natural
vegetation of grassland, scrubs, conifers and oaks, followed
by irrigated horticultural crops and rainfed fruit trees.

3 Methods and Materials

3.1 Remote sensing-based model

The VI-ETo approach is based on the concepts of ETo and the
VIs derived crop/canopy coefficient (Kc). The former term,
which takes into account the atmospheric demand, is calcu-
lated in this work with the Hargreaves equation (Hargreaves
et al., 1985). The latter one, Kc, considers the effect of a spe-
cific canopy in relation to a given reference grass surface and
was obtained using the dual method in the form popularized
by FAO (Allen et al., 1998). It separates canopy transpiration
from soil surface evaporation and compute evapotranspira-
tion as follows:

ET= (KcbKs+Ke)ETo (1)

being Kc =KcbKs+Ke, where Kcb is the basal canopy coef-
ficient and determines the vegetation transpiration, Ks is the
water stress coefficient, that quantifies the reduction in tran-
spiration due to soil water deficits, and Ke is the soil evapo-
ration coefficient.

In this work, Kcb is derived from the canopy spectral
response, provided by a set of satellite images. Numerous
empirical relationships between VI-Kcb have been proposed
for herbaceous and tree crops, (Consoli and Barbagallo,
2012; Odi-Lara et al., 2016) and natural canopies (Campos
et al., 2013). The equation proposed by González-Dugo et

al. (2009) to compute the basal crop coefficient from the
SAVI index (Soil Adjusted Vegetation Index; Huete, 1988)
is used here, and it can be expressed as:

Kcb =
Kcb,max

fcb,max

(
SAVI−SAVImin

SAVImax−SAVImin

)
; fc < fc,max

Kcb,max; fc ≥ fc,max

(2)

where the subscripts max and min refer to the values of SAVI
for a full ground vegetation coverage and bare soil, respec-
tively. The ratio (SAVI−SAVImin)/(SAVImax−SAVImin) is
an estimation of fc, and fc,max is the canopy ground-cover
fraction (fc) at which Kcb is at its maximum (Kcb,max).
Kcb,max is a canopy dependant parameter, with tabulated val-
ues taken from Allen et al. (1998). This equation has been
validated with satisfactory results over a wide range of an-
nual crops and fruit tree crops over the Mediterranean condi-
tions of Southern Spain (González-Dugo et al., 2013; Mateos
et al., 2013).

The soil evaporation coefficient Ke is obtained as:

Ke =Kr
(
Kc,max−Kcb

)
(3)

Where Kr is a dimensionless evaporation reduction coeffi-
cient that depends on topsoil water depletion and Kc,max is
the maximum value of Kc following a rainfall or irrigation
event. The value of Ke cannot be higher than the product
(few×Kc,max), where few is the fraction of the soil surface
that is both exposed and wetted (Allen et al., 1998).

The stress coefficient Ks is obtained on a daily basis by
computing a soil water balance in the root zone. The daily
root zone water deficit can be expressed as:

RZWDi = RZWDi−1+ETi−1−Ri (4)

where the subscript i indicates a given day, RZWDi and
RZWDi−1 are the root zone water deficit on days i and
the previous one respectively, and R is rainfall or irrigation.
When the root zone water content is at field capacity, the soil
water content is maximum (RZWD= 0), while this value is
minimum at the wilting point. The depth of water between
both extremes is named root zone water holding capacity
(RZWHC). Equation (5) calculates the water stress coeffi-
cient Ks based on the relative root zone water deficit.

Ks =
RZWHC−RZWDi

(1−p)RZWHC
; RZWDi < (1−p)RZWHC

1 ; RZWDi ≥ (1−p) RZWHC

(5)

where p is the fraction of the RZWHC below which transpi-
ration is reduced as a consequence of water deficit.

This simplified soil water balance does not take into ac-
count the lateral movement of the water which, under the
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Figure 1. Distributed average values of fc and annual estimated ET
values for the hydrological year 2013/14.

conditions irrigated or little slope areas with scarce runoff,
has a reduced impact. However, in areas with high steepness
and low ground cover vegetation, as some part of this water-
shed, this simplification may increase the modelling error of
ET. The limitations of the model under different conditions
of steepness and ground fraction cover require further analy-
sis.

The soil water balance computation was initiated in Au-
gust 2013. The root zone water content was taken at field ca-
pacity on irrigated horticultural crops, while for the remain-
ing vegetation types, the soil was considered dry and the root
zone water deficit was assumed to be equal to the soil wa-
ter holding capacity. It was established a standard irrigation
schedule for the irrigated crops, based on common practices
in the area. Irrigations every two days were applied by refill-
ing the soil profile until reaching the field capacity during the
irrigation season, from mid-May to mid-October. Selected
values of parameters p and Kc,max for each land cover are
described in Jódar et al. (2018).

3.2 Description of input data

A set of 26 cloud-free Landsat-8 images between Au-
gust 2013 and October 2015 was selected and atmospheri-
cally corrected to obtain surface reflectance values. The opti-
cal bands correction was performed with the radiative trans-
fer model Modtran4 (Berk et al., 1989), and using standard-
ized parameters to characterize the state of the atmosphere at
the acquisition time. Moreover, four MODIS images (prod-
uct MOD09GQ) were added to complete the input data se-
ries. During the winter season, the low sun elevation angles

produced that the steepest areas were not illuminated at sen-
sor overpass time. These areas have been masked out during
the image processing and their subsequent use. Daily me-
teorological data were provided by a network of automatic
weather stations, including variables of rainfall, solar radi-
ation, air temperature and humidity, and wind speed. The
point data were spatially interpolated to obtain distributed in-
formation with the hydrological model WiMMed (Herrero et
al., 2011) using the inverse distance IDW method, and taking
into account the altitudinal factor.

The vegetation types have been obtained from the Infor-
mation and Soil Uses System of Spain (SIOSE), which have
been grouped into different classes with similar spectral re-
sponse. For refining the identification of irrigated horticul-
tural crops areas, satellite images and data provided by En-
vironment and Water Agency of Andalusia (AMAYA) have
also been used. Soil parameters (texture, water content at
field capacity and wilting point, and soil depth) are provided
by regional soil maps produced by the Agricultural Depart-
ment of Andalusia at 250 m of spatial resolution (CAPMA,
2008).

3.3 Evaluation of water resources

Daily ET values were aggregated at annual and watershed
scales, and a simple surface water balance was computed to
estimate annual watershed runoff (Qrunoff) as follows:

Qrunoff = P −ET− I (6)

where P is rainfall and I is rainfall interception by vegeta-
tion, which is assumed as 8 % of rainfall according to Polo
et al. (2013). The annual runoff values obtained with the VI-
ETo approach were compared with both, the observed runoff
values at the Narila gauging station (located at the outlet of
the Bérchules watershed) and the runoff values simulated by
the HBV model. HBV is a conceptual rainfall-runoff model
for catchment hydrology modeling. It is based on the general
water balance and provides daily basin discharge by subject-
ing daily precipitation to four conceptual modules: a snow
routine, a soil moisture routine, a response routine and a rout-
ing routine (Bergström et al., 1976).

4 Results

4.1 The VI-ETo model

One of the main variables required by this approach to
compute the water consumption of the different canopies is
the evolution of their vegetation ground cover fraction (fc),
which keeps a linear relationship with the values of SAVI
derived from the satellite images. Figure 1 shows the aver-
age fc values for both watersheds and the first hydrologi-
cal year (2013/14). The lowest values can be found in the
upper parts of the watersheds, corresponding to high moun-
tain grasslands and scrubs. The conifers areas, located at the
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Figure 2. Evolution of the distributed values of daily ET over areas with two representative vegetation: conifers (dark-blue line) and irrigated
horticultural crops (line red) for Bérchules watershed.

Figure 3. Monthly ETo and estimated ET values of two representative canopies: conifers and irrigated horticultural crops for the Bérchules
and the Mecina watersheds.

western sunny hillside of each watershed, present the higher
and more stable fc values along the year. The irrigated horti-
cultural crops are predominant in the South, with significant
changes during the year.

Spatially distributed values of canopy water consump-
tion were obtained at 30 m spatial resolution and on a daily
time step, which were later aggregated to monthly and an-
nual time steps. In Fig. 1, annual ET values are also shown
for the hydrological year 2013/14. Average values estimated
for the two hydrological years (2013/14 and 2014/15) were
353.5 mm in Bérchules and 352.2 mm in Mecina. These
numbers support the assumption of a similar hydrological be-
haviour of both watersheds.

The annual runoff values obtained by the VI-ETo approach
were 81.9 and 83.2 mm (year 2013/14 and 2014/15 respec-
tively) for the Bérchules watershed, while for Mecina are

45.9 and 58.1 mm. There is a reasonable agreement between
the simulated data obtained by both models (HBV and VI-
ETo approach), with a RMSE value of 4.4 and 5.5 mm for
Bérchules and Mecina, respectively. Moreover, the RMSE
value obtained with the VI-ETo approach when comparing
the observed and simulated data for the Bérchules watershed
is of 4.5 mm. A more detailed description on HBV model ap-
plication and comparison results discussion can be found in
Jódar et al. (2018).

4.2 ET patterns of the main land cover types

Distributed daily ET values over areas with two represen-
tative vegetation types, conifers and irrigated horticultural
crops, for some months of the year 2013/14 are shown in
Fig. 2. These land covers present a particular interest as their
surfaces in the area have experienced a significant increase
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in the last decades. Jiménez-Olivenza et al. (2015) quanti-
fied a 22.5 % of increase in the conifer area of Sierra Nevada
since 1956 to 2011 and, even when a reduction in agricul-
tural area around 12 % was reported by these authors, the
river basin authority has observed in more recent years a
clear rise of intensive horticulture. Both changes have sig-
nificant implications on water consumption at the watershed
scale. High daily water consumptions (> 5 mm day−1) are
estimated over the irrigated areas during the summer months
(crop growth and irrigation season) as can be observed in
Fig. 2. Likewise, conifers areas can be well identified with
high ET values in June (2–3 mm day−1). The temporal evo-
lution of monthly ETo and estimated actual ET of conifers
and irrigated horticultural crops covers are depicted in Fig. 3.

Conifers present intra-annual changes in ET coupled with
variations in the evaporative demand of the atmosphere,
while maintaining quite regular vegetation coverage along
the year. The ET evolution of irrigated horticultural crops
follows a seasonal pattern, with a main annual peak around
the middle of the summer (between 69 and 93 mm month−1),
with crops starting their growing cycle in May and presenting
quite low values during the end of autumn and winter.

In quantitative terms, the irrigated agriculture presents the
highest values of water consumption (604.1 mm year−1 on
average). However, the area of this land use represents about
4 % of the total area in both cases, leading to a small contribu-
tion (6–7 % on average) to the watershed total water use. On
the other hand, conifer areas present a proportionally high
contribution of 18.5 % to total ET with a higher coverage
than horticultural crops (around 15 %) but lower annual con-
sumption (422 mm year−1 on average). Considering that be-
fore 1956 the conifer area was almost null and the soil was
occupied by grassland and scrubs (Jiménez-Olivenza et al.,
2015) with a lower annual consumption of water, these re-
sults highlight the importance of considering not only agri-
cultural uses when attending to the water management of
these watersheds.

5 Conclusions

The VI-ETo approach has been used to estimate the spatio-
temporal variation of ET in the Bérchules and the Mecina
watersheds, using the vegetation indices derived from satel-
lite images and other auxiliary information.

The analysis of water use patterns of the different land cov-
ers, in particular conifer and intensive horticulture, suggest
that, even when the consumption of agricultural area is, on
average, higher, the contribution of conifer and other forest
uses to the total ET of the watershed is significant. The land
use changes of these natural canopies in the last 60 years
have had a quantitatively higher impact on total water con-
sumption in the watershed than current increases in agricul-
tural areas. A continuous monitoring of land uses changes
and evapotranspiration using this procedure could be useful

to assist future decisions leading to guarantee a sustainable
management of water resources of this area.
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Abstract. Temporal series maps of irrigated areas, and the corresponding irrigation water requirements based
on remote sensing, is a recognized tool contributing to water governance at different scales, from water user asso-
ciations to whole river basin districts. These thematic cartographies offer a first estimation of the crop irrigation
requirements, and a biophysical based approach of the temporal and spatial distribution of the crop water use in
the cultivated areas. This work describes the operational application of these methodologies, providing valuable
information for water governance and management purposes. The basic products obtained in the whole Spanish
part of the Iberian Peninsula during the period 2014–2017 were: (i) annual maps of irrigated crops based on time
series of multispectral satellite imagery; and (ii) the direct remote sensing-based water accounting, by quantify-
ing agricultural water flows (e.g. rainfall, irrigation, evapotranspiration, drainage and recharge), through a remote
sensing-based soil water balance. Hence this paper provides a remote sensing based water accounting approach,
which relies on dense time series of multispectral imagery acquired by the multisensor constellation arranged by
Landsat 8 and Sentinel-2 satellites, jointly with meteorological data and agronomic knowledge. Then, based on
these purpose and approach, annual and monthly maps of net irrigation water requirements have been elaborated
at the most practical spatial and temporal scales for water governance purposes over big areas such river basin
districts. This work summarizes the methodologies used and discuss the technical and non-technical feasibility
of the proposed approach.

1 Introduction

The monitoring of irrigated areas and the accounting of
their water use are essential instruments for European poli-
cies, in order to promote an efficient and sustainable use of
water, according to the Water Framework Directive, WFD
(2000/60/EC, 2000), and transposed into each country mem-
ber legislation.

Monitoring of crops and their water requirements are pos-
sible through data derived from the Earth Observation, EO,
combined with meteorological information. The Copernicus
program of the European Union, through the European Space
Agency (ESA), operates a constellation of Sentinel satellites,
which provide data from the Earth’s surface at a spatial reso-

lution and a temporal frequency unprecedented in the history
of remote sensing. Consequently the Copernicus programs
exhibit a great potential to perform the monitoring required
by the WFD.

Aware of the great socio-economic and environmental im-
portance of irrigation in Spain, the Ministry of Agriculture
and Fisheries, Food and Environment (MAPAMA) pushes
actions to improve the efficiency of water use on irrigation.
Among other, through the Deputy Directorate General for Ir-
rigation and Water Economy (SGRyEA), it makes available
freely to users the information collected by the network of
agrometeorological automatic stations, known as the SIAR
network (Agroclimatic Information System for Irrigation). A
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step further is the SPIDER-SIAR 2014–2017 project, which
joins the potential provided by the EO programs for the spa-
tial and temporal description of the vegetation cover, to the
agrometeorological information provided by the SIAR net-
work, all for the knowledge of irrigated areas and their water
use in the area of mainland Spain.

2 Objective, products and stakeholders

The main objectives of the SPIDER-SIAR project are,
(1) improving water efficiency, and (2) better managing wa-
ter resources by public authorities through mapping irrigated
areas, estimating surface cover, and determining their net ir-
rigation water requirements (NIWR) in the mainland Spain
(2014–2017 period). Spanish main irrigation features are
summarized as a surface that covers around 3.7 Mha, with
wheat, barley, maize, vineyard, olive, fruit trees, and citric as
main crops, and mainly irrigated by drip and sprinkle sys-
tems (around 75 %). Regarding such spatial extent, SPIDER-
SIAR mainly uses a time series of satellite images of the con-
stellation Sentinel-2A (S2A), Sentinel-2B (S2B) and Landsat
8 (L8), together with agrometeorological information of the
SIAR network and ancillary information.

Methodology and materials used allow obtaining results
from a minimum area of 0.1 ha, based on a daily temporal
scale, and able to monitor all typologies of agricultural sur-
faces. These primary results are suitable to aggregate into
other scales of spatial and temporal interest.

The beneficiaries of the project are at the same time wa-
ter users and water managers, who can share the data at their
different administrative scales, like irrigation communities,
river basin authorities, regions, nation-wide and European
levels, which deal with the planning of water resources in
the medium and long term, through the execution and mon-
itoring of river basin management plans (RBMPs). All the
products can be accessed freely through a WebGIS platform
called SPIDER-SIAR. Table 1 details the products and re-
lates them to their potential users.

3 Materials and methodology

3.1 Time series of satellite images

The images used are those acquired, in the area of the main-
land Spain, along the period 2014 to 2017, by the multispec-
tral sensors on board the S2A, S2B and L8 platforms. The
European Space Agency (ESA) and the National Aeronau-
tics and Space Administration (NASA) from USA operate
these platforms and distribute freely the images. Once those
high cloud cover images have been discarded, a total num-
ber of 13 006 images were processed, of which 2437 scenes
correspond to L8, 7957 granules to S2A, and 2612 granules
to S2B. These images are then converted into the three basic
SPIDER-SIAR products: (i) Vegetation Index (VI) time se-
ries of NDVI (Rouse et al., 1973); (ii) an appropriate colour

composition images (RGB) to monitor irrigated agriculture;
and iii) the biophysical crop parameter Kcb. These time se-
ries products (unless RGB) are atmospherically corrected by
absolute normalization (Campos et al., 2011). Additionally,
cloudy and shadows pixels were removed using L8 Qual-
ity Band and Sen2Cor algorithms for S2A and S2B. Conse-
quently, a virtual multisensor constellation was built to pro-
vide time series of NDVI able to describe accurately the tem-
poral evolution of the vegetation cover.

3.2 Thematic maps of irrigated land use

For mapping the irrigated crops, the approach uses the vege-
tation temporal evolution pattern as a basic criterion, which is
well described by the temporal trajectory of the NDVI values
of each pixel. Moreover, to guide spatially the classification
analysis, the approach integrates multiple ancillary official
sources, especially the layer of SIGPAC enclosures (Spanish
national layer to attend Common Agricultural Policy System
Information).

The methodology assumes that: (1) the water supply pro-
duces differences in size and duration of irrigated vegetation
cover with respect to the one not; (2) time series of VI images
are able to record these differences; and hence (3), decisions-
tree rules can be applied to segment between irrigated and
non-irrigated crops. Consequently, the knowledge about the
temporal evolution of the different crop canopy cover is the
essential instrument in the irrigated crops identification. It is
necessary to highlight that crops that present a similar evo-
lution both in their phenology and in soil fraction cover, will
show a similar evolution in their NDVI time trajectory. In
those crops that exhibits a high proportion of bare soil, espe-
cially woody crops, and in which the irrigation reaches only
a supplementary value, the NDVI time series among irrigated
and non-irrigated exhibits small differences.

SPIDER-SIAR annual thematic maps of irrigated areas
present 9 classes in which the irrigated crops are grouped:
four of these classes group the annual herbaceous crops de-
pending on the season when the crop growing cycle occurs
(spring, summer, spring-summer, and autumn-winter); four
more classes are used to group woody crops (vines, olives,
citrus and deciduous fruit trees); and finally, one class for
crops developed under greenhouses.

3.3 Thematic maps of Net Irrigation Water
Requirements (NIWR)

Thematic maps of net irrigation water requirements (NIWR)
of those irrigated areas (excluding greenhouses), are esti-
mated by carrying out a water balance in the root soil layer.
This soil water balance (SWB) follows the dual coefficient
approach described in the FAO56 manual (Allen et al., 1998).
For each pixel, we use the time series of NDVI values to es-
timate the value of the Kcb, what it is called “reflectance-
based crop coefficient approach” (Neale et al., 1989). We se-
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Table 1. SPIDER-SIAR products and scope of its services regarding different water user types.

Branch Products offered Scope of services

Remote sensing images processed from
L8, S2A and S2B satellites

Time series of multispectral EO
products: VI (NDVI); Colour images
(RGB); and Basal crop coefficient
(Kcb)

Crop monitoring at plot scale level in
near real time by irrigation farmers or
agricultural consultant

Irrigated crop classification Annual thematic maps of irrigated crop
classification

Crop monitoring at different work
scales from water users associations to
river basin water managers

Soil water balance. Net irrigation water
requirements estimation

Annual and monthly thematic maps of
net irrigation water requirements

Crop irrigation monitoring at different
working scales from irrigation farmers
to water user managers at water user as-
sociation or river basin scales

Information sharing via WebGIS ser-
vices

Sharing platform SPIDERwebGIS
®

:
group SPIDER-SIAR

http://maps.spiderwebgis.org/login/
?custom=spider-siar (last access:
13 September 2018)

lect a unique crop-independent NDVI-Kcb relationship using
Eq. (1) (Campos et al., 2010), according with the real time
and operational purpose at large scales (Calera et al., 2017),
like other projects are dealing with, i.e. the case of California
State at USA (Melton et al., 2012).

Kcb= 1.44 · (NDVI)− 0.10 (1)

Furthermore, the use of a single equation provided some ben-
efits for the operational monitoring of NIWR. For applica-
tions at large scales, our actual knowledge of the crop bio-
physical variables such as LAI and canopy resistance must
be considered unknown. Note that the relationship between
LAI and VI is crop dependent and strongly affected by the
canopy architecture (Campos et al., 2017; Anderson et al.,
2004) while the available information about land uses is re-
stricted to general crop types (see Sect. 3.2) and difficulty im-
proved. In addition, although the proposed relationship was
originally developed for irrigated-row structured vineyard,
the parameterization of the function does not differ from
other relationships obtained for herbaceous crops like corn
(Bausch and Neale, 1987; Gonzalez-Piqueras et al., 2004),
or biomass sorghum (López-Urrea et al., 2016). In the same
way, the used equation had been evaluated in bush-vines in
Spain (Campos et al., 2016), vineyards in Australia (Horn-
buckle, 2014), natural vegetation (Campos et al., 2013), and
table grapes trained in overhead trellises system (Balbontín
et al., 2017).

In parallel, and in order to obtain NIWR, daily data from
meteorological stations of the dense SIAR network, which
placed strategically on the irrigated areas, enable to obtain
reference evapotranspiration and precipitation data maps by
interpolating the raw point data. And finally in the same way,
the soil water storage is a required input in the SWB, de-
scribed by the Total Available Water (TAW) parameter de-

fined as the amount of water that a crop can extract from
its root zone (Allen et al., 1998). Mapping TAW utilizes soil
hydraulic properties from the European Soil Database (Pana-
gos et al., 2012), and maximum root depth, which depends in
crop type and maximum allowed depth till impervious rock.

3.4 HidroMORE
®
, a tool for remote sensing based soil

water balance (RS-SWB) over large scales

As described previously, the soil water balance turns into a
RS-SWB regarding the use of dense NDVI time series, in or-
der to monitor crop biophysical conditions. However, as the
RS-SWB is perform at daily time scale, NDVI synthetic im-
ages are created, by means of linear temporal interpolation
for those dates where no image is available. Furthermore, the
dual crop coefficient approach applied, deals with real veg-
etation conditions after taking into account daily soil water
content available for crops. Consequently, a daily monitor-
ing on vegetation evolution development is afforded per each
pixel, and thus, achieving local crop biophysical conditions
into the soil water balance.

The tool used, able to compute such RS-SWB for the
whole Spanish part of Iberian Peninsula, at pixel size scale
of 10 m× 10 m, is the HidroMORE® software (Moreno et
al., 2017; Torres et al., 2010). HidroMORE® estimates the
NIWR that maintains the crop in optimum conditions. Crop
optimum conditions means that soil water content is not al-
lowed to be lower than a predetermined threshold, avoiding
water stress, or maintaining this water stress on a controlled
way, like is the case i.e. for vine grapes. Besides, computa-
tion estimates as well the other SWB components like ad-
justed crop evapotranspiration (ETcadj), run-off (RO), and
deep percolation (DP) at same space and time scales. Fig-
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Figure 1. Daily evolution of the different components estimated by the RS-SWB computed by HidroMORE® tool.

Figure 2. Inputs databases used in HidroMORE® to calculate the
RS-SWB at pixel scale and spatially distributed.

ure 1 shows the computation of SWB components, for one
pixel.

Inputs for HidroMORE® come from different databases
(Fig. 2) like satellite images from L8, S2A and S2B plat-
forms, meteorological daily records from the SIAR network
and soil types from the European Soil Database.

3.5 Products accessibility via WebGIS platform

Thematic maps of irrigated areas and its NIWR, are gener-
ated at pixel scale, what means a spatial resolution of 0.1 ha,
and for NIWR, at daily step. For operational purposes, NIWR
data are aggregated at monthly scale. All these products can
be online accessed through the SPIDERwebGIS® platform.
This platform allows the visualization and display of re-
sults, especially as regards the time series. The user must
only include the login demo and password demo through the

following link: http://maps.spiderwebgis.org/login/?custom=
spider-siar (last access: 13 September 2018).

4 Results of remote sensing-based Irrigation Water
Accounting for the mainland Spain

Regarding operational and water management purposes, re-
sults from the RS-SWB are aggregated to monthly and an-
nual frequency with the sum of the results estimated at daily
time scale. Selected frequency is the reference one used by
water managers for governance purpose at the river basin
scales. In consequence, 48 monthly thematic maps of NIRW
(and other previous cited SWB components), are shown in
SPIDERwebGIS® platform.

Figure 3 shows a graph taken from the WebGIS platform
that plot the time series of NDVI, Precipitation and NIWR
over a single pixel herbaceous irrigated class along the four
study years. Therefore, water managers can study the compo-
nents of the RS-SWB over their territory with temporal and
spatially distributed information.

Furthermore, a first evaluation of the remote sensing
based irrigation water accounting (RS-IWA) computed in the
SPIDER-SIAR project is shown in Fig. 4.

After computing the annual NIWR of the four study years,
a zonal statistics calculation was performed per year using
the mainland Spain river basin districts perimeters extracted
from RBMPs official sources. Among the statistics parame-
ters calculated, annual average NIWR value was then con-
verted into the total volume of NIWR per year, using the ir-
rigated area within each river basin. Finally, the four years
average value was compared with the annual gross water de-
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Figure 3. Monthly evolution of the time series of net irrigation water requirements (red chart) and precipitation (green chart), jointly with
the NDVI time series (cyan chart) along 2014–2017.

Figure 4. Comparison among the RS-based NIWR and NIWR cal-
culated from official RBMPs for the Spanish mainland along 2014–
2017.

mand presented for the river basin water managers in the
RBMPs.

Those values were collected from the monitoring and eval-
uation document about the called by WFD, 2nd cycle River
Basin Management Plans (2015–2021), developed by the
Spanish Ministry of Agriculture and Fisheries, Food and En-
vironment (MAPAMA and CEDEX, 2017). Then, in order
to compare the same irrigation water parameter, the annual
gross water demand was converted in NIWR by a global co-
efficient of 0.65 regarding the water that finally reaches ir-
rigated plots fields, after consider the transport, distribution
and application efficiency. The global coefficient assumed,
due to the lack of specific data, was selected after consulting
the twelve main RBMPs, e.g. Jucar River Basin 0.55, 0.62

in case of Duero River Basin, or 0.76 for the Guadalquivir
River Basin.

Figure 4 shows the result for the comparison RS-based
NIWR against NIWR calculated from currently official
RBMPs. In despite of the encouraging agreement on this
comparison, where R2 value is around 0.95 and RMSE value
is 480 hm3, further analysis will be needed to pave the way
to use this technique as an instrument of water planning.

5 Conclusions

The described approach to estimate a remote sensing-based
irrigation water accounting (RS-IWA), produces a thematic
cartography about irrigated land use and their net irriga-
tion water requirements, spatial and temporally distributed
on suitable scales for water governance purposes. The pro-
vided information aims to increase water efficiency, help on
water governance and management purposes at river basin,
regional and national scale, according to the WFD develop-
ment. The approach requires further analysis about the accu-
racy and temporal stability of the results.

Data availability. Data sets and results are available through the
SPIDERwebGIS® platform. The user must only include the lo-
gin “demo” and password “demo” through the following link:
http://maps.spiderwebgis.org/login/?custom=15spider-siar. For fur-
ther requirements please contact with corresponding author.
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Abstract. Dehesa ecosystem consists of widely-spaced oak trees combined with crops, pasture and Mediter-
ranean shrubs. It is located in the southwest of the Iberian Peninsula, where water scarcity is recurrent, severely
affecting the multiple productions and services of the ecosystem. Upscaling in situ Gross Primary Produc-
tion (GPP) estimates in these areas is challenging for regional and global studies, given the significant spatial
variability of plant functional types and the vegetation stresses usually present. The estimation of GPP is often
addressed using light use efficiency models (LUE-models). Under soil water deficit conditions, biomass pro-
duction is reduced below its potential rate. This work investigates the effect of different parameterizations to
account for water stress on GPP estimates and their agreement with observations. Ground measurements of GPP
are obtained using an Eddy Covariance (EC) system installed over an experimental site located in Córdoba,
Spain. GPP is estimated with a LUE-model in the footprint of the EC tower using several approaches: a fixed
value taken from previous literature; a fixed value modified by daily weather conditions; and both formulations
modified by an additional coefficient to explicitly consider the vegetation water stress. The preliminary results
obtained during two hydrological years (2015/2016 and 2016/2017) are compared, focusing on specific wet and
dry periods.

1 Introduction

Dehesa (known as montado in Portugal) ecosystem com-
bines forest, agricultural and extensive livestock productions,
presenting important ecosystem services and cultural values.
It is composed of sparse trees (mainly holm oak) and an un-
dergrowth of shrub, pasture or herbaceous crop, constitut-
ing a characteristic landscape of the southwest of the Iberian
Peninsula (Parsons, 1962).

This landscape is characterized by the low fertility of the
soils, not suitable for regular farming, and a Mediterranean
climate with a high vulnerability to global warming, with in-
creasingly extreme droughts and torrential rainfalls (Kovats
et al., 2014).

The assimilation of CO2 due to the vegetation is repre-
sented by the gross primary production (GPP). This pro-
duction is often estimated from remote sensing based on

the works of Monteith (1972) that use biophysical vari-
ables and subsequently validated with eddy covariance (EC)
systems (e.g. Migliavacca et al., 2009; Wagle et al., 2014;
Zhang et al., 2015). These models, known as light use effi-
ciency (LUE) models, relate the incident solar radiation with
the photosynthetic activity of the plant, or canopy, through
a LUE parameter, which is the amount of biomass produced
per unit of radiation absorbed. Under soil water deficit con-
ditions, biomass production is reduced below its potential
rate, but this effect is sometimes addressed only indirectly
by these models.

The objective of this work is to test different approaches to
consider water stress on GPP estimates over a dehesa ecosys-
tem using a LUE-model. GPP has been estimated with a
LUE-model using field data, Sentinel-2 images, meteorolog-
ical information and several LUE approaches: a fixed value;
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Figure 1. Study site (a), Aerial photography of the area (b), EC tower (c) and field measurements example (d).

a fixed value modified by daily weather conditions; and both
formulations with an additional coefficient to explicitly con-
sider the vegetation water stress. The results were compared
to those obtained from an EC system from July 2015 to
September 2017, analyzing the behavior of the selected ap-
proaches at different temporal scales.

2 Material and methods

2.1 Study site and eddy covariance data

The study site is a farm located in Cardeña (Córdoba, Spain)
(Fig. 1a), part of an environmental protected area. It presents
an average rainfall of 720 (±150) mm per year, cold winters,
long and dry summers and periodic severe droughts.

The EC system is installed in a gently sloped area with
uniform fetch (length in the prevailing wind direction) and
homogeneous vegetation (holm oak and pasture) (Fig. 1b
and c). The equipment is located at 18 m above ground level
in order to minimize the effect of roughness (trees present
7-8 meters of height). A limited number of available mea-
surements caused by a loss of data of the EC tower during
one month occurred in the first trimester of 2016. GPP was
estimated using Eq. (1):

GPP= NEE−Reco (1)

where NEE is the net ecosystem exchange given by the EC
and Reco is the respiration of the heterotrophic part of the
ecosystem which was calculated by a day-time based flux-
partitioning algorithm (Lasslop et al., 2010).

2.2 Application of a LUE-model

The GPP was estimated using an adaptation of Mon-
teith (1972) model (Eq. 2):

GPP= fPAR PARε (2)

where GPP (g m−2) is the gross primary production, fPAR
(dimensionless) is the fraction of photosynthetically active
radiation absorbed by the vegetation, PAR (MJ m−2) is the
photosynthetically active radiation and ε (g MJ−1) is the light
use efficiency.

2.2.1 Estimation of fPAR

Sentinel-2 images and field measurements have been com-
bined to estimate fPAR. A set of 55 Sentinel-2 cloud-free
images were selected (Fig. 2a) and the NDVI was calculated
using bands 4 (red) and 8 (NIR) (Fig. 2b) for the study pe-
riod. The resulting images were linearly interpolated pixel
by pixel to obtain a daily NDVI image with 10 m of spatial
resolution.

For the transformation NDVI to fPAR, holm oaks and the
pasture were addressed separately. For the holm oak, fPAR
was monthly monitored by measuring 15 selected trees from
the footprint area of the EC during the study period with a
LP-80 ceptometer (Fig. 1d) and computing an average from
these values that was used as constant value per month. For
the pasture, it was used a linear relationship of NDVI-fPAR
determined from satellite data in a previous study over the
same area (Gómez-Giráldez et al., 2018). The separation
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Figure 2. RGB Sentinel-2a image (7 April 2016) (a), NDVI (7 April 2016) (b) and fcover images (28 July 2017) (c).

between tree and pasture at pixel level was done assum-
ing that the spectral response of both canopies is additive
(e.g. Lu et al., 2003; Blanco et al., 2016). To differentiate the
percentage of trees and pasture in each pixel, the coverage
fraction image (fcover) was obtained using SNAP toolbox
by ESA (http://step.esa.int/main/toolboxes/snap/, last access:
25 July 2018). The Sentinel-2 image of 28 July 2017 was
used as reference (Fig. 2c). On this date, the pasture is totally
dry and the fcover corresponded only to the tree canopy and
can be considered constant.

With these premises, Eq. (3) was obtained:

fPAR= fPARoakfcover+ fPARpasture(1− fcover). (3)

Finally, to obtain a daily value representative of EC footprint
area, a daily footprint function was calculated and used to
weigh image pixels. The final data is the sum of the product
of fPAR and footprint weights.

2.2.2 Estimation of PAR

The PAR estimation is computed using daily values of solar
radiation measured with a 4-component net radiometer NR-
1 and a reducing factor of 0.48 according to Szeicz (1974),
obtained from measurements in a set of points distributed
throughout the globe.

2.2.3 Estimation of ε

A maximum value (εmax) of 0.77 was selected, based on the
results obtained by Running et al. (2000) for wooded grass-
land. Four methods were analysed:

1. Max: the use of εmax to test the need to attenuate it.

2. Meteo: it uses the attenuation proposed by Running et
al. (2000) considering the climatic variables that re-
duce the efficiency of the plant: minimum daily temper-
ature (Tmin) and the vapour pressure deficit (VPD). A
scalar minimum temperature and the scalar VPD, which
are simple linear ramp functions between 0 and 1 de-
rived from the daily values of Tmin and VPD. These lin-
ear function are obtained using threshold values, where
the minimum and maximum value for Tmin correspond
to 0 and 1 vales of scalar Tmin (increasing function) re-
spectively; and minimum and maximum value for VPD
correspond to 1 and 0 vales of scalar VPD (decreas-
ing function respectively). The threshold values used
were: −8 and 11.39 ◦C for Tmin, and 0.65 and 3.1 kPa
for VPD.

3. W : the use of an attenuation factor due to the water
stress of the ecosystem computed by Eq. (4):

W =
ET
ETr

(4)

where W (dimensionless) is the water stress coeffi-
cient multiplying εmax value; ET (mm day−1) is the
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Figure 3. Temporal profile of the GPP fluxes: (a) EC, max and meteo (b) EC, W and all.

daily evapotranspiration of the system by the method
of Bowen (1926); and ETr (mm day−1) is the reference
evapotranspiration estimated by the Hargreaves formula
(Hargreaves and Samani, 1985).

4. All: this approach consider the application of the two
previous attenuations, reducing the εmax by multiplying
both, W and the scalar VPD and Tmin.

All the meteorological data required for the calculations were
obtained from half-hour measurements of the EC system.

2.3 Study of the methods

In order to study the 4 methods at different temporal scales,
the correlation coefficient (R2) of the linear regressions, the
root mean squared error (RMSE) and the Mean Absolute Per-
centage error (MAPE) of the four methods were calculated at
different temporal scales: (i) daily data was analysed for the
entire study period; (ii) average values were computed for
each of the two hydrological years (1 October to 30 Septem-
ber) 2015/2016 and 2016/2017; (iii) data was averaged in

terms of wet (1 October to 15 May) and dry periods (15 May
to 30 September).

Finally, the accumulated values for each hydrological year
and period were obtained and compared to the measurements
of the EC.

3 Results and discussion

The values obtained for fPAR and W for the area vary be-
tween 0.2 and 0.7, and 0.03 and 1.10, respectively with av-
erage values for the study period of 0.44 and 0.38. Both
variables presented a high variability, representative of the
Mediterranean climate and vegetation. The average values
for ε along the study period were: 0.3 g MJ−1 for meteo
method, 0.29 g MJ−1 for W method and 0.14 for all method.

Figure 3 shows the temporal profile of GPP at daily scale
obtained by the EC and estimated with the four methods con-
sidered. The seasonal variation of GPP along the study period
can be appreciated, with clear differences between wet and
dry periods.
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Figure 4. Comparison of GPP measured by the EC vs. max (a), EC vs. meteo (b), EC vs. W (c) and EC vs. all (d). Blue: wet period; orange:
dry period; circle: 2015/2016; triangle: 2016/2017; black line: 1 : 1 line.

The method max (Fig. 4a) presented the weak-
est correlation (0.48) as expected, the highest error
(RMSE= 0.88g m−2; MAPE= 78 %) and a general overes-
timation. The meteo method (Fig. 4b) improved the results
which were similar to those of the W method (Fig. 4c) with
no significant biases. Finally, despite the method all (Fig. 4d)
underestimated the GPP (MAPE= 43 %), it presented the
best correlation (0.65) and lower RMSE (0.51 g m−2). The
correlation values obtained using W were lower than those
obtained previously by Gilabert et al. (2015), but this differ-
ence could be explained by the significant higher spatial res-
olution of this analysis, 10 m, compared to the aggregation at
1 km of their study.

It can be appreciated that there are very low values in sum-
mer when the photosynthetic activity is lower. The pasture
is dry and not contributing, and the stomata of the trees are
often closed. The methods W and all performed poorly in
this range of very low GPP values. The other cases (max
and meteo) did not present this effect because they overes-
timated GPP.

The results obtained for both hydrological years (Table 1)
were of similar order of magnitude.

The results obtained during the wet periods (Table 1) pre-
sented the poorest correlations. The 2016/2017 wet period
presented an analogous behaviour, in terms of correlations
and errors, compared to that obtained with the whole hy-
drological year but with lower correlation values. However,
the 2015/2016 wet period showed a similar correlation value
(around 0.4) in all methods possibly due to the gap in EC.

The results for the dry periods showed the highest corre-
lation (over 0.8 and 0.7 in 2016 and 2017 respectively) but
with higher dispersion (higher MAPE than wet period) and
the use of the water stress factor improved the results. This
difference between the periods confirms the findings of pre-
vious studies (e.g. Heinsch et al., 2006).

Finally, Table 2 presents the accumulated GPP values and
the differences in percentage with respect to the EC data.

Comparing the accumulated GPP the max method strongly
overestimated the GPP, in both dry periods (around 150 %)
and wet periods (around 50 %). All underestimated about a
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Table 1. R2, RMSE (g m−2) and MAPE (%) obtained by comparison with EC measurements for 2015/2016 and 2016/2017 in the four
methods, and over wet and dry periods.

Hydorological year

2015/2016 R2 RMSE (MAPE) 2016/2017 R2 RMSE (MAPE)

max 0.57 0.87 (76) max 0.40 0.86 (82)
meteo 0.58 0.74 (36) meteo 0.59 0.64 (45)
W 0.64 0.84 (34) W 0.62 0.60 (30)
all 0.65 0.59 (42) all 0.68 0.40 (44)

Wet period

2015/2016 R2 RMSE (MAPE) 2016/2017 R2 RMSE (MAPE)

max 0.52 1.15 (43) max 0.28 0.90 (49)
meteo 0.46 0.77 (30) meteo 0.40 0.70 (40)
W 0.47 1.10 (35) W 0.30 0.67 (29)
all 0.44 0.75 (36) all 0.44 0.43 (44)

Dry period

2016 R2 RMSE (MAPE) 2017 R2 RMSE (MAPE)

max 0.77 0.6 (149) max 0.65 0.75 (158)
meteo 0.80 0.41 (47) meteo 0.70 0.61 (48)
W 0.84 0.52 (31) W 0.73 0.53 (39)
all 0.84 0.41 (48) all 0.75 0.40 (55)

Table 2. Accumulated GPP (g m−2 day−1) for hydrological year
and wet and dry period. The percentage represents the difference
respect to EC data.

Hydrological year

2015/2016 GPP % 2016/2017 GPP %

EC 273.9 EC 238.7
max 562.2 +105.2 max 473.9 +98.5
meteo 282.4 +3.1 meteo 245.6 +2.9
W 248.4 −9.3 W 204.9 −14.2
all 147.0 −46.3 all 117.1 −50.9

Wet period

2015/2016 GPP % 2016/2017 GPP %

EC 133.6 EC 160.0
max 214.2 +60.4 max 232.2 +45.1
meteo 133.2 −0.3 meteo 142.3 -11.0
W 138.2 −3.4 W 137.4 +14.1
all 85.7 −35.8 all 82.2 −48.6

Dry period

2016 GPP % 2017 GPP %

EC 101.7 EC 72.5
max 241.3 +137.3 max 198.2 +173.4
meteo 118.6 +16.6 meteo 82.7 +14.1
W 96.7 -4.9 W 61.8 −14.8
all 57.0 −43.9 all 32.1 −55.7

45 % independently dry or wet period. Meteo attenuation re-
sults obtained for hydrological year and especially for wet
period were the most accurate (11 % or less). W attenua-
tion was the most accurate for dry periods (differences lower
than 15 %), results that agree with other studies as Dong et
al. (2015).

4 Conclusions

This study explored different approaches to estimate GPP
considering environmental factors and present a preliminary
assessment of four different methods. On a daily scale, the
combined use of a water stress index and meteorological at-
tenuation provided better GPP estimates regarding R2 and
RMSE than the other formulations, especially for the dry sea-
son. However, this method presented a bias at daily scale that
for the accumulated values resulted in a significant underes-
timation of seasonal values.

The use of a fixed value of ε presented the poorest results,
supporting the need for environmental attenuation factors, as
the approaches tested here. Meteo and W provided similar
estimates, even when the nature of the attenuation considered
was different. Further analysis of these factors is required to
propose a specific model suited to dehesa ecosystem.

Data availability. Data sets are available upon request by contact-
ing the correspondence author.
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Abstract. During the spring of 2014, 130 million m3 of water were released from the United States’ Morelos
Dam on the lower Colorado River to Mexico, allowing water to reach the Gulf of California for the first time
in 13 years. Our study assessed the effects of water transfer or ecological environmental flows from one nation
to another, using remote sensing. Spatial applications for water resource evaluation are important for binational,
integrated water resources management and planning for the Colorado River, which includes seven basin states
in the US plus two states in Mexico. Our study examined the effects of the historic binational experiment (the
Minute 319 agreement) on vegetative response along the riparian corridor. We used 250 m Moderate Resolution
Imaging Spectroradiometer (MODIS), Enhanced Vegetation Index (EVI) and 30 m Landsat 8 satellite imagery
to track evapotranspiration (ET) and the normalized difference vegetation index (NDVI). Our analysis showed
an overall increase in NDVI and evapotranspiration (ET) in the year following the 2014 pulse, which reversed a
decline in those metrics since the last major flood in 2000. NDVI and ET levels decreased in 2015, but were still
significantly higher (P < 0.001) than pre-pulse (2013) levels. Preliminary findings show that the decline in 2015
persisted into 2016 and 2017. We continue to analyse results for 2018 in comparison to short-term (2013–2018)
and long-term (2000–2018) trends. Our results support the conclusion that these environmental flows from the
US to Mexico via the Minute 319 “pulse” had a positive, but short-lived (1 year), impact on vegetation growth
in the delta.

1 Introduction

In 2012, Minute 319 to the 1944 Treaty was signed (https://
www.ibwc.gov/Treaties_Minutes/Minutes.html, last access:
6 September 2018) allowing for a pulse flow of water into the
Colorado River’s delta, in Mexico. During the spring of 2014
(23 March to 18 May), 130 million m3 of water were released
from the United States’ Morelos Dam on the lower Colorado
River to Mexico, allowing water to reach the Gulf of Cali-
fornia for the first time in 13 years. Our study assessed the
effects of water transfer via ecological environmental flows
from one nation to another, using remote sensing of vegeta-

tive response. Spatial applications for water resource evalua-
tion are important for binational, integrated water resources
management and planning for the Colorado River, which in-
cludes seven basin states in the US plus two states in Mexico.

1.1 Background

Water is a primary environmental driver of plant productiv-
ity in our region and an important metric of the efficiency of
water use is evapotranspiration (ET). As with other similar
regions of the world, ET is a key component of the hydro-
logical cycle and can indicate the resilience and resistance of
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Figure 1. Map of the Colorado River Delta showing the seven
reaches of the Riparian Corridor in Mexico.

 

 

Figure 2. Annual flow volume and precipitation at the Southern In-
ternational Boundary (SIB) and total annual ET (based on MODIS
EVI) within the riparian corridor from 2000–2016.

vegetation to drought. In undisturbed deserts, nearly all the
water arriving as precipitation can be discharged as ET, but
landcover disturbances can greatly impact the water balance.
For example, beetle infestations can lower vegetation cover,
scouring flows can clear vegetation, and fire and burn scars
can increase water use by cohorts of older trees (Bateman
et al., 2013; Nagler et al., 2013c). Understanding how intact
plant communities utilize water and how disturbance alters
water-use efficiency can help predict future ecosystem re-

silience (Shanafield et al., 2017). Even in sparse deserts, veg-
etation is often the most important factor controlling how wa-
ter is utilized or lost in ecosystems (Gee et al., 1994; Glenn et
al., 2008). Measuring plant water use or landscape-level ET
is important primarily because water retention and efficient
utilization is critical for the survival of humans, croplands,
and natural areas. The preservation of natural areas protects
water resources and the plants and animals that use those ar-
eas as habitat (Hinojosa-Huerta et al., 2013).

1.2 Research goal

Our study examined the effects of the historic binational ex-
periment (the Minute 319 agreement) on vegetative response,
greenup, and ET along the riparian corridor. The purpose of
these environmental pulse flows was to demonstrate changes
in biology and hydrology processes, but we hoped to see it
recharge groundwater and germinate new cohorts of ripar-
ian plants to restore the riparian plant communities along the
delta. Flows were designed to simulate historical (natural)
pulse-flows (i.e., prior to dams and river regulations alter-
ing the flow regime). Our goals were to: (1) estimate ET us-
ing a Moderate Resolution Imaging Spectrometer (MODIS)
Enhanced Vegetation Index (EVI)-based ET algorithm and
(2) assess the greenup response of vegetation using Landsat
8 Normalized Difference Vegetation Index (NDVI).

2 Methods

We document the changes in ET and green foliage density
attributable to the Minute 319 Pulse flow and compare them
with conditions from 2000–2013, a drought period that pre-
ceded the pulse flow (Jarchow et al., 2017b). Landsat im-
agery (30 m resolution, 16-day return time) and MODIS im-
agery (250 m resolution, daily return time) were used for the
analyses. The analyses used vegetation indices, which ra-
tio different optical bands to provide a measure of canopy
“greenness”. We used the NDVI for Landsat images while
the EVI was used for MODIS.

We used the entire MODIS EVI time-series, every 16 days
since February of 2000 to present; approximately 335
MODIS images were used in this study. We used 4–5 clear
sky summer Landsat images per year for the assessment dur-
ing the years 2013–2018. At least five Landsat scenes were
acquired during the growing season (May–October) for the
years 2013, 2014, 2015, 2016 and 2017 and NDVI was av-
eraged across the growing season. These imagery selection
choices were based on previous performance comparisons
made in riparian ecosystems (Groeneveld and Baugh, 2007;
Groeneveld et al., 2007; Nagler et al., 2013). MODIS EVI
and potential ET from the Yuma Valley AZMET station were
used to estimate ET with an algorithm previously calibrated
with eddy covariance flux tower data in riparian ecosystems
(Nagler el al., 2005a, b) and we used this ET equation which
was revised for dryland riparian and agricultural lands that
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Figure 3. MODIS EVI time series from 2000 to 2018 for the seven Reaches of the riparian corridor.
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Figure 4. (a) Landsat NDVI in the entire riparian zone, by river
Reach, from 2013–2017. (b) NDVI in the inundation zone, by river
Reach, from 2013–2017. The 2013–2015 NDVI data was derived
from Jarchow et al. (2017).

included similar areas to the Colorado River Delta in Mexico,
including those in the arid, southwestern US (Nagler et al.,
2013). The resulting algorithm capably predicted ETa across
riparian plants and crops (r2

= 0.73). Equation (1), which
has a biophysical justification based on the Beer-Lambert
Law, succeeds in unifying riparian and crop data into a single
algorithm:

ETa= ETo[1.73(1− e−2.25EVI)− 0.220] (1)

The riparian corridor was divided into seven river Reaches
from the Northern International Border (NIB) near Yuma,
AZ to the estuary (Fig. 1). Landsat NDVI (n= 4 to 5 sum-
mer season scenes/year) was compared for each of the seven
river Reaches for the wetted, inundation zone and the overall
riparian corridor.

3 Results

Monitoring of the riparian corridor was done using both
MODIS EVI at the coarser level as well as Landsat NDVI
at the finer level, and provided the greenness trends over the
long-term (nearly two decades) and conditions of the vege-
tation cover over the short-term, since the year prior to the
Minute 319 pulse flow through March 2018.

Figure 2 shows the annual flow volume and precipitation
at the Southern International Boundary (SIB) and total an-
nual ET (based on MODIS EVI within the riparian corridor)
from 2000–2016. The last large flow in the year 2000 was
approximately twice that of the Minute 319 flow.

A declining trend since the year 2000 for all the Reaches is
noted, with the exception of Reach 4 which contains a variety
and number of restoration plots, planted by field crews work-
ing to restore native vegetation habitat in the delta. Figure 3
shows MODIS EVI from 2000 to present for the riparian cor-
ridor for each of the seven Reaches. Figure 4 shows finer res-
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Figure 5. 2014 pulse flow inundation zone and the difference in NDVI from 2013 and 2014. Greener color indicates higher NDVI than in
previous year; browner color indicates lower NDVI than in previous year. Image from Jarchow et al. (2017a).

olution Landsat images in which NDVI was acquired by river
Reach. Then change maps of NDVI or “greenness” were cre-
ated. Increases in NDVI in 2014 occurred in the zone inun-
dated by the pulse flow as well as in the non-inundated outer
parts of the riparian floodplain, where groundwater supported
existing vegetation. NDVI was markedly higher in 2014 than
in 2013 for all Reaches except Reach 4, where plants were
cleared prior to the pulse flow. The overall NDVI increase
above the soil baseline value (0.0947) was 17 % and was
statistically significant (P < 0.001). NDVI decreased in each
year since 2014 with the exception of the restoration areas,
for both the riparian zone and the inundation zone (Fig. 4).
Figure 4 also shows that from 2016–2017 NDVI decreased

steadily, falling below 2013 levels in the riparian corridor.
The most intense greening in 2014 took place in the zone
of inundation but increases in NDVI also occurred outside
the zone of inundation, indicating that the pulse water was
stored as groundwater in these outside areas. Our analysis
showed an overall increase in NDVI and evapotranspiration
(ET) in the year following the 2014 pulse, which reversed a
decline in those metrics since the last major flood in 2000.
NDVI and ET levels decreased in 2015, but were still signif-
icantly higher than pre-pulse (2013) levels. Preliminary find-
ings show that this decline persisted into 2016 and 2017.

Figure 5 shows areas inundated during the pulse flow and
differences in NDVI between 2013 (pre-pulse) and 2014
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Figure 6. 2014 pulse flow inundation zone and the difference in NDVI from 2014 and 2015. Greener color indicates higher NDV than in
previous year; browner color indicates lower NDVI than in previous year.

(post-pulse), with selected enlarged portions of the riparian
corridor. A greener color indicates that NDVI was higher in
2014 than in 2013. There was extensive green-up in all areas,
except for the portion in the lower part of Reach 4 (Fig. 5c),
where extensive land-clearing took place prior to the pulse
flow. Much of the land cleared was not inundated during the
pulse flow.

Figure 6 shows areas inundated during the pulse flow and
differences in NDVI between 2014 and 2015. A greener color
indicates that NDVI was higher in 2015 than in 2014. A
browner color indicates a reduction in greenness (not nec-
essarily the result of brown vegetation) from 2014 to 2015.
Note that while some areas were greener than in the post-

pulse growing season of 2014 (Fig. 6a and c), other parts of
the riparian corridor were not as green as in the previous year
– see especially enlarged part of Reach 7 (Fig. 6e).

Figure 7 shows areas inundated during the pulse flow and
differences in NDVI between 2013 (pre-pulse) and 2015 (two
growing seasons after the pulse flow). Some areas continued
to increase in greenness from 2013 to 2015 (lower Reach 1
and Reach 7), while other areas show little change, or were
less green than under pre-pulse conditions.

Figure 8 shows areas inundated during the pulse flow and
differences in NDVI between 2015 and 2016. Note that the
overall trend was a decrease in greenness, but some local-
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Figure 7. 2014 pulse flow inundation zone and the difference in NDVI from 2013 and 2015. Greener color indicates higher NDVI than in
previous year; browner color indicates lower NDVI than in previous year.

ized areas (such as in Reach 7 and Reach 3; Fig. 8e and d,
respectively) displayed a slight increase in greenness.

Figure 9 shows areas inundated during the pulse flow
and differences in NDVI between 2016 and 2017. Note that
the overall trend was a decrease in greenness in 2017, but
the area corresponding to the inundation zone in Reach 7
(Fig. 9e) saw a slight increase in greenness.

4 Discussion

We have analyzed the effects of this historic release of water,
providing insight into the efficacy of environmental pulses as

a tool for restoring the delta’s riparian corridor, an ecosystem
heavily affected by decades of impoundments and diversions.

Landsat NDVI was averaged across the growing season
(May–October) from 2013–2017 for each river Reach and all
Reaches combined. NDVI is greatest in Reaches 1, 4 and 5,
where shallow groundwater and surface water supports vege-
tation. Reaches 2 and 3 are within the “dry Reach” where the
water table is deep and vegetation is sparse. Reach 6 is dom-
inated by the Río Hardy drainage and was largely unaffected
by the pulse flow and subsequent base flow. Reach 7 includes
the upper estuary and received surface water from the pulse
flow in 2014 and more regular flows from the. Groundwater
is shallow in Reach 7.
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Figure 8. 2014 pulse flow inundation zone and the difference in NDVI from 2015 and 2016. Greener color indicates higher NDVI than in
previous year; browner color indicates lower NDVI than in previous year.

NDVI was higher in 2014 than in 2013 for all Reaches.
The overall NDVI increase from 2013 to 2014 was 17 %
(P < 0.001). The most intense greening in 2014 took place
in the zone of inundation by the pulse flow, but increases in
NDVI also occurred outside the zone of inundation, indicat-
ing that the pulse flow likely enhanced groundwater condi-
tions in those areas as well.

The overall peak NDVI values occurred in Reach 4 in
2015, perhaps reflecting the effects of planting and vegeta-
tion growth in the Laguna Grande restoration site.

For Reaches 1, 4, 5, and all combined, NDVI decreased
steadily from 2016–2017, falling below 2013 levels. The
rapid decrease in NDVI values in Reach 1, and the 2017 drop

in the Reach 2 may be consequences of the expanding cone
of depression on the water table noted in Section 2 of this
report. By 2017, NDVI values in the Reaches 2 and 3 – the
dry Reaches- and Reaches 6 (Río Hardy) and 7 (the upper
estuary) fell to values similar to or slightly lower than those
observed in 2013. Restoration activities at the Miguel Ale-
man site appear to have been at too small a scale to sustain
overall NDVI values in Reach 2.

The Reach 4 average NDVI values did not fall as much
after 2014 as in other Reaches, perhaps as a consequence of
base flow deliveries to the two restoration sites in this Reach,
the persistent high water table in this Reach, or, most likely,
both factors.

proc-iahs.net/380/45/2018/ Proc. IAHS, 380, 45–54, 2018



52 P. L. Nagler et al.: Changes in greenness and evapotranspiration in riparian vegetation

 

Figure 9. 2014 pulse flow inundation zone and the difference in NDVI from 2016 and 2017. Greener color indicates higher NDVI than in
previous year; browner color indicates lower NDVI than in previous year.

Our results support the conclusion that these environmen-
tal flows from the US to Mexico via the Minute 319 “pulse”
had a positive, but short-lived (1 year), impact on vegeta-
tion growth in the delta. Based on preliminary findings, pulse
flows could be an effective tool for restoring the lower Col-
orado River’s riparian zone. We continue to analyze results
for 2018 in comparison to short-term (2013–2018) and long-
term (2000–2018) trends using both MODIS EVI and Land-
sat NDVI. The long-term trends are able to be assessed using
MODIS EVI time-series data, by Reach, for the riparian cor-
ridor. We are comparing this longer period to the area we
focused on between 2013 (prior to the pulse flow) and the
2014–2018 period in which 4–5 summer Landsat NDVI im-

ages were used per year to study the effect of the 2014 pulse
flow.

5 Conclusions

The Minute 319 Pulse Flow produced a 17 % increase in
NDVI throughout all seven Reaches of the riparian corridor
in 2014, compared with 2013. The most intense greening in
2014 took place in the zone of inundation, but increases in
NDVI also occurred outside the zone of inundation, indicat-
ing that the pulse flow likely enhanced groundwater condi-
tions in those areas as well. For Reaches 1, 4, 5, and all com-
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bined, NDVI and greenup steadily declined from 2015–2017,
eventually falling to or below 2013 (pre-pulse) levels.

The pulse flow and subsequent base flows did not – at the
scale of Reaches, and at 30 m satellite image resolution – pro-
duce effects on vegetation greenness in the riparian zone that
persisted to the end of the 2017 growing season. Increases
in greenness within restoration sites supplied with base flows
are not sufficient to maintain the high average, Reach-level,
NDVI values observed in the growing season after the 2014
pulse flow. The restoration sites may be too small to have a
strong effect on Reach-level averages.

Although NDVI was highest in 2014 after the pulse flow,
the magnitude is not what was achieved in previous flood
years and it did not persist after 2014. A series of releases
and active restoration projects will contribute to helping to
rebuild the vegetation community to its former status. Since
floods in these Reaches are rare, the bulk of riparian ET ap-
pears to be supported by existing underflows of water from
the US (Glenn et al., 2001; Nagler et al., 2008). A pulse flow
can be expected to have benefits in riparian corridor in the
release year, after which it will flow into the subterranean es-
tuary, where it may also perform ecosystem services. Active
restoration projects can help make maximum use of environ-
mental flows. These can include existing activities in Reach
4 to restore cottonwood habitat, but could be expanded to in-
clude mesquites (Prosopis spp.) in Reaches 2 and 3, where
depth to groundwater is too deep for cottonwoods and wil-
lows, but the groundwater is low salinity and could support
mesquites.
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Abstract. The increasing frequency of drought events has expanded the research interest in drought monitoring.
In this regard, remote sensing is a useful tool to globally mapping the agricultural drought. While this type
of drought is directly linked to the availability of root zone soil moisture (RZSM) for plants growth, current
satellite soil moisture observations only characterize the water content of the surface soil layer (0–5 cm). In this
study, two soil moisture-based agricultural drought indices were obtained at a weekly rate from June 2010 to
December 2016, using RZSM estimations at 1 km from the Soil Moisture and Ocean Salinity (SMOS) satellite,
instead of surface soil moisture (SSM). The RZSM was estimated by applying the Soil Water Index (SWI)
model to the SMOS SSM. The Soil Moisture Agricultural Drought Index (SMADI) and the Soil Water Deficit
Index (SWDI) were assessed over the Castilla y León region (Spain) at 1 km spatial resolution. They were
compared with the Atmospheric Water Deficit (AWD) and the Crop Moisture Index (CMI), both computed at
different weather stations distributed over the study area. The level of agreement was analyzed through statistical
correlation. Results showed that the use of RZSM does not influence the characterization of drought, both for
SMADI and SWDI.

1 Introduction

In the last years, drought has been one of the natural disasters
with the worst impact in the agricultural regions worldwide
(FAO, 2018). Traditional drought indices, such as the Palmer
Drought Severity Index, PDSI (Palmer, 1965), the Standard-
ized Precipitation Index, SPI (McKee et al., 1993) or the At-
mospheric Water Deficit, AWD (Purcell et al., 2003), utilize
meteorological variables as drought indicators. However, the
agricultural drought begins when the available soil moisture
drops below a critical threshold, which can cause crop stress
and adversely affect yields (Panu and Sharma, 2002; Mishra
and Singh, 2010). Then, the soil moisture can be considered
as the key variable of this type of drought.

The most used agricultural drought index is the Crop
Moisture Index, CMI (Palmer, 1968). It is usually computed
alongside the PDSI from evapotranspiration (ET0) deficit and
moisture excess, using climate-based data. Furthermore, sev-
eral soil moisture-based agricultural drought indices are be-
ing developed, as the Soil Moisture Deficit Index, SMDI

(Narasimhan and Srinivasan, 2005), the Soil Water Deficit
Index, SWDI (Martínez-Fernández et al., 2015) and the Soil
Moisture Agricultural Drought Index, SMADI (Sánchez et
al., 2016), among others.

Nowadays, there are two missions specifically dedicated
to global measuring soil moisture. The first is the Soil Mois-
ture and Ocean Salinity (SMOS), launched in 2009 by the
European Space Agency, ESA (Kerr et al., 2016). SMOS
L2 surface soil moisture at 15 km is operationally distributed
by ESA. In addition, a downscaled SMOS L4 surface soil
moisture at 1 km is provided by the Barcelona Expert Cen-
tre (BEC). The second satellite is the Soil Moisture Active
Passive (SMAP) of the National Aeronautics and Space Ad-
ministration (NASA), in orbit since 2015 (Chan et al, 2016).
SMAP L2 surface soil moisture maps at 36 and 9 km are dis-
seminated by NASA. These remotely sensed soil moisture
observations are only capable of measuring the surface soil
moisture (SSM) of the top soil layer (approx. 0–5 cm). Mean-
while, the roots of common crops are enclosed at deeper soil
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layers, around 0–1 m depth (Allen et al., 1998), where the
root zone soil moisture (RZSM) is defined.

The RZSM can be estimated using hydrological or land
surface models. Commonly, these models are complex, re-
quiring a high computational processing cost and many in-
put variables as well as data assimilation techniques (Muñoz-
Sabater et al., 2007; Das et al., 2010; Dumedah et al., 2015).
There are two operational RZSM products based on SMOS
and SMAP, the SMOS L4 RZSM at 25 km provided by
the Centre d’Etudes Spatiales de la Biosphere, CESBIO (Al
Bitar et al., 2013) and the SMAP L4 RZSM at 9 km, pro-
vided by the National Snow and Ice Data Center Distributed
Active Archive Center, NSIDC DAAC (Reichle et al., 2017).
An alternative to these hydrological models is the Soil Water
Index, SWI (Wagner et al., 1999; Albergel et al., 2008). The
SWI model is an exponential filter that is easy to apply for
estimating the RZSM.

Since the soil profile behaves as a filter between incom-
ing water and processes that remove it from the hydrological
system (Entekhabi et al., 1996), the SSM can be highly af-
fected by anomalous temperature or precipitation events of a
particular day. Under these circumstances, the SSM may re-
flect inaccurate soil water conditions, whereas the RZSM ac-
tually indicates the available water storage for plants growth.
Therefore, the RZSM is expected to be more appropriate than
the SSM for the agricultural drought monitoring. Nonethe-
less, a limited number of drought indices have been cal-
culated using in situ RZSM (Hunt et al., 2009; Martínez-
Fernández et al., 2015), but few drought studies were found
using the RZSM estimated from satellite SSM observations
(Tobin et al., 2017).

This work aimed to assess the impact of the remotely
sensed RZSM in two soil moisture-based agricultural
drought indices, the SMADI and the SWDI, instead of us-
ing SSM. Both SMADI and SWDI indices were weekly es-
timated from June 2010 to December 2016 over the agricul-
tural areas of the Castilla y León region, Spain. To assess the
behavior of the indices, they were compared through statisti-
cal correlation with AWD and CMI, both obtained from me-
teorological data acquired at different weather stations dis-
tributed over the study area.

2 Study area

This research was developed in the Castilla y León re-
gion, located at the northwest of Spain (39.85–43.35◦ N;
7.35–1.65◦W), as study area. This region is mainly char-
acterized by a large plain surrounded by mountains to the
North, South and East. The extension of the plain is approxi-
mately 65 000 km2 and has a mean altitude of 800 m. Its cli-
mate is continental semi-arid Mediterranean with a mean an-
nual temperature of 11.8 ◦C. The Castilla y León region suf-
fers of scarcity of water, with an average annual precipitation
of 450 mm (González-Zamora et al., 2015). Despite this, it is

Figure 1. Digital elevation model (DEM) map of the Castilla y
León region showing the location of the REMEDHUS, Inforiego
and AEMet stations.

one of the largest agricultural areas of the European Union,
chiefly dedicated to rainfed agriculture. In this region, crop-
lands are usually located in areas with an elevation lower than
1100 m, while areas at higher altitudes are mainly covered by
forest-pasture. The main crop types are cereals (73.5 %), in-
dustrial crops (13 %), forages (8 %), and legumes, tubers and
vegetables (5.5 %) (Pablos et al., 2017).

3 Data

3.1 In situ data

Three climatic networks were used in this study (Fig. 1).
The first is the Soil Moisture Measurement Stations Network
of the University of Salamanca, REMEDHUS (González-
Zamora et al., 2015). Several weather stations are also in-
stalled in REMEDHUS, from which the Villamor station was
selected. The second is Inforiego, an agro-meteorological
network from the Agriculture Technological Institute of
Castilla y León (ITACyL) that is dedicated to irrigation
assessment. The third one is the Spanish Meteorologi-
cal Agency (AEMet) network, which provided long-term
weather data.

Daily data (precipitation, air temperature, relative humid-
ity, solar radiation and wind speed) measured by the 22 agro-
meteorological stations of the Inforiego network and the Vil-
lamor station, were used from June 2010 to December 2016.
Similarly, historical records from 1985 to 2016 of daily air
temperature and precipitation acquired by six stations of the
AEMet network were utilized.

As other ancillary data, the digital elevation model (DEM)
provided by the ITACYL at 25 m of spatial resolution was
used for discriminating the agricultural areas of the study re-
gion.

The surface soil database of the Duero basin from the ITA-
CyL was also employed. It contains approximately ten thou-
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sand samples with information of soil texture and organic
matter (OM) contents.

3.2 SMOS-BEC L4 SSM

The cloud free SMOS-BEC L4 SSM v.3 product at 1 km
over the Iberian Peninsula was used from June 2010 to De-
cember 2016. These SSM maps are obtained from the com-
bination of daily SMOS brightness temperature and SSM
(L1C and L2, both v.620), 16-day Terra Moderate Resolution
Imaging Spectroradiometer (MODIS) Normalized Differ-
ence Vegetation Index, NDVI (MOD13A2 v.5) and European
Centre for Medium-Range Weather Forecasts (ECMWF)
land surface temperature (LST) in a downscaling algorithm
(Portal et al., 2017). The downscaling is separately applied
for ascending and descending SMOS orbits (06:00 and 18:00
local time, respectively).

3.3 SMOS-CESBIO L4 RZSM

The global SMOS-CESBIO L4 RZSM v.300 at a 25 km
Equal Area Scalable Earth (EASE)-2 grid was employed.
The RZSM maps are obtained through a double soil layer
(0–40 and 40–100 cm) hydrological model (Al Bitar et al.,
2013). This model is daily applied for ascending and de-
scending orbits, but it is driven by a 3 day average of the
SMOS-CESBIO L3 SSM and ancillary datasets, such as the
MODIS NDVI and climatic data.

3.4 SMAP L4 SSM and RZSM

The global SMAP L4 SSM and RZSM v.3 geophysical data
maps at a 9 km EASE-2 grid were used from 31 March 2015
to December 2016. Both variables (SSM and RZSM) have
a temporal resolution of 3 h and are included in the same
product. The SSM and RZSM are obtained by means of the
NASA Catchment land surface model. This model is driven
by the daily SMAP brightness temperature, previously in-
terpolated to 9 km, together with observation-based surface
meteorological data forcing, including precipitation (Reichle
et al, 2017).

3.5 MODIS reflectance and LST

The day time Aqua MODIS LST at 1 km (MYD11A1 v.6)
and surface reflectance (SR) at 500 m (MYD09GA v.6) in red
(∼ 660 nm) and near infrared bands (∼ 860 nm), provided
by the U.S. Land Processes Distributed Active Archive Cen-
ter (LP DAAC, https://lpdaac.usgs.gov, last access: 7 August
2018), were used from June 2010 to December 2016. The
SR data were employed to calculate the NDVI. Both LST
and SR are projected to a tile-based sinusoidal grid. The four
tiles covering the study area (h17v04, h17v05, h18v04 and
h18v05) were selected.

4 Methods

4.1 Data pre-processing

The agricultural drought indices were only computed at the
agricultural areas of the Castilla y León region. These areas
were delimited by an elevation criterion and soils with OM
content higher than 4 % were also discarded, because usu-
ally these conditions are out of the agricultural domain under
Mediterranean conditions. To do so, the DEM was interpo-
lated from the 25 m grid to a regular 1 km grid to match the
final resolution that was used in this work (Fig. 1). Then, all
input data were clipped with a mask, keeping data in areas
with altitudes lower than 1100 m and discarding the rest.

Regarding the soil database from the ITACyL, surface
samples over forested areas, defined as those with OM con-
tents higher than 4 %, were discarded. The remaining sam-
ples were interpolated to the same 1 km grid used for the in-
dices to obtain four maps (sand, clay, silt and OM).

The SMOS-BEC L4 SSM maps were firstly resampled to
the regular 1 km grid. For each day, the ascending and de-
scending maps were averaged. The resulting daily maps were
weekly averaged, because the weekly temporal rate fits better
with the agricultural management schedule.

In MODIS data, the 4 tiles with the LST and SR maps
were mosaicked and clipped to select the study area. Later,
the resulting maps were resampled, at their native spatial res-
olutions (LST at 1 km and SR at 500 m) from the sinusoidal
grid to a regular one. The daily SR maps were masked out
using the cloud and snow/ice flags, and filtered at the highest
quality. The daily NDVI maps at 500 were computed from
the SR, using both bands. The NDVI maps at 500 m were
then aggregated to the same grid of the LST. Finally, the daily
LST and NDVI maps at 1 km were also weekly averaged.

4.2 Estimation of root zone soil moisture

In order to estimate a remotely sensed RZSM, the SWI model
(Wagner et al., 1999) was used. The SWI was applied for
each day i following a recursive formulation (Albergel et al.,
2008):

SWIi = SWIi−1+Ki(SSMi −SWIi−1), (1)

where SSMi is the SMOS-BEC L4 SSM at 1 km for the day
i, SWIi−1 is the SWI (i.e. the RZSM estimation) of the pre-
vious day i− 1, and Ki corresponds to the gain of the day i,
which is derived by (Albergel et al., 2008):

Ki =
Ki−1

Ki−1+ e
−

(
ti−ti−1

T

) , (2)

where Ki−1 denotes the gain of previous day i−1, ti and ti−1
are the times of current day i and previous day i− 1, respec-
tively, and the T parameter stands for a given characteristic
time length. The SWI was initialized using SWI1 = SSM1
and K1 = 1.
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The T parameter represents the rate of water transfer of
each soil type (Ceballos et al., 2005; Albergel et al., 2008;
González-Zamora et al., 2016). The optimal T values were
obtained by comparing the SMAP L4 SSM and RZSM.
Firstly, the 3 h SSM and RZSM maps were daily averaged.
For each pixel, the daily SMAP SSM time series was intro-
duced in the SWI expression with different T values varying
from 1 to 100 days, obtaining 100 different possible SWI
time series. Then, all the 100 SWI time series were com-
pared to the daily SMAP RZSM time series. The optimal T

was that obtaining the highest correlation during this compar-
ison (Ford et al., 2014; González-Zamora et al., 2016). The
resulting T map at 9 km EASE-2 grid was interpolated to a
regular 1 km grid. Hence, this optimal T together with the
daily SMOS-BEC L4 SSM, both at 1 km, were used as in-
puts of the SWI. Finally, the derived daily SMOS SWI maps
were also weekly averaged.

4.3 Estimation of drought indices

4.3.1 Atmospheric Water Deficit (AWD)

The AWD was previously estimated as the difference of
evapotranspiration minus precipitation (Purcell et al, 2003).
In this study, the weekly AWD was reversely calculated by
applying a 7-day running sum separately to both input vari-
ables, as in Torres et al. (2013):

AWDn = Pn−ET0n , (3)

where Pn is the accumulated precipitation and ET0n stands
for the accumulated evapotranspiration of each week n.

The daily precipitation was measured at the 22 Inforiego
stations and at Villamor. The daily evapotranspiration was
estimated by the Penman-Monteith method of the Food and
Agriculture Organization of the United Nations, FAO (Allen
et al., 1998).

4.3.2 Crop Moisture Index (CMI)

The self-calibrating PDSI tool (Wells, 2003) was employed
to compute the weekly CMI (Palmer et al., 1968). The re-
quired inputs were: (i) the monthly (weekly) averaged air
temperature, (ii) the monthly (weekly) accumulated precip-
itation, (iii) the monthly (weekly) averaged air temperature
along the study period and (iv) the total available water
(TAW) content. In this research, the CMI was calculated us-
ing the daily air temperature and precipitation measured in
the six AEMet stations of the Castilla y León region from
1985 to 2016.

The TAW at the root zone was computed as (Allen et al.,
1998):

TAW= 1000Zr(FC-WP), (4)

where Zr denotes the root depth, and FC and WP are the
soil water contents at field capacity and wilting point, respec-
tively.

A root depth of 1 m was considered, as in Pablos et
al. (2017). The FC and WP were derived by applying the pe-
dotransfer functions (PTFs) from Rawls et al. (1982) to the
surface soil data from the sand, clay and OM content of the
pixels at 1 km overlapping the AEMet stations.

4.3.3 Soil Moisture Agricultural Drought Index (SMADI)

The Soil Moisture Condition Index (SMCI), the Modified
Temperature Condition Index (MTCI) and the Vegetation
Condition Index (VCI) were needed for the SMADI calcu-
lation. Both MTCI and VCI were weekly computed as in
Sánchez et al. (2016, 2017, 2018):

SMCIn =
SMmax−SMn

SMmax−SMmin
, (5)

MTCIn =
LSTn−LSTmin

LSTmax−LSTmin
, (6)

VCIn =
NDVIn−NDVImin

NDVImax−NDVImin
, (7)

where SMn is the soil moisture, LSTn is the MODIS LST and
NDVIn stands for the MODIS NDVI, all the three variables
at 1 km for the current week n. The subscripts max and min
correspond to the maximum and minimum weekly values of
LST or NDVI for the study period, respectively.

The weekly SMADI was calculated using the aforemen-
tioned condition indices (Sánchez et al, 2016, 2017, 2018):

SMADIn = SMCIn
MTCIn
VCIn+2

, (8)

where SMCIn and MTCIn are the SMCI and MTCI of the
present week n, respectively, and VCIn+2 corresponds to the
VCI of 2 weeks after. This period of 2 weeks was selected for
the time adjustment of the VCI, because it provided the best
correlation values when comparing with the other drought
indices (Sánchez et al., 2016).

Two versions of the weekly SMCI were computed in this
study depending on the soil moisture term (either the SMOS-
BEC L4 SSM or the SMOS-derived SWI). Accordingly, two
versions of SMADI were weekly computed (SMADISSM and
SMADISWI, respectively).

4.3.4 Soil Water Deficit Index (SWDI)

The weekly SWDI was computed following Martínez-
Fernández et al. (2015, 2016):

SWDIn = 10
(

SMn−FC
AWC

)
, (9)

where the SMn is the soil moisture of the present week n, FC
is the water content at field capacity and AWC corresponds
to the available water content for plants growth, which was
calculated as the difference between FC and WP.
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As for SMADI, two different versions of SWDI were cal-
culated (SWDISSM and SWDISWI). The first version used
the SMOS-BEC L4 SSM and surface soil water parame-
ters. The FC and WP at the surface were computed as equal
as in the CMI. The second version employed the SMOS-
derived SWI and root zone soil water parameters. The FC
and WP at the root zone were estimated through the per-
centiles method (Martínez-Fernández et al., 2015), which
was applied to the current SMOS-CESBIO L4 RZSM prod-
uct at 25 km. For that, the ascending and descending SMOS-
CESBIO L4 RZSM were daily averaged. The 95th and 5th
percentiles maps were computed. Then, they were interpo-
lated from 25 km to the regular 1 km grid.

4.4 Comparison strategy

The two versions of SMADI and SWDI were processed
and four datasets of weekly maps (SMADISSM, SMADISWI,
SWDISSM and SWDISWI) were estimated over the agricul-
tural areas of the Castilla y León region. The four time series
of the pixels at 1 km covering the in situ stations were ex-
tracted. They were compared with the AWD time series at
the Inforiego and Villamor stations, and the CMI time series
at the AEMet stations. Since there is not a precise and univer-
sal definition of the drought concept, the AWD and CMI can-
not be assumed as absolute “ground-truth”, but a benchmark
of drought conditions computed from independent ground-
based data. In addition, these meteorological-based datasets
have been a good proxy for the assessment of agricultural
drought in previous research (Martínez-Fernández et al.,
2015, 2016; Pablos et al., 2017; Paredes-Trejo and Barbosa,
2017; Sánchez et al., 2016, 2017, 2018). The level of agree-
ment between the time series was analyzed by means of the
Pearson’s correlation coefficient (R). To assess a possible
mismatch of time between drought indices, the SMADISWI
and SWDISWI were also compared with AWD and CMI of
the same week and with those of 1, 2 and 3 antecedent weeks.

5 Results and discussion

5.1 Comparison with AWD

The weekly evolution of the AWD, SMADISWI and
SWDISWI time series showed very similar seasonal cycles
(Fig. 2), alternating dry periods during summer and wet
periods during winter. Furthermore, the three agricultural
drought indices adequately captured the vegetation growing
season of the study area. Since SMADI defines drought with
an opposite sign than AWD, CMI and SWDI (Sánchez et
al, 2016, 2017, 2018), its vertical axis was plotted increas-
ing downward and its drought threshold (SMADI= 1) was
aligned to the zero of the other indices.

There was a certain delay between the SMADISWI varia-
tions with respect to the AWD variations, especially at the
onset of the drought events (Fig. 2a). The quicker response

of AWD is consistent with the nature of this drought in-
dex, directly linked to processes that occur at the surface-
atmosphere layer. This delay was also observed in a previous
study, where SMADI was estimated from the SMOS SSM
(Pablos et al., 2017). In that case, the delay of SMADI was
related to the time lag between the occurrence of drought and
the NDVI changes (Ji and Peters, 2003; Wang et al., 2001).

A similar delay was also evident between the AWD and
SWDISWI, not only at the drought beginning but also at the
endings (Fig. 2b). This is intrinsically related to the use of
the SWI, because the SSM changes are faster than the water
changes of deeper soil layers. The different dynamics of the
processes that occur at the atmosphere and the soil systems
produced around a one-week lag of the soil moisture varia-
tions under meteorological drought conditions (Changnon,
1987). The delay of SWDI was also observed when the
SWDI was computed using the in situ RZSM (Martínez-
Fernández et al., 2015), but it was not detected when using
the SMOS SSM (Martínez-Fernández et al., 2016; Pablos et
al., 2017; Paredes-Trejo and Barbosa, 2017). Similar results
were obtained at the other Inforiego stations of this work and
Villamor (not shown).

The correlations obtained from the comparison of
SMADISSM, SMADISWI, SWDISSM and SWDISWI with
AWD (Fig. 3) showed values that were in line with the re-
sults of Fig. 2. As expected, negative correlations were ob-
tained when comparing SMADI and AWD. In both SSM-
derived indices, strong correlations were obtained from the
comparison with AWD of the same week (R ≈−0.59 for
SMADISSM and R ≈ 0.77 for SWDISSM, in median). These
results were similar to those obtained in several previ-
ous studies (Martínez-Fernández et al., 2016; Pablos et al.,
2017; Paredes-Trejo and Barbosa, 2017). By contrast, the
correlations between the SWI-derived indices with AWD
of the same week became slightly weaker for SMADISWI
(R ≈−0.55, in median, Fig. 3a) and noteworthy weaker for
SWDISWI (R ≈ 0.60, in median, Fig. 3b).

In both indices, the comparison against the AWD com-
puted 1, 2 or 3 weeks before performed slightly stronger
correlations for SMADISWI(R ≈−0.61, −0.63 and −0.62,
respectively, in median) and considerably higher correlations
for SWDISWI (R ≈ 0.72, 0.71 and 0.71, respectively, in me-
dian) than when no time lag was taken into account. A lag
of 2–3 weeks of the vegetation response to precipitation was
already detected by Zhang et al. (2013).

In general, considering the 25th and 50th percentiles of
the boxplots, a delay duration of two weeks obtained the
best correlations for both indices. This time lag approxi-
mately agrees with the median value of the optimal T over
the study area (13 days). Therefore, the SSM-derived indices
performed similar degree of agreement with AWD of the
same week than that of the SWI-derived indices with AWD
of 2 antecedent weeks.
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Figure 2. Time series of the weekly AWD and SMADISWI (a), and
SWDISWI (b) at the VA01 station of Inforiego, as an example. Since
SMADI= 1 and AWD= 0 are the threshold for drought (Pablos et
al., 2017), both values coincide in the y-axis. In addition, note that
the y-axis of SMADI is oriented downward.

Figure 3. Correlation (R) of the SMADI (a) and the SWDI (b)
obtained using the SMOS SSM and SWI, with the AWD of the same
week and 1, 2 or 3 antecedent weeks at the 22 Inforiego stations and
Villamor. All values were significant (p-value < 0.05).

Figure 4. Time series of the weekly CMI and SMADISWI (a), and
SMDISWI (b) at the Soria station of the AEMet, as an example.
Since SMADI= 1 and CMI= 0 are the threshold for drought (Pab-
los et al., 2017), both values coincide in the y-axis. In addition, note
that the y-axis of SMADI is oriented downward.

5.2 Comparison with CMI

The weekly CMI, SMADISWI and SWDISWI time series
at one AEMet station displayed similar seasonal periods
(Fig. 4) than AWD in Fig. 2. Note that SMADI was also plot-
ted with its vertical axis increasing downward. However, no
delay was observed between the CMI and the SMADISWI
variations, showing a good correspondence in time (Fig. 4a),
as previously found (Pablos et al., 2017; Sánchez et al., 2016,
2018). This could be due to the fact that CMI takes into ac-
count the effective soil rooting depth and the soil character-
istics, instead of using only climatic data like AWD.

In the case of SWDISWI, there were not conclusive results
about the existence of a delay in the comparison with CMI
(Fig. 4b). As in the case of AWD, previous research showed
a time lag between SWDI and CMI when using the in situ
RZSM (Martínez-Fernández et al., 2015), but no delay was
found when the SMOS SSM was utilized instead (Martínez-
Fernández et al., 2016; Pablos et al., 2017). Similar results
were obtained at the other AEMet stations of this work (not
shown).

The correlation coefficients obtained from the comparison
of SMADISSM, SMADISWI, SWDISWI and SWDISWI with
CMI (Fig. 5) displayed similar results to those discussed in
Fig. 4. As in the case of AWD, negative correlation coeffi-
cients were obtained between SMADI and CMI, in agree-
ment with their definitions. Both SMOS SSM-derived and
SWI-derived SMADI had very similar correlations in the
comparison with CMI of the same week (both R ≈−0.59,
in median, Fig. 5a). These correlation values decreased in
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Figure 5. Correlation (R) of the SMADI (a) and SWDI (b) obtained
using the SMOS SSM and SWI, with the CMI of the same week
and 1, 2 or 3 antecedent weeks at the six AEMet stations. Only
significant values (p-value < 0.05) were considered.

the comparison with CMI of 1, 2, or 3 antecedent weeks
(R ≈−0.54, −0.44 and −0.36, respectively, in median).
This confirms that SMADI and CMI cycles are synchronized,
as observed in Fig. 4a.

When analyzing the correlations of CMI with SWDI
(Fig. 5b), the use of the SMOS SWI slightly made decrease
the correlation coefficients with respect the use of SSM
(R ≈ 0.68 for SWDISSM and R ≈ 0.64 for SWDISWI, in me-
dian). In addition, the correlations between SWDISWI and
CMI of the antecedent 1, 2 or 3 weeks displayed similar or
lower values than when no delay was considered (R ≈ 0.66,
0.60 and 0.30, in median). This result suggests that there is
not lag of time between CMI and SWDISWI or, if any, the
possible duration would be around one week. Nevertheless,
further research is needed to assess this issue as well as to
evaluate the results with AWD and CMI in other regions with
different environmental conditions. During the comparison
with CMI, the level of agreement of the SWI-derived indices
was similar to that of the SSM-based indices.

Table 1. Correlation (R) between SMADISSM and SWDISSM, and
between SMADISWI and SWDISWI. All values were significant (p-
value < 0.05). The number of weeks with available data (N ) is also
included.

Stations
SMADISSM vs SMADISWI vs N

SWDISSM SWDISWI (weeks)

AV01 −0.74 −0.80 294
BU03 −0.77 −0.79 286
BU04 −0.75 −0.82 270
BU05 −0.74 −0.80 288
LE03 −0.69 −0.68 303
LE04 −0.28 −0.22 303
LE08 −0.70 −0.74 300
P02 −0.70 −0.77 290
P04 −0.57 −0.65 298
P06 −0.68 −0.74 289
SA101 −0.48 −0.49 272
SA102 −0.49 −0.49 305
SG02 −0.65 −0.71 278
SO02 −0.78 −0.85 288
VA01 −0.74 −0.79 303
VA02 −0.59 −0.69 278
VA05 −0.65 −0.74 274
VA06 −0.63 −0.68 294
VA08 −0.82 −0.87 302
VA101 −0.70 −0.76 290
ZA02 −0.70 −0.68 291
ZA05 −0.65 −0.68 280
VILLAMOR −0.72 −0.80 276
BURGOS −0.66 −0.72 239
LEÓN −0.68 −0.71 303
SALAMANCA −0.71 −0.75 291
SORIA −0.76 −0.84 270
VALLADOLID −0.36 −0.41 287
ZAMORA −0.81 −0.84 287

5.3 Comparison of SMADI with SWDI

The correlation analysis between SMADI and SWDI clearly
showed a high agreement (Table 1), both with SMOS
SSM (R ≈−0.28 to −0.82; −0.70 in median) and SWI
(R ≈−0.22 to −0.85; −0.74 in median). Additionally, the
correlation differences between the SSM and SWI-derived
indices were very low (1R ≈ 0 to 0.10, in absolute value)
to be significant. Thus, the results of both approaches were
comparable, as previously observed in the assessment with
AWD and CMI. Notwithstanding, in a detailed analysis of
the correlation coefficients, 24 out of the total 29 stations
obtained stronger correlations in the SWI approach. This
suggests a certain trend toward a correlation improvement
when the RZSM estimation was used. The high number of
weeks with available data (N ≈ 239 to 305 weeks) of a total
342 weeks ensures that the values were robustly computed,
as in the previous comparisons with AWD and CMI. How-
ever, no conclusions should be inferred from these results
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because they may hide self-adjustments or other artifacts be-
hind this direct comparison.

6 Conclusions

Since the launch of recent satellite missions dedicated to soil
moisture, new applications have been emerged using it as a
key agricultural and hydrological variable. Among them, the
number of drought approaches is increasing and the results
improving. As a great leap forward, several research tries to
overcome the drawback of using the soil moisture at surface
level derived from remote measurements. With the same aim,
two agricultural drought indices, SMADI and SWDI, were
applied using remotely sensed soil moisture both at the sur-
face layer (directly retrieved from the sensor observations)
and at the root zone (estimated by applying the SWI model
to the SSM). The results showed that the use of the RZSM
estimation does not influence the characterization of drought
through SMADI and SWDI, both in comparison with a me-
teorological drought index (AWD) and an agricultural one
(CMI).

Both SMADI and SWDI showed a similar capability for
agricultural drought monitoring, and it was highlighted that
a certain time lag should be computed between the at-surface
variables (SSM, precipitation) and the RZSM, due to the dif-
ferent response time of the associated processes. This lag is
consistent with the SWI model, which takes into account the
time lapse of the water transfer from the surface to the deeper
soil layers.

The use of RZSM estimations from remote sensing offers
a new opportunity for drought monitoring and, in a broadly
sense, for many agricultural management applications.

Data availability. The data of the Villamor station are avail-
able upon request. The data of Inforiego are freely accessible
(http://www.inforiego.org, ITACyL, 2018a). The data of AEMet
are also accessible for free (http://www.aemet.es, AEMet,
2018). The digital elevation model (DEM) of the study area
was provided by the ITACyL, as well as the surface soil
database (http://suelos.itacyl.es, ITACyL, 2018b). The authors
especially thank Gerard Portal and Mercè Vall-llossera from
the Technical University of Catalonia (UPC) and the BEC
(http://bec.icm.csic.es/land-datasets, BEC, 2018) for provid-
ing the new cloud-free SMOS-BEC L4 SSM v.3 product. The
SMOS-CESBIO L4 RZSM was generated by the CESBIO
and disseminated by the CATDS (http://www.catds.fr/Products/
Available-products-from-CEC-SM/L4-Land-research-products,
CESBIO and CATDS, 2018). An updated version of the SMAP
L4 SSM and RZSM variables are accessible at the NSIDC DAAC
(https://nsidc.org/data/SPL4SMGP/versions/4, NSIDC DACC,
2018). The Aqua MODIS LST and surface reflectance were
provided by the NASA Land Processes Distributed Active Archive
Center (https://lpdaac.usgs.gov, LP DAAC, 2018).

Proc. IAHS, 380, 55–66, 2018 proc-iahs.net/380/55/2018/

http://www.inforiego.org
http://www.aemet.es
http://suelos.itacyl.es
http://bec.icm.csic.es/land-datasets
http://www.catds.fr/Products/Available-products-from-CEC-SM/L4-Land-research-products
http://www.catds.fr/Products/Available-products-from-CEC-SM/L4-Land-research-products
https://nsidc.org/data/SPL4SMGP/versions/4
https://lpdaac.usgs.gov


M. Pablos et al.: Assessment of SMADI and SWDI agricultural drought indices 63

Appendix A: Acronyms

For easy reading of this research, all the acronyms were al-
phabetically summarized in the following list:

AEMet: Spanish Meteorological Agency

AWD: Available Water Content

AWD: Atmospheric Water Deficit

BEC: Barcelona Expert Centre

CESBIO: Centre d’Etudes Spatiales de la Biosphere

CMI: Crop Moisture Index

DEM: Digital Elevation Model

EASE: Equal Area Scalable Earth

ECMWF: European Centre for Medium-Range Weather
Forecasts

ESA: European Space Agency

FC: Field Capacity

ITACyL: Agriculture Technological Institute of Castilla y
León

LP DAAC: Land Processes Distributed Active Archive
Center

LST: Land Surface Temperature

MODIS: Moderate Resolution Imaging Spectroradiometer

MTCI: Modified Temperature Condition Index

NASA: National Aeronautics and Space Administration

NDVI: Normalized Difference Vegetation Index

NSIDC DAAC: National Snow and Ice Data Center Dis-
tributed Active Archive Center

PDSI: Palmer Drought Severity Index

PTF: Pedotransfer Function

REMEDHUS: Soil Moisture Measurements Station Network
of the University of Salamanca

RZSM: Root Zone Soil Moisture

SMADI: Soil Moisture Agricultural Drought Index

SMAP: Soil Moisture Active Passive

SMCI: Soil Moisture Condition Index

SMDI: Soil Moisture Deficit Index

SMOS: Soil Moisture and Ocean Salinity

SPI: Standardized Precipitation Index

SSM: Surface Soil Moisture

SWDI: Soil Water Deficit Index

SWI: Soil Water Index

TAW: Total Available Water

VCI: Vegetation Condition Index

WP: Wilting Point
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Abstract. Remote sensing is the only feasible data source for distributed modelling of snow in mountain re-
gions on medium to large scales, due to the limited access to these areas together with the lack of dense ground
monitoring stations for snow variables. Observations worldwide identify snow cover persistence together with
snowfall occurrence as the most affected variables by global warming. In Mediterranean regions, the spatiotem-
poral evolution of the snow cover can experiment quick changes that result in different accumulation-ablation
cycles during the cold season. High frequency sensors are required to adequately monitor such shifts; however,
for trend analyses, the Landsat time series constitute the only available source of data, being their frequency low
for this regime, especially when cloudy conditions limit the available images. On the other hand, the MODIS
daily series provide more than 15 years of continuous snow maps, despite the spatial resolution may pose a con-
straint in areas with abrupt topography; several approaches have been done to improve their spatial resolution
from combining different information. This work presents a methodological approach to validate the improved
MODIS daily snow cover maps from Notarnicola et al. (2013a, b), with 250 m spatial resolution, in Sierra
Nevada (southern Spain), from a reference data set obtained by spectral mixture analyses of Landsat TM data by
Pimentel et al. (2017b). This reference time series of fractional snow maps, with 30 m spatial resolution, were
validated from high resolution local time series of snow maps obtained by terrestrial time-lapse cameras. The re-
sults show a significantly high correlation between the two snow map products both on a global and basin scales
in the Sierra Nevada area. Selected areas and time periods are shown to address the convergence and divergence
between both products and assess the development of a fusion algorithm to retrieve daily Landsat-resolution
snow maps on a long term basis.

1 Introduction

Remote sensing techniques constitute the best source to pro-
vide distributed information about the snowpack evolution
on medium to long time scales, complementing the tradi-
tional in situ field surveys and automatic ground measure-
ments. Snow cover fraction (SCF) is one of the more reliable
snow related variable measured from the space (Dozier and

Painter, 2004) and is commonly used in hydrological stud-
ies to calibrate, evaluate, or be assimilated into snow dis-
tributed modelling (Andreadis and Lettenmaier, 2006; Para-
jka and Blöschl, 2008; Pimentel et al., 2015) Within the dif-
ferent Earth Observation (EO) missions, (1) Landsat-5 (TM),
Landsat-7 (ETM+) and Landsat-8 (OLI), with 30×30 m spa-
tial resolution and 16 days revisiting time (Roy et al., 2014;
Pimentel et al., 2017a), and (2) MODIS Terra and Aqua, with

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



68 R. Pimentel et al.: Validating improved-MODIS products

Figure 1. Area of Sierra Nevada Mountain (Spain) above 1500 m a.s.l. and limits of the five regions in which the study area has been divided
for the spatial analysis: R1 – Adra, R2 – Andarax, R3 – Fardes, R4 – Genil and R5 – Guadalfeo.

500 m grid cell resolution and daily temporal frequency for
snow, are the most extended data sources for snow studies,
since they offer the highest spatial and temporal resolution,
respectively (Hall et al., 2002).

However, Mediterranean mountainous areas are extremely
vulnerable to climate change effects and highly dependent
on snow water resources (Barnett et al., 2005; Giorgi, 2006).
The particularities of the snowpack make the use of raw EO
products not enough to capture these specific patterns. For
instance, the very strong spatiotemporal variability, which
very often undergoes different accumulation-snowmelt cy-
cles during the cold season in a given year, or the snow
patched distribution around local singularities, such as rocks
and vegetation, consequence of a very complex ablation pro-
cess (Ménard et al., 2014; Pimentel et al., 2015, 2017b).
Hence, both high temporal and spatial resolutions are re-
quired to have a realistic representation of the snow cover.

In this context Pimentel et al. (2017a) carried out a
spectral mixture analysis to derive fractional snow cover
map time series from Landsat TM and ETM+. High res-
olution terrestrial photography (TP) was used as ground
truth to validate the obtained product. The spatial resolu-
tion of the snow cover area was improved using this tech-
nique; however, the large revisiting time of Landsat TM
and ETM+ in addition to the presence of clouds in some
of the dates with snow presence, constitute a big con-
straint for useful time series. Using the same idea of im-
proving spatial representation of the snow, Notarnicola et
al. (2013a, b) developed an algorithm that combines differ-
ent MODIS products: MOD09GQ-MYD09GQ, MOD09GA-
MYD09GA, MOD021KM-MYD021KM, MOD03-MYD03,
to produce snow cover maps at 250 m spatial resolution and
daily frequency. The algorithm has specific modules to take
into account the effect of vegetation and clouds and increase

the spatial resolution of the standard snow MODIS product,
MOD10A1-MOD10A2, from 500 to 250 m.

This work presents a methodological approach to assess
the improved MODIS daily snow cover maps from Notar-
nicola et al. (2013a, b), in Sierra Nevada (southern Spain),
using as reference data set the Landsat fractional cover
maps obtained by spectral mixture analyses by Pimentel et
al. (2017a).

2 Study site and data available

This study is carried out in Sierra Nevada Mountains, south-
ern Spain (Fig. 1). They are a linear mountain range of 90-
km length that runs parallel to the coastline of Mediterranean
Sea. Alpine and Mediterranean climate conditions coexist
in just a 40-km distance. Strong altitudinal gradients with
marked differences between the south (directly affected to
the sea) and the north faces are found in the area.

The snow usually appears above 2000 m a.s.l. during win-
ter and spring even though the major snowmelt season gen-
erally lasts from April to June, but can be also found at lower
altitudes every year. The typically mild Mediterranean win-
ters produce several snowmelt cycles before the final melt-
ing phase, which distributes the snow in patches over the ter-
rain. Precipitation and temperature regimes are highly vari-
able among years, with annual precipitation values averaged
in the area that can range from 200 to 900 mm and annual
mean of the daily minimum and maximum temperature of
−5 and 30 ◦C, respectively (Pérez-Palazón et al., 2015).

Two snow cover EO products are used in this study:
(1) Fractional snow cover maps, at 30× 30 m and 16 days
spatial and temporal resolution respectively, derived from
spectral mixture analysis of Landsat TM and ETM+ val-
idated using as high resolution terrestrial photography (Pi-
mentel et al., 2017a); (2) binary snow cover maps obtained
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from an algorithm that combines several MODIS products
and produce daily snow cover maps with a grid cell size of
250 m (Notarnicola et al., 2013a, b). In the text these products
will be referred as Landsat-mix and MODIS-EURAC, re-
spectively. Both products have a temporal overlapping from
1 January 2002 to 31 August 2013. For this period, a total
number of 108 and 2963 cloud-free images were used in the
study for Landasat-mix and MODIS-EURAC, respectively;
considering as cloudy images those whose presence of clouds
exceeded a 10 % of the study area.

3 Methods

SCF was calculated over the whole study area in Sierra
Nevada (area above 1500 m a.s.l) and in each one of the five
main headwaters regions: R1 – Adra, R2 – Andarax, R3 –
Fardes, R4 – Genil and R5 – Guadalfeo, for both snow prod-
ucts, Landsat-mix and MODIS-EURAC.

SCF from both products were compared in the 108 com-
mon dates. A simple linear model was fitted in those days to
relate both products. Landsat-mix was chosen as ground truth
and MODIS-EURAC as dependent variable. Equation (1)
was used for that,

SCFLandsat−mix = (SCFMODIS−EURAC× a)+ b, (1)

where a and b are the two parameters of the lineal model.
Using this model, the SCF from MODIS-EURAC was re-
constructed using the 2963 cloud-free images.

4 Results

Figure 2 shows the evolution of SCF from MODIS-EURAC
and Landsat-mix in the overlapping dates for both products
in each of the defined regions and over the whole study
area. SCF follows the same trend for both products, with
a clear overestimation of the SCF derived from MODIS-
EURAC. This overestimation is especially significant dur-
ing the dates with higher SCF values and specifically in R1
– Adra, where differences about 0.20 m2 m−2 can be found
in the 2 days with more snow throughout the study period.
Differences are practically negligible during dates with low
SCF for all the regions. However, this general overestimation
trend from MODIS-EURAC change during the last stages of
the snowmelt season, when its lower resolution is not able to
capture snow remaining isolated snow patches.

Figure 3 and Table 1 show the linear relation found be-
tween the two products and the parameters that fitted these
relationships respectively. The linear pattern is clear for all
regions, with determination coefficients ranging from 0.979
for R4 – Genil to 0.995 for R2 – Andarax, with a clear over-
estimation of MODIS-EURAC.

The parameter a (Table 1), which measures the slope of
the fitted model and consequently determines the magnitude

Figure 2. Comparison between SCF evolution of both products
MODIS-EURAC (black crosses) and Landsat-mix (gray dots) in
the 108 overlapping dates, in each of the regions selected and in
the whole study area.

of the MODIS-EURAC overestimation, differs between re-
gions. Lower values of the parameters, which imply higher
overestimations, are found in the drier and warmer areas
(Pérez-Palazón et al., 2015), 0.700 in R1 – Adra and 0.645 in
R2 – Andarax; located in the south face and with lower mean
elevation. On the contrary, wetter and colder regions have
higher values and consequently less overestimation coming
from MODIS-EURAC. Although, the general accuracy from
MODIS snow products is estimated approximately at 93 %
(Hall and Riggs, 2007) and similar studies has found an
accuracy of 94.6 % comparing MODIS products with sur-
face observations over northern China, (Huang et al., 2016),
the heterogeneity of the snow distribution due to the abrupt
terrain and climate conditions, make the overestimations of
MODIS-ERURAC over this are slightly bigger.

The clear linear fit found allows using this relationship
as a simple model to correct the average values calculated
using MODIS-EURAC over the study area. Overestimation
corrections of 0.30, 0.35, 0.13, 0.20 and 0.23 m2 m−2, were
achieved for Adra, Andarax, Fardes, Genil and Guadalfeo,

proc-iahs.net/380/67/2018/ Proc. IAHS, 380, 67–72, 2018
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Figure 3. Dispersion graphs comparing both products MODIS-
EURAC (x-axis) and Landsat-mix (y-axis) in the 108 selected dates
along the study period. Linear fit defined following Eq. (1) and the
parameters of Table 1 (red line). 1 : 1 line in light grey.

Table 1. Fitted parameters and coefficient of determination (a, b

and R2) of the linear model that related both products, MODIS-
EURAC and Landsat-mix in each of the region and in the whole
study area.

a b R2

R1 0.700 0 0.992
R2 0.645 0 0.995
R3 0.862 0 0.993
R4 0.792 0 0.979
R5 0.770 0 0.988

Total 0.775 0 0.993

respectively; with a mean value of 0.23 m2 m−2 for the whole
study area. Figure 4 shows an example of the new corrected
values of MODIS-EURAC for the hydrological year 2004–
2005. The general MODIS-EURAC overestimation has been
reduced giving more realistic values of the total SCF over the
study area.

Tables 2 and 3 show the annual mean and maximum
SCF calculated for the three snow products, Landsat-mix
(Land), MODIS-EURAC (MOD) and Corrected MODIS-
EURAC (NEW) in each of the study region and the whole
study area, respectively. Both tables show the clear impact
that this simple correction has on the quality of the results.
The corrected MODIS-EURAC combines the spatial accu-
racy of the Landsat-mix and the high temporal resolution of
the MODIS-EURAC products. Moreover, the direct use of
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0.061
0.048

0.051
0.040

2008–2009
0.001

0.012
0.008

0.003
0.011

0.007
0.047

0.052
0.043

0.014
0.023

0.018
0.062

0.057
0.044

0.034
0.034

0.027
2009–2010

0.184
0.093

0.065
0.191

0.126
0.081

0.293
0.174

0.149
0.160

0.105
0.083

0.348
0.201

0.155
0.252

0.137
0.106

2010–2011
0.002

0.058
0.041

0.005
0.100

0.064
0.059

0.096
0.081

0.017
0.078

0.062
0.072

0.128
0.099

0.040
0.085

0.066
2011–2012

0.020
0.036

0.025
0.038

0.075
0.049

0.163
0.131

0.112
0.077

0.074
0.059

0.220
0.142

0.110
0.129

0.094
0.073

2012–2013
0.016

0.047
0.033

0.020
0.072

0.046
0.070

0.169
0.144

0.036
0.130

0.103
0.079

0.143
0.110

0.052
0.113

0.088
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Figure 4. Example of reconstruction of MODIS-EURAC snow
cover map for the year 2004–2005.

EURAC-MODIS product presented a general overestimation
during the high snow covered period, which was partially
solved with the correction with the linear model. Further on-
going work is exploring the apparent threshold in the large
SCF values domain that can be observed in the graphs, to-
gether with the different behaviour of Region 5, the mostly-
influenced by snow in the study area.

5 Conclusions

This work shows how the setting out of a simple approach
provides a more accurate evolution of the average SCF values
over this Mediterranean region, combining the advantages of
two already existing products, the high spatial accuracy of
Landsat-mix and the daily temporal resolution of MODIS-
EURAC. The result is a daily time series on which different
studies that require high resolution both of time and space
can be based on. This work constitutes the first step in a more
complex development of a data fusion algorithm that not only
reproduces average behaviour but also snow distribution at
grid/subgrid scales.
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Abstract. Alqueva reservoir located in southeast of Portugal has a surface area of 250 km2 and total capacity
of 4150 hm3. Since 2006 the water quality of this reservoir is explored by the authors using remote sensing
techniques. First using MERIS multi-spectral radiometer on-board of ENVISAT-1 and presently with MSI multi-
spectral radiometer on-board SENTINEL-2. The existence of two satellites (A and B) equipped with MSI enable
the area to be revisited, under the same viewing conditions, every 2–3 days. Since 2017 the multidisciplinary
project ALOP (ALentejo Observation and Prediction systems) expands the team knowledge about the physical
and bio-chemical properties of the reservoir. This project includes an integrated field campaign at different
experimental sites in the reservoir and its shores, at least until September 2018. Previous algorithms developed
by the team for MERIS are tested with the new MSI instrument for water turbidity, chlorophyll a concentration
and density of cyanobacteria. Results from micro-algae bloom occurred in late summer/early autumn 2017 on
the reservoir are presented, showing the capabilities of MSI sensor for detection and high resolution mapping
over the reservoir. The results are compared with in situ sampling and laboratorial analysis of chlorophyll a

associated with the bloom.

1 Introduction

The water quality monitoring of inland reservoirs is essen-
tial to ensure that it remains within acceptable boundaries
or otherwise, to trigger actions that may revert the water
quality degradation. The set-up of early warning systems is
important for reservoirs, which may be affected by pollu-
tion events, alerting the authorities to water quality degrada-
tion episodes. The Alqueva reservoir, located in southwest-
ern Iberian Peninsula (south of Portugal), has a total capac-
ity of 4.150 hm3 and a surface area of 250 km2, constituting
the largest reservoir in the Iberian Peninsula. It is a multi-
purpose structure used for water supply, irrigation, hydro-
electric power generation and recreation, thus water qual-
ity management is critical. Since 2017 the multidisciplinary
project ALOP (ALentejo Observation and Prediction sys-
tems) expands the knowledge about the physical and bio-
chemical properties of Alqueva reservoir. This project in-

cludes an integrated field campaign at different experimental
sites in the reservoir and its shores, at least until Septem-
ber 2018. It aims to develop a multi-functional activity in
the field of atmosphere-water-ecosystem interaction, which
embraces observation, prediction and risk alert. It intends to
develop tools of observation, forecasting and alert in the do-
mains of meteorology and water (quantity and quality), at re-
gional scale. Satellite remote sensing constitutes a useful tool
to complement in situ data sampling and laboratorial analy-
sis of water quality parameters, which is laborious and ex-
pensive and thus spatially and temporally limited. Unless a
water body is adequately instrumented with in situ sensors,
remote-sensing is the only suitable method to monitor the
quality of remote and large inland waters (WMO, 2013) and
can undoubtedly contribute to early warning systems. Several
satellite remote sensing studies have been proposed using
a variety of sensors over a number of worldwide reservoirs
(Gholizadeh et al., 2016). Remote sensing of water bodies

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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rely on the varying colour of natural waters that correspond
to different spectral reflectances, assuming that these varia-
tions depend on the water constituents. Water remote sensing
was used to monitor ocean colour already since the 1960s,
and in the last three decades there has been a growing interest
to apply these remote sensing techniques also to inland wa-
ter quality. For this purpose, remote sensing measurements,
mainly using visible and near-infrared wavelengths, are used
to develop bio-optical models that aim to relate radiomet-
ric (optical) and biological quantities. Inland waters are op-
tically complex due to the presence of several constituents
that may interact, creating uncertainties in the remote sens-
ing retrievals (Toming et al., 2016; Ogashawara et al., 2017).
Thus there is a need to study inland waters at a local and re-
gional scale and to quantify the performance of remote sens-
ing methods to monitor inland water quality. The first remote
sensing studies over Portuguese reservoirs were carried out
by the authors, proposing semi-empirical bio-optical models
to estimate concentrations of chlorophyll a and cyanobacte-
ria (Potes et al., 2011), as well as turbidity (Potes et al., 2012)
over Alqueva from MERIS sensor onboard ENVISAT satel-
lite.

The launch of ESA Sentinel-2 (MSI) mission (S-2A
launched in June 2015 and S-2B launched in March 2017),
carrying as single payload the Multi-Spectral Instrument
(MSI), brought a great opportunity to study inland reser-
voirs. It presents a systematic global coverage of two to three
days at mid-latitudes, which supports monitoring of changes
in reservoirs, with relatively high spatial resolution. MERIS
sensor, on board ENVISAT, presented maximum spatial res-
olution of 300 m, whereas MSI presents a spatial resolution
of 10, 20 or 60 m, depending on the spectral band. Potes
et al. (2011, 2012) proposed a method to monitor chloro-
phyll a, cyanobacteria and turbidity over inland reservoirs
using MERIS data. The objective of this work is to show
the potential of MSI used with the set of algorithms devel-
oped for MERIS, to study the water quality of inland waters.
Specifically, a micro-algae bloom that occurred in early au-
tumn 2017 is analysed and its evolution related to the influ-
ence of a hurricane progressing over the Eastern North At-
lantic region.

Section 2 presents the data used and methodology. Results
are presented and discussed in Sect. 3 and finally Sect. 4 sum-
marizes the main conclusions.

2 Data and methods

Data from Sentinel 2 is used in this work, namely level 2A
from MSI instrument, which corresponds to images with at-
mospheric correction, providing information of surface re-
flectance in 12 spectral channels from 443 to 2190 nm (cen-
tral wavelength). The product Maximum Chlorophyll Index
(MCI) was also extracted from the level 2 images which is an
indicator of the amount of chlorophyll present in water mass

Table 1. MERIS bands wavelengths and equivalent MSI bands used
in the algorithms.

MERIS MSI

Wavelength Bandwidth Wavelength Bandwidth
(nm) (nm) (nm) (nm)

412.5 10 443 20
442.5 10 443 20

490 10 490 65
560 10 560 35
620 10 665 30

(Gower et al., 2008) and thus a useful tool in the monitor-
ing of algae blooms of inland waters. The bands selected for
MCI index were the 665, 705 and 740 nm.

The algorithms from Potes et al. (2011, 2012) developed
for MERIS are:

Chl a = 4.23
(

560nm
442.5nm

)3.94 [
mgm−3

]
(1)

Cya= 115 530.31
(

560nm · 620nm
490nm

)2.38 [
103 cellsmL−1

]
(2)

Turb= 8.93
(

560nm
412.5nm

)
− 6.39 [NTU] (3)

Table 1 presents the information about MERIS bands used in
the algorithms to estimate the concentration of chlorophyll a

(Chl a in Eq. 1), density of cyanobacteria (Cya in Eq. 2) and
water turbidity (Turb in Eq. 3). In the same table the equiva-
lent MSI wavelengths applied in this work is presented.

The algorithms represented by Eqs. (1) to (3) were applied
now to the same water body as in Potes et al. (2011, 2012).
The chlorophyll a concentration was also obtained on a bi-
mensal basis from in situ sampling and laboratory analysis
in the framework of ALOP project, in order to validate the
results. The method used was the molecular absorption spec-
troscopy and the equations developed by Lorenzen (1967).

3 Study site and case study

Alqueva reservoir project was concluded in 2002 and the
reservoir reached the capacity of 80 % in March 2004. Fig-
ure 1 shows the surface area of the reservoir at its full capac-
ity as well as the sites considered in this work.

The algorithms developed by Potes et al. (2011, 2012) for
MERIS have been applied to MSI imagery in Alqueva reser-
voir. ALOP field campaign is ongoing since January 2017
and a case study of October 2017 was chosen, because this
was a particular month in Portugal with the influence of
Ophelia hurricane amidst a very dry period. Ophelia started
as a tropical storm but it reached category 3 hurricane in
Saffir–Simpson hurricane wind scale, South of Azores is-
lands being the strongest hurricane ever recorded so far East
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Figure 1. Map of Alqueva reservoir located in Southeast Portugal. The sites used in this work are also represented.

in the Atlantic (Fig. 2). In its trajectory towards Ireland it
started to lose strength as is entered in cold waters being very
close to Iberian Peninsula, about 360 km from Cape Finis-
terre (Spain).

This hurricane brought a meteorological breakup window
in the unprecedented drought scenario that the country was
facing by October (which is normally the beginning of the
rainy season). In particular, this event led to the increase of
wind speed and relative humidity and a decrease in the air
temperature. Precipitation was concentrated in two days (17
and 18 October) with an accumulated value of 32.0 mm. Fig-
ure 3 shows the evolution of air temperature for October 2017
recorded in CidAlmeida meteorological station installed in
the area of Alqueva (ALOP project) where the influence of
the hurricane can be detected between 16 and 22 October.

Figure 4 presents a wind rose from the same inland station
for the period 15 to 22 October, where the stronger winds
from the South and West quadrants are clearly visible, as a
consequence of hurricane Ophelia passing by Portugal.

According to this scenario, three Sentinel-2 images from
October 2017 were selected on clear sky days (12, 22 and
29) to use the MSI instrument in Alqueva reservoir. Table 2
shows acquisitions date and time for both satellite data and
in situ water collection.

4 Results

On 12 October the reservoir was under a micro-algae bloom
especially on the northern part as can be seen in Fig. 5
(row a) in terms of concentration of chlorophyll a, den-
sity of cyanobacteria and water turbidity. Values greater than
50 mg m−3 of chlorophyll a were estimated for the northern
part, as well as greater than 75 000 cells mL−1 cyanobacteria
with turbidity values reaching 30 NTU.

On 22 October (Fig. 5 – row b), six days after, all the
three parameters decreased sharply in the northern part prob-
ably due to very different weather conditions in the six days
under the influence of the hurricane Ophelia passage along
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Figure 2. Spinning Enhanced Visible and Infrared Imager (SE-
VIRI) image of hurricane Ophelia located South of Azores islands
on 14 October 2017, at 18:00 UTC (https://irishweatheronline.
wordpress.com/, last access: 15 April 2018).

Table 2. MSI acquisition dates and in situ date for water collection.

Date Time (UTC) Type

12 Oct 2017 11:21 Satellite
22 Oct 2017 11:21 Satellite
27 Oct 2017 11:00–14:00 Laboratory
29 Oct 2017 11:12 Satellite

the Portuguese coast. It is well known that lower temper-
atures inhibit the phytoplankton growth (Wu et al., 2015)
the same occurs with increasing wind speed and precipita-
tion, which leads to increasing in water mixing (Fleming-
Lehtinen and Laamanen, 2012). For these reasons a regress
of the bloom due to the changes in meteorological conditions
was expected.

In the central part of the reservoir the values are above the
eutrophic threshold for chlorophyll a presented by Bukata et
al. (1995), of 6 mg m−3. In addition, most of the branches
of reservoir present values are above the ecological potential
and eutrophic threshold for chlorophyll a for reservoirs in the
South of Portugal, which according with the Water Frame Di-
rective is 9.5 and 8 mg m−3, respectively (INAG, 2009). Nine
days after 22 October, on the images of 29 October presented
in Fig. 5 (row c) the reservoir is clear from the presence of the
micro-algae bloom. All the three parameters present low val-
ues indicating good water quality on that day. Nevertheless,
some thinner branches of the reservoir still present some oc-
casional high values. A summary table with minimum, max-
imum and mean values is presented for the three parameters
in the three days (Table 3).

Figure 6 presents a scatter plot between the MCI and
concentration of chlorophyll a obtained from satellite. All

Figure 3. One-minute averages of air temperature recorded in
CidAlmeida meteorological station located inland nearby Alqueva-
Montante site (Fig. 1) for October 2017.

Figure 4. Wind rose recorded in a meteorological station located
inland nearby Alqueva-Montante site (Fig. 1) for the period 15 to
22 October 2017.

pixels from 22 October are used in the plot, in a total of
28 251 points. These two parameters are well correlated
(correlation coefficient of 0.70) with a RMSE (Root Mean
Square Error) of 21.5 mg m−3. Future work foresees the use
of longer data series to quantify MCI as chlorophyll concen-
tration.

Satellite derived results were compared with data obtained
from laboratory analysis. Unfortunately, there are no water
laboratory analyses for the same days as MSI acquired im-
ages, rather five days before (22 October) and two days af-
ter (29 October). From the analysis of MSI retrieved data,
it was concluded that the water quality has improved from
22 to 29 October and thus it is expected that the water anal-
ysis should be more or less similar or in-between the val-
ues of MSI. This is shown in Fig. 7 where the chlorophyll a
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Figure 5. Concentration of chlorophyll a, density of cyanobacteria and water turbidity estimated from the Eqs. (1) to (3) for 12 October
(row a), 22 October (row b) and 29 October (row c).

concentration estimated from MSI (22 and 29 October) and
obtained in laboratory (27 October) for five sites (Fig. 1) is
plotted. The results are generally in agreement. From 22 to
29 October, MSI reports a decrease in chlorophyll a concen-
tration and the laboratory analysis (middle day) confirms this
decrease presenting a middle value in all sites, except for
Alqueva-Montante and Site 1, which presents a very simi-
lar value nevertheless slightly greater than the MSI value for
22 October. In these two sites the MSI values, nearby the

in situ measurement place, were more heterogeneous than
in the other sites probably due to their central location where
the water is under more currents than in the other sites, in this
part of the year. The results also suggest that the decrease of
chlorophyll a was not linear in time, but more pronounced
near the end of the five day period.
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Figure 6. Scatter plot between MCI and concentration of chloro-
phyll a estimated by Eq. (1) for day 22 October all pixels.

Table 3. Range and mean values of the maps presented in Fig. 5.

Date Chlorophyll a Cyanobacteria Turbidity
[mg m−3] [103 cells mL−1] [NTU]

12 Oct Range [2.6; 600.1] [0.1; 228.1] [1.5; 25.0]
Mean 46.1 33.3 8.6

22 Oct Range [0.5; 263.7] [0.2; 283.0] [0.1; 19.1]
Mean 14.1 4.0 4.5

29 Oct Range [0.1; 140.1] [0.1; 179.7] [0.3; 15.3]
Mean 4.6 3.8 1.2

5 Conclusions

In this work the potential of Sentinel-2 MSI instrument for
monitoring the water quality of inland waters is shown. In the
case study reported, different conditions of Alqueva reservoir
are analysed for one month. Systems like Alqueva reservoir
are highly dynamic and respond rapidly to changes in at-
mospheric conditions, thus is very importance to have these
kinds of tools for monitoring the water surface as a whole.
In this work, a set of algorithms developed for another space
borne spectroradiometer (MERIS) were applied with good
results. The team is now working to tune the algorithms in
order to make use of the full potential of MSI instrument.
Specific algorithms were already developed successfully by
Toming et al. (2016) using the same MSI instrument over Es-
tonian lakes, regarding chlorophyll a concentration as well
as colored dissolved organic matter (CDOM) and dissolved
organic carbon (DOC).
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Abstract. Advancements in technology have facilitated new opportunities in aerial photogrammetry; one of
these is the use of unmanned aerial vehicles (UAVs) to estimate snow depth (SD). Here, a multi-rotor type UAV
is used for SD retrievals over an area of 172 000 m2. Photos with 80 % forward and 60 % side overlaps were taken
by UAV on two different (snow-covered and snow-free) days. SD estimations were obtained from the difference
between 3-D stereo digital surface models (DSMs) produced for both days. Manual SD measurements were
performed on the ground concurrent with UAV flights. The current study is unique in that the SD retrievals were
derived using two different image acquisition modes. In the first, images were taken as UAV was continuously
flying and in the second UAV had small stops and kept its position in air fixed as the photos were taken. Root
mean square error of UAV derived SDs is calculated as 2.43 cm in continuous and 1.79 cm in fixed acquisitions.
The results support the hypothesis, based on theoretical considerations, that fixed-position image acquisitions
using multi-rotor platforms should enable more accurate SD estimates. It is further seen that, as SDs increased,
the errors in SD calculations are reduced.

1 Introduction

Accurate estimation of water potential within the basin is im-
portant for optimum management of water resources. To this
end, timely and accurate measurements of the rainfall and
snowfall, which are major fresh water inputs into the basin,
are needed. Runoff due to snowmelt is key to meeting the de-
mands for freshwater in many regions (Barnett et al., 2005).

Reliable estimation of snow depth (SD) and snow water
equivalent (SWE) which are indicators of water potential
of the basin are very important for hydrological modelling,
flood forecasting, avalanche mitigation and disaster manage-
ment (Vander Jagt et al., 2015). SD and SWE measurements
have been performed since 1960s using the snow courses.
However, generally bi-weekly performed snow courses are
not temporally dense enough to monitor changes in snow
depth. Snow pillows and depth sensors improve the tempo-
ral resolutions of SD and SWE data obtained from the field.
Moreover, they provide the most reliable information about
SD and SWE. However, they provide point values and can
only explain 30 % of the observed spatial variability in SD
(Erxleben et al., 2002). Moreover, getting data from moun-

tainous regions, where the main snowfall occurs, is limited
due to safety and logistics.

Snow covered areas (SCA), by changing from 46.5×
106 km in January to 3.8× 106 km in August for Northern
Hemisphere (Robinson et al., 1993), show the highest varia-
tion on Earth’s surface after sea ice (Papa et al., 2002). Re-
mote sensing (RS) provided new opportunities in globally
monitoring SCA showing such large variation. Furthermore,
RS facilitates the collection of temporally and spatially dis-
tributed SCA information while minimizing the risks associ-
ated with data acquisition with in-situ methods in high-risk
areas (Vander Jagt et al., 2015).

Although methods for SD estimations using aerial pho-
togrammetry have been available since the 1960s, the util-
ity of these methods has been limited due to the high cost
and limited accuracy of the SD estimates (Vander Jagt et al.,
2015; Nolan et al., 2015). However, due to recent advance-
ments in computer technology including the performance of
photogrammetric software, along with improvement in cam-
eras, Global Positioning System (GPS), and Inertial Mea-
surement Units (IMU), there has been a renewed interest
in the use of aerial photogrammetry for monitoring snow
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Figure 1. Study area within Uluyazı Campus.

depth. Mounting such equipment onto Unmanned Air Vehi-
cles (UAV) has led to reduced aerial photogrammetry costs
which eventually increased the use of UAVs in the field of
geosciences (Westoby et al., 2012; Colomina and Molina,
2014). UAVs provided high temporal and spatial resolutions
with their rapid image acquisition and low altitude flying ca-
pabilities. Moreover, as UAVs became portable, they have
been used in cadastral, archeological and vegetation studies
(Manyoky et al., 2011; Rinaudo et al., 2012; Zarco-Tejada et
al., 2012) and started to take place in many applications of
classical RS and aerial photogrammetry.

Investigations into the utility of using UAVs to estimate
SD are nascent and prior studies have focused on the use of
in-flight imagery from fixed-wing or multi-rotor UAVs (Büh-
ler et al., 2016; Harder et al., 2016; De Michele et al., 2016).
In this study, the effects of image acquisition method (UAV
in-flight and UAV at fixed position) on UAV based snow
depth accuracies are investigated. To the current knowledge
of the authors such a comparison is not available in litera-
ture yet.

2 Study Area

The study area is located in Uluyazı Campus of Çankırı
Karatekin University being in 3 km north-east of Çankırı
province (40◦37′ N, 33◦36′ E). Figure 1 shows the study area
(172 000 m2) in red polygon roughly including Engineering
and Science Faculties and the open space to the south. It
comes fourth, in terms of areal coverage, after Harder et
al. (2016), 320 000 m2, De Michele et al. (2016), 300 000 m2,
Bühler et al. (2016), 275 000 m2.

3 Methodology

SD estimations using UAV are based on the difference of
Digital Surface Models (DSMs) obtained on snow covered
and snow-free days (Vander Jagt et al., 2015; Bühler et al.,
2016; De Michele et al., 2016; Avanzi et al., 2017). Although
some researchers used fixed wing UAVs (De Michele et al.,

Figure 2. UAV used in the study.

2016; Harder et al., 2016), a multi-rotor UAV, also known as
quadcopter or multicopter (Fig. 2), namely DJI Phantom, is
used here because of its greater stability (Vander Jagt et al.,
2015; Bühler et al., 2016; Avanzi et al., 2017).

To increase the accuracy of the derived DSMs and or-
thophotos, ground control points (GCPs) distributed as ho-
mogeneously as possible over the study area were used fol-
lowing the approach of Vander Jagt et al. (2015), De Michele
et al. (2016) and Harder et al. (2016). The location (x,y,z)
of GCPs were collected using Leica Viva Global Navigation
Satellite Systems (GNSS) receivers.

The flight dates, 3 February and 24 March 2017 for the
snow-covered and snow-free cases, respectively, were chosen
based on the predicted total cloud cover from the ECMWF
numerical weather prediction model. Flight path was ar-
ranged to enable 80 % forward and 60 % side overlap and
uploaded to UAV before the take-off. Other than take-off and
landing phases all flight was performed autonomously. Fig-
ure 3a and b shows photos from snow-covered and snow-free
conditions of the yellow region presented in Fig. 1.

4 Results and Discussions

Before SD calculations, the geolocation (x,y,z) accuracies
of DSMs were assessed by comparing with GCP measure-
ments performed onsite. They were found to be accurate to
within ±2.5 cm; this is similar to the uncertainty of 3 cm re-
ported by Nolan et al. (2015). Then, orthophotos and DSMs
were obtained for snow and snow free days (Fig. 4a and b).

Using the orthophotos and point clouds, DSMs (Fig. 5a
and b) were derived. The difference between two DSMs pro-
duced SD values. The differences between UAV derived SDs
and manual measurements are presented in Fig. 6 for two dif-
ferent image acquisitions (in-flight/at fixed point) on snowy
day. Figure 6 shows that the bias in SD calculations decreases
as SD values increase. This finding is similar to De Michele
et al. (2016) and Avanzi et al. (2017). Although SD was de-
termined for all locations using the imagery collected for
UAV in-flight, it was not possible to determine SD in all cases
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Figure 3. Image for 3 February (a) and 24 March 2017 (b).

when using imagery collected for UAV in fixed-positions due
to the insufficient lighting.

Figure 7 shows the bias comparisons for the updated case
based on the light conditions.

Scattered diagrams of calculated and measured SDs are
presented in Fig. 8 for both in-flight/at fixed point cases.

Figures 7 and 8 indicate that the calculated SDs by fixed
point image acquisitions gave smaller biases and higher cor-
relations.

5 Conclusions

In this study, SDs derived from UAV images obtained by us-
ing two different image acquisition modes were compared.
In the first case, the images were acquired while the UAV
was in continuous flight mode and in the second case; they
were collected while the UAV was kept in a fixed position.
The UAV derived SDs were also compared with manual SD
measurements performed concurrent with UAV flights over
an area of 172 000 m2 on the Uluyazı Campus of Çankırı
Karatekin University. The locational accuracies DSMs were

Figure 4. Orthophotos for snow (a) and snow free days (b).

computed using ground control points (GCPs) as ±2.5 cm.
The Root Mean Square Error (RMSE) of SD measurements
were 2.43 and 1.79 cm, respectively, for in-flight and at fixed-
position image acquisitions. The smaller RMSE agrees with
the theoretical expectation. Also, the coefficient of determi-
nation (R2) was higher for fixed position image acquisitions.
Although the methodology used is the same in all cases, the
accuracy of the SD estimates increases as the depth increased
from 10.5 to 225 cm.

The same effect of lighting conditions on the accuracy of
SD estimates described by Harder et al. (2016) were also
observed here. Specifically, insufficient light reduced image
contrast which eventually affected the accuracy and utility
of SD estimates. This effect was particularly pronounced

proc-iahs.net/380/81/2018/ Proc. IAHS, 380, 81–85, 2018



84 A. E. Tekeli and S. Dönmez: Image acquisition effects on Unmanned Air Vehicle snow depth retrievals

Figure 5. DSMs for snow-covered (a) and snow-free days (b).
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Figure 6. SD bias values for in-flight/at fixed point image acquisi-
tions.

when the approach was applied to imagery collected while
the UAV was in fixed-position image acquisition mode.

This work should be followed up by additional studies us-
ing near infrared imagery collected via UAV to estimate SD,
as also discussed by Bühler et al. (2016).
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Figure 7. SD bias values for good light conditions.
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Figure 8. Scatter diagram of SDs.
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