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Preface

Water is a crucial element on Earth for all living and non-living components. Climate change is
an alarming issue for managing and sustaining life on Earth. Given climate change, water resources
worldwide have been under drastically stressed conditions, as is evident from the uneven weather
patterns, droughts, floods, and cloud bursts. Only three percent of the water resources on Earth are
fresh, and two-thirds of the freshwater is locked up in ice caps and glaciers. Of the remaining one
percent, a fifth is in remote, inaccessible areas. Much of the seasonal rainfall in monsoonal deluges
and floods cannot be easily used. Only about 0.08 percent of all the world’s freshwater is exploited
by humankind, with an ever-increasing demand for sanitation, drinking, manufacturing, leisure, and
agriculture. The ever-increasing water exploitation has intensively degraded freshwater ecosystems,
notably rivers.

Furthermore, the climate extremes and water scarcity that are enhanced by climate change
induce additional stress on the freshwater ecosystems and may stimulate conflicts among water users.
In addition, we know that water is needed for several vital human activities, of which agricultural
and industrial activities are the primary water consumers. In the context in which we observe more
frequent droughts and incidences of water scarcity in the world, water systems’ management requires
the most advanced approaches and tools to rigorously address all of the dimensions involved in the
sustainability of its development.

Therefore, this Topic Collection’s main objective is to contribute to the understanding of
water systems’ management, and to provide science-based knowledge, new ideas/approaches, and
solutions for water resources’ management. Water demand for irrigation has been steadily increasing
during in recent decades. However, other water users have simultaneously been competing with
agricultural sectors for water resources. The conservation of freshwater ecosystems also needs special
attention, such as the sufficient allocation of environmental flows. In addition, in terms of the
projected climate change caused by warmer temperatures and shifting precipitation patterns, water
availability is expected to decrease, and water demand to increase, in many areas of the world.

Consequently, soil productivity and, thus, crop production could be drastically reduced.
These trends raise concerns highlighting the role of water and natural resources’ management
and their conservation to ensure the sustainability of irrigated agriculture. How well-irrigated
agriculture adapts to water scarcity scenarios, particularly by increasing water use efficiency and
better-estimating evapotranspiration, will directly affect the future and sustainability of the sector.
The 89 papers published in this Topic Collection encompass a diverse range of critical issues and
potential solutions concerning the sustainable management of water resources. We anticipate that
this collection will serve as a source of inspiration for engineers, scientists, policymakers, and
decision-makers worldwide, helping them to identify appropriate solutions and make informed

decisions regarding their specific water-related challenges.

Alban Kuriqi and Luis Garrote
Editors

xi






rj International Journal of

L J Environmental Research

and Public Health

Study Protocol

A Systematic Study Site Selection Protocol to Determine
Environmental Flows in the Headwater Catchments of the
Vhembe Biosphere Reserve

Anesu D. Gumbo *, Evison Kapangaziwiri > and Fhumulani I. Mathivha 3

Citation: Gumbo, A.D.;
Kapangaziwiri, E.; Mathivha, F1. A
Systematic Study Site Selection
Protocol to Determine Environmental
Flows in the Headwater Catchments
of the Vhembe Biosphere Reserve.
Int. J. Environ. Res. Public Health 2022,
19, 6259. https://doi.org/10.3390/
ijerph19106259

Academic Editors: Alban Kuriqi

and Luis Garrote

Received: 28 February 2022
Accepted: 17 April 2022
Published: 21 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Geography and Environmental Sciences, University of Venda,

Thohoyandou 0950, South Africa

Hydrosciences Research Group, Council for Scientific and Industrial Research (CSIR),

Pretoria 0001, South Africa; ekapangaziwiri@csir.co.za

Department of Hydrology, University of Zululand, Empangeni 3886, South Africa; mathivhaf@unizulu.ac.za
Correspondence: diongumbo@gmail.com

Abstract: Developing nations will be worst hit by the impacts of climate change because limited
resources hinder the spatial reach of climate studies, effort, and subsequent implementation to
help with the improvement of livelihoods. Therefore, finding the best-case study is an essential
undertaking in environmental assessments. This study explains one systematic approach to selecting
a study site for an environmental assessment project. A desktop review of relevant literature, a simple
factor scoring assessment process, reliance on expert opinion, and a field survey for ground-truthing
were conducted. The desktop review showed the most critical factors to site selection. The scoring of
these factors selected those that were crucial for the study. Experts validated the results and suggested
the best study site among the ones identified. While the design is simplified, the proposed approach
selects the most appropriate study site for environmental assessments.

Keywords: climate change; case study; environmental assessment; data scarcity; science communication;
selection protocol

1. Introduction

It is imperative and apparent that understanding changes in climate, and subsequently
their implications on society and the environment (especially the devastating adverse
effects), is a necessary undertaking. Integrating several disciplines to inform mitigation and
adaptation options to the unprecedented climate changes and their devastating impacts
has become important [1]. The general scientific fact is that climate change will increase
the occurrence, magnitude, and frequency of extreme weather events and potentially lead
to loss of food production and livelihoods [2,3]. A crucial global message is that there is
a need for robust responses to arrest the adverse impacts to save lives and livelihoods,
particularly in the most vulnerable societies of the world [4].

According to [5], vulnerability to climate change is regarded as the degree to which
a system is susceptible to and unable to cope with the adverse effects of climate change.
How much a system is exposed, its sensitivity to the exposure, and its adaptive capacity
provides an understanding of how vulnerable it is. Climate change impacts are distributed
unevenly around the globe [6], based on geographical location, level of vulnerability, level
of preparedness and access to necessary resources to implement mitigation and adaptation,
and societal capacity to understand and perceive climate changes [7]. Area-specific climate
change assessments are, thus, vital undertakings to address the global challenge at local
levels to increase the adaptation capacity [8]. The global agenda has been placed on climate
change mitigation and adaptation.

Developing countries, however, have low mitigation capacity, and adapting to these
changes is ideal and many countries are developing their own National Adaptation Plans

Int. ]. Environ. Res. Public Health 2022, 19, 6259. https:/ /doi.org/10.3390/ijerph19106259
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(NAPs) [9]. These strategies to adapt to climate change are backed up by science which
projects future possible scenarios. Southern Africa is one of the regions to experience some
of the most adverse effects of climate change. Studies e.g., [10-13] indicate that the region’s
vulnerability is high, while its preparedness is low to nonexistent. Several issues such as
poverty, corruption, political instability, limited access to climate information, pandemics,
and other problems influence the responsive capacity of countries in southern Africa.

The past few decades have produced scientific reports on the projected magnitudes
and directions of changes in the climate and the potential impacts on water resources’
quality and quantity [14-20]. Improved projections are due to massive technological
advancements [21,22] that have improved data collection and analysis methods and the
efficiency and robustness of environmental assessment tools [23]. Such improvements
have reduced some uncertainties related to environmental assessments and built more
confidence and dependability in climate change projections to influence policy and decision
making. High confidence in climate projections has made science a vital pillar to support
the development of mitigation and adaptation strategies, approaches, and technologies
necessary to combat the potential shocks of a changing climate [24]. These adaptation
strategies are tested and modified in areas that have human—environment interactions.
Several areas with these characteristics have been demarcated around the world and have
been termed biospheres.

Biosphere reserves have been created as study sites to understand the climate change—
human-environment interactions. The United Nations Educational, Scientific, and Cultural
Organization (UNESCO) regards biosphere reserves as learning places for sustainable
development [25]. They are sites for testing interdisciplinary approaches to understanding
and managing changes and interactions between social and ecological systems, including
conflict prevention and management of biodiversity. Consequently, there are 727 estab-
lished biosphere reserves in 131 countries [25] whose purpose is to provide a learning
environment for sustainable development in diverse and fragile but significant ecological
regions. They utilize different socio-economic contexts to enhance the lives and liveli-
hoods of the communities within them [26]. Local solutions to global challenges affecting
sustainable development are developed and tested in these reserves. The value of these
reserves in mitigating and adapting to climate change is significant, offering opportunities
for case studies to be conducted as learning platforms. The Vhembe Biosphere Reserve
(VBR) is a protected area in the Limpopo Province of South Africa. Its spatial extent limits
the implementation of research work to only selected areas. These selected areas need
to be carefully identified as they become the general representation of the biosphere and
the results gathered from their study would need to be adopted by similar areas. Out of
the 10 biospheres in South Africa, the VBR was selected as the area of study because of
a high rural population vulnerable to climate change impacts. It is a data-deprived area
that requires focus to generate information/data to aid informed decision making. Data
availability and data quality are common problems in many areas in Africa [27] and this
affects studies being carried out in such areas. Climate change impacts on water resources
are affected by the lack of adequate and good quality time series of hydrometeorological
data [28]. Creating protocols for carrying out research in such areas becomes critical to
informing sustainable decision making.

Quantifying water resource availability against climate change is an important un-
dertaking as water is central to sustainable development. Developing nations, such as the
southern African regions, are mainly rural [29] whose socio-economic activities are closely
tied to the availability of water resources. Many rivers in the southern African region have
high flows during the rainy season and low to no flows during the dry season [29]. The
dry season is persistent throughout the year and communities rely on the low flows to
sustain their socio-economic activities and the environment. The South African Water Act
of 1998 identifies the environment as a legitimate and important user of water resources
in any sub-basin requiring that a determined amount of water be reserved. Hence, the
environmental water requirements (popularly known as e-flows worldwide) are important
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to catchment water management. In the Water Act of 1998, the e-flows are referred to as the
reserve. The quantification of these e-flows in South Africa is an ongoing undertaking of
great importance to water resources’ budgeting and accounting [30,31]. The task generally
requires a water practitioner or user to provide a holistic assessment utilizing any one of the
several acceptable approaches and tools. This is to fully understand the ecological function-
ing and value chain of a given sub-catchment and determine a sensible and viable e-flow
requirements regime for the survival and sustenance of the riverine ecosystem. The choice
of a representative area of study or river stretch should then be carefully considered to
produce results that can inform decision making for the chosen area and its implementation
in other areas of similar characteristics.

Ref. [32] explained that case studies are intense meticulous studies of a particular
area to generate results that can be generalized over a more extensive set of units. They
are used in exploratory research [33], where no past data or a few referral studies exist.
Therefore, identifying a study site that can address one or several objectives of the overall
aim is essential. The overall aim of the intended study for which the case study site(s)
must be selected is to determine the e-flows for headwater catchments that are suitable and
necessary to sustain riverine ecology within major selected parts of the Vhembe biosphere
and assess the potential impacts of a changing climate on the availability and sustainability
of these flow regimes. Several headwater catchments are potentially available for study
within the reserve. However, because of several factors (time, funding, technical expertise,
and best representative of areas in the VBR), the study will have to choose one or a few
sub-basins to use. Results would then have to be extrapolated to the rest of the headwater
catchments. Thus, representative study sites must be selected to generate and establish
baseline information and methodologies that could be applied in the other areas. This
paper proposes a step-by-step and objective approach to determine the ideal case study
site(s) to determine e-flows within the VBR.

2. Study Area

The Vhembe District Municipality and the Blouberg Local Municipality (within the
Capricorn District Municipality) together form the boundaries of the VBR. Figure 1 shows
the location and spatial extent of the VBR. The VBR is the largest of the 10 biosphere
reserves in South Africa [34]. It reaches 30,701 km?, supporting a human population of
approximately 1.5 million, with 97% of the population rural [35]. The Vhembe region
holds a unique and extraordinary biological and cultural diversity in the Soutpansberg and
Blouberg Mountains, together with the Mapungubwe World Heritage Site and northern
Kruger National Park [35]. Local communities have a high, direct reliance on natural
resources for livelihood, with 66% of households relying on firewood for fuel and subsis-
tence agriculture [35]. Agriculture and tourism are the major socio-economic activities that
sustain livelihoods in the reserve.

Several rivers within the VBR maintain diverse flora, fauna, and riverine ecosys-
tems. These rivers include the Luvuvhu, Dzindi, Nzhelele, Tshipise, and several others,
either tributary or pour directly into the Limpopo River. The transboundary nature of the
Limpopo River brings about delicate management issues that need a coordinated effort
for all riparian countries to benefit from the river’s ecosystem values and functions. The
VBR comprises three biomes: the Savannah, Grassland, and the Forest [35]. This implies
the existence of rich biodiversity, some of which is endemic to the area. Such biodiversity
requires coordinated and well-structured management strategies to ensure conservation
viability. The general growth in population and dependence on the environment for energy
and livelihood negatively impacts natural resources, and a changing climate is likely only
to aggravate the situation.
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Figure 1. A map showing the spatial extent of the Vhembe Biosphere Reserve (VBR) and the
catchments for potential study sites.

3. Materials and Methods

The study used several methods to determine which area(s) would be ideal for de-
termining appropriate e-flows within the headwater catchments of the VBR. The study
is based on a systematic review of relevant literature, a simple factor scoring assessment
process, experts’ opinions, and a field survey for ground-truthing.

3.1. Systematic Review

A detailed desktop scan of literature was carried out to determine the study sites used,
especially the motivation for selecting the study sites. Literature on or referring to the VBR
was reviewed to understand the previously carried out studies” nature and thrust. This
also determined the potential gaps in scientific knowledge and understanding that require
additional studies to address them successfully. As information is made available through
research, these gaps are plugged, promoting sustainable management for this fragile
ecoregion. Google Scholar identified journal articles using the keywords ‘study site selection
for environmental assessment” and about 78,300 articles. A 10-year coverage of literature
(2011-2021) was adopted for the study. Selection and rejection criteria (Table 1) were used
to select the ideal research for review. The review only analyzed peer-reviewed work and
excluded grey literature. Using the selection criteria, seven peer-reviewed journals were
critically reviewed. A thematic analysis of the selected articles determined the significant
factors that contributed to selecting the study site. The complete review of the selected
literature led the study to adopt an exploratory factor analysis (EFA) to determine (without
explicit ranking) the factors influential in selecting a study site.
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Table 1. Literature selection criteria to determine factors that contribute to study site selection.

Search Protocol Inclusion Exclusion
Initial Google Scholar search - English literature. - Non-English.
- Peer-reviewed. - Gray area.
- Any region.

- Sight selection for project
implementation, e.g., wind
farm, landfill, solar.

- Site selection of a study

Title and abstract revi
itle and abstract review area/case study.

- Climate research. - Any other study.
Study site description - Field studies. - Non-field studies.
- Areas specific studies. - Non-area-specific studies.

3.2. Exploratory Factor Analysis

Several factors influencing the selection of a study site were obtained from the desktop
review and were used to inform the selection criteria for this study. These included accessi-
bility, availability of funds, familiarity with the area, and research gap. The exploratory
factor analysis (EFA) was implemented to reduce the identified factors to only those re-
garded as crucial to achieving the aim and objectives of the study. A factor-scoring criterion
was developed to select the variables that could comprehensively address the aim of the
study and the associated specific objectives. The variables were scored in importance from
very important to not important.

3.3. Expert Opinions

Valuable expert opinion was solicited from knowledgeable practitioners with extensive
work experience within the VBR. The definition of an expert, in this case, is rather loose and
much more encompassing than the normal dictionary one. Experts included academics,
researchers working or who had worked in the area and were assumed to possess valuable
in-depth knowledge of the area’s processes, functions, and importance. The definition was
extended to include people who have resided in the confines of the biosphere and have a
wealth of knowledge accumulated over many years of observation of relevant phenomena
in the area and can therefore discuss and share valuable insights on the scientific queries.

3.4. GIS-Based Assessment and Ground-Truthing

Geographical Information Systems (GIS) were used to show all the potential sites
selected to implement the study. This provided visual confirmation and display of the
spatial distribution of the selected study sites in a way that could show their advantages
over the other competing sites. Google Earth and available land use maps (e.g., the 2018
land use map of SA and its recent update from the Department of Forestry, Fisheries, and the
Environment) were used to determine the land uses and land cover distributions, including
the location of hydraulic structures, as well as vulnerability to possible degradation around
the study site(s), among others. Site visits were then carried out as the last activity to
familiarize with the area and confirm assumptions and GIS findings.

4. Results
4.1. Systematic Review Results

The literature review sought to determine what others considered important factors
when selecting a study site for their environmental research. Information on where similar
studies have been carried out and the gaps in research from such studies were identified.
Table 2 shows the main factors informing study site selection, with those with an Asterix (*)
being most common. A total of 12 factors were drawn from the literature search.
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Table 2. Factors influencing the choice of a study site and their level of importance in the intended
study. X marks the importance of the factor.

Factor Importance
Very Just Neutral None

Accessibility: ease of reach (near to the researcher). * X
Need for human presence at the study site or beneficiation X
from the headwater catchment/s.
The presence of environmental phenomena to be

e ! X
quantified and understood.
The rich biodiversity in the area. X

Availability of hydrometeorological data of adequate
quality and quantity. (Headwater catchments with missing or X
no observed time series were more critical than those with).

The economic value of the area. X

Need to test a model or equipment (experimentation). X

Past similar work has been carried out in the area. * X

Availability of relevant literature. X

Influence of expert opinion. X

Communication barriers (with stakeholders). X
Availability of (adequate) funding. * X

* Most typical reasons why researchers select a study site.

4.2. Factor Scoring Analysis Results

The factors derived from the desktop analysis of literature were listed and given a
score based on how important they were in meeting the aim and objectives of the study.
Table 2 shows the 12 factors used for this study and the factor score results. The factors
considered very important for the study had the most influence on the site selection process.
Of the 12 factors, 8 of them were regarded as significant. Table 3 shows the results of the
selection criteria which indicate that the catchments A91A (Luvuvhu), A92C (Mbodi), and
A91B (Sterkstroom) satisfy the criterion created.

Table 3. The factors that are important to site selection and the possible catchments of study. The tick
(V) shows the quaternary catchments that meet the desired factor and could be chosen for study.

Accessibility: Ease of Reach
(Near to the Researcher).

Need for Human Presence at the
Study Site or Beneficiation from
the Headwater Catchment/s.
The Presence of Environmental
Phenomena (to Be Quantified
and Understood).

The Rich Biodiversity in the Area.
The Economic Value of the Area.
There Is No Similar Work Done
in the Area
Availability of Experts for the Area.
Availability of (Adequate) Funding.
No Streamflow Data Is Available.

Quaternary Catchment Name.

A91A v v v v v 4 v v 4
A91B v v v v v v v v 4
A91D v v v v 4

A9IG i/ 4 4 4 4 4
A92A i/ 4 4 4 4 4
A92C v v v 4 v v v v 4
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4.3. Expert Opinion Findings

From the desktop review, three experts were identified, an aquatic ecologist who
has worked within the VBR and two hydrologists who have done extensive work in
environmental modeling and climate change impact on streamflow availability. These
experts gave guidance on the best site for the intended environmental study. Literature
review and factor analysis resulted in selecting the headwaters of the Nzhelele and Luvuvhu
River catchments as possible study sites as they met most of the criteria developed. These
choices were then validated by experts whose opinions favored sites in the Luvuvhu River
Catchment (LRC) as the most suitable.

4.4. Findings of GIS Assessment and Ground-Truthing

The selected quaternary catchments are shown in Figure 2. They are located at the
uppermost part of the LRC, making them the headwater catchments for the basin. Several
more headwater catchments join the LRC downstream of A91A and A91B. Most of the
streamflow drained by the selected headwater catchments collects in the Albasini Dam,
creating a different hydrological regime downstream of the dam. It was also confirmed that
some parts are densely vegetated and deprived of human interference while others have
human activities. The water collected in the dam supports domestic use, agricultural and
fishing activities. This phase of the research managed to show the location of the selected
study site within the VBR. It confirmed that the objectives of the comprehensive study to
be implemented could be achieved.
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Figure 2. The selected headwater catchments of the Luvuvhu River Catchment in the Vhembe
Biosphere Reserve.

5. Discussion

The assessment of the literature shed light on the reasons that drive researchers to
select study sites. The need to address or understand an environmental problem appeared
as the primary reason for site selection. The absence of similar work in an area can prompt
a researcher to implement an environmental assessment within a region. This is partic-
ularly important where global challenges need to be addressed through sound scientific
research [36]. Some regions will be worst affected by climatic changes, such as southern
Africa, Asia, and Latin America, mainly due to low mitigation and adaptation capacity [37].
The knowledge of this future possibility requires more scientific inquiry in these regions.
The need to contribute locally developed solutions to global challenges encourages re-
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searchers to implement case studies, especially in vulnerable regions. The availability of
funds through donors, government, or private institutions significantly affects site selec-
tion [38]. Funders can influence a study and site selection based on institutional interests
and agendas. However, this does not always give the best results in sustainable develop-
ment due to the often top-down approach. The proximity of the researcher to the study area,
and therefore accessibility, also plays a vital role in site selection. This is especially true in
academic research as it is often limited in time, funding, and adequate supporting technical
expertise. Several environmental assessments are based on the lack of adequate information
on a specific environmental phenomenon that influences the direction of research in an area.

Environmental management and climate change mitigation and adaptation strategies
have acknowledged the need for more research to be carried out to aid decision making
and policy formulation [39,40]. The study site selection is not well documented, as shown
by a lack of publications focused exclusively on this topic in environmental studies. This is
not a popular undertaking or conscious decision in environmental studies. However, other
disciplines such as health sciences have clear protocols to follow when selecting a study
site [41]. They thoroughly analyze the research aim, objectives, and expected deliverables
and select the best study area to achieve these. Adopting this approach in environmental
assessments will be of great value and could account for common deterrents such as data
unavailability. Prior knowledge of what the study requires and targets to achieve against
what potential study sites can provide enables the researcher to design the best methodology.
It becomes time-consuming and costly when a research design cannot be implemented
because the chosen study site lacks the components that enable the methodology to be
successfully implemented. This is important in data-scarce regions [42]. Alternative data
sources, in such cases, may need to be used, which may require downscaling, interpolations,
and extrapolations that the project might not have accounted for in the design phase.
This inevitably leads to delays in project implementation and the invasion of additional
uncertainties in the generated results, which may reduce the degree of confidence in
these results.

The factor scoring results showed the likely catchments to implement the study. Data
scarcity was regarded as a unique factor that, in its availability, would simplify the research
and in its absence, presents an opportunity to generate it. Data of sufficient quality and
quantity are always required in environmental studies, but often, they are the missing
component. Data scarcity is a pandemic in environmental studies and limits research in
some areas. However, data-scarce regions are usually the most vulnerable to climate change,
and sustainable development of such areas can benefit from local scientific investigations.
The selection protocol regarded the lack of observed hydro-climatological data (rainfall,
streamflow, evaporation) as the desired factor. These areas are usually understudied
because they lack observed historical data [43]. Therefore, it is imperative to carry out
scientific investigations in these areas to generate reliable baseline information to support
development initiatives. An opportunity arises to carry out a study in a data-scarce area
to generate more data for various purposes, including decision and policymaking and
creating a methodology that is transferrable to other sites. Designing a methodology that
utilizes the bare minimum of data will give a more substantial basis for adoption on other
sites. The current study needs to be carried out in headwater regions due to their unique
provision of ecological goods and services essential to riverine integrity [44].

Due to their hard-to-reach and underdeveloped nature, headwater catchments are
subject to limited studies [45]. In the African context, headwaters are data-scarce in terms of
observed hydrometeorological data of sufficient quality and literature of previous studies
carried on them [29]. Though insufficiently represented in research, these areas are home
to a larger rural population that depends on natural resources for its livelihood. Water
availability is one natural resource that is important in these communities and its availability
is crucial to livelihoods. Southern Africa experiences a long dry period during the year.
Low flows are crucial during this period to cater to the socio-economic activities that sustain
the riparian rural communities. Understanding the minimum water requirements for the
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survival of riverine ecosystems is essential to river management, especially in a changing
climate. Therefore, the headwater catchments must support rural communities benefiting
from them. The study intends to improve rural resilience as the local climate changes.
Building resilience through scientific approaches will also rest on the co-production of
work to formulate frameworks that can be adopted at the local level using the resources
available. The scoring criteria, thus, realized any potential benefits that would accrue to
the rural communities in the study area to be of great importance in selecting a suitable
study site.

Ref. [46] discuss the challenges expected in e-flow determination in the river catchment,
though no specific e-flows quantities were recommended for the area. They acknowledge
that this river is crucial to rural livelihoods as it provides a source of animal protein and
ecosystems goods and services to the Kruger National Park downstream of the Luvuvhu
River. The importance of the LRC was emphasized as well through the consultations carried
out with experts who have worked in the biosphere and e-flow determination. The research
utilized the information and recommendations of at least three experts. Literature review
and factor scoring managed to further narrow down the site selection. Expert opinion was
important to determine which catchments, from the assessments, would best address the
overall objectives of the study and provide a good case study. The vast knowledge and
understanding of the area, areas that still need researching, knowledge of research that
was carried out, and the agreement of the experts led to the selection of the catchments
A91A and A91B. According to the experts, the LRC offers an excellent opportunity to study
most of the issues that arise in catchment management. The area is rich in biodiversity
and carrying out this study will be of great importance to understanding the central role
of water in this region. The area currently provides room for collaborative efforts in
catchment studies as several projects are currently underway that deal with water and
environmental management. Through networking and collaboration, the determination
of e-flows in the LRC can be aided by the work being carried such as water quality and
distribution of freshwater fish species. The headwaters of LRC have also been demarcated
as part of the Strategic Water Source Areas of South Africa that have a unique ability to
provide a substantial amount of water resources to the river basin than the other sections
of the river [30]. The South African government has embarked on protecting these areas,
and studies that demarcate and quantify the water resources potential of these areas are
crucial [30]. One expert corroborated this and emphasized the need to carry out the e-flow
determination in the LRC and its importance to the national agenda on WSAs. What
the research drew from the consultations with experts was that though the criteria are
important for determining study sites, input from people familiar with the characteristics
of the area is invaluable.

6. Conclusions

Understanding the impacts of climate change on water resources and how these
influence rural livelihoods is of great value to sustainable development. With the projections
that rural populations are more vulnerable to the impacts of climate change, there is a need
for science to aid adaptation in these communities. Biospheres provide the opportunity to
test the man and environment relationship well. As such, this research sought to determine
the best-case study to implement an e-flow determination on headwater catchments within
the biosphere. The research, through limitations in funding, time, and human resources
formulated a protocol to select the best-case study. Though simple, this case study can be
modified accordingly and can be implemented in environmental studies in other areas.
The study used a detailed review of relevant literature, a simple factor scoring approach,
reliance on expert opinions, and ground-truthing to select the best study site to determine
e-flows for the LRC. Several benefits are derived when using a systematic approach to
site selection. Environmental research relies on data of sufficient quantity and quality.
The availability or lack of this data enables researchers to formulate the most appropriate
methodology to implement in their studies. A properly formulated methodology saves time
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in its implementation. Frequently, environmental research goes beyond the anticipated
time as unprecedented hindrances are met during the study. This is particularly true
for scholars who usually have limited time, a tight budget, and are on a learning curve.
Implementing this systematic site selection approach before they begin their studies will
inform them on what is and what is not achievable. At the project level, a proper site
selection protocol saves on resources. Southern Africa is limited in its adaptation capacity
because of limited resources. Each research carried out in this area should be within a
small range on the uncertainty spectrum. Most countries in the region cannot afford to
implement research work that drags on for longer than anticipated because of limited
resources. The site selection protocol in this study selected headwater catchments that are
populated by rural communities and have hydrometeorological data scarcity issues. This
was undertaken mainly because most catchments in southern Africa face these challenges
as alluded to by [47]. With the technical guidance and the knowledge to generate data,
this study is expected to generate new information for the area and the methods used can
be transferred to other similar areas in the region. As protocols to study marginalized
areas become available, adaptation strategies that cater to all can be achieved. This article
emphasizes the importance of carrying out a careful and systematic study site selection as
the initial undertaking in any environmental assessment. Such would provide intelligence
on the study’s shared challenges and outcomes and, thus, provide a plausible methodology
to overcome the challenges and achieve the expected outcomes.
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Abstract: Reference Crop evapotranspiration (ET() datasets based on reanalysis products can make up
for the time discontinuity and the spatial insufficiency of surface meteorological platform data, which
is of great significance for water resources planning and irrigation system formulation. However, a
rigorous evaluation must be conducted to verify if reanalysis products have application values. This
study first evaluated the ability of the second-generation China Meteorological Administration Land
Data Assimilation System (CLDAS) dataset for officially estimating ET (the local meteorological
station data is used as the reference dataset). The results suggest that the temperature data of CLDAS
have high accuracy in all regions except the Qinghai Tibet Plateau (QTP) region. In contrast, the
global solar radiation data accuracy is fair, and the relative humidity and wind speed data quality are
poor. The overall accuracy of ET) is acceptable other than QTP, but there are also less than 15% (103)
of stations with significant errors. In terms of seasons, the error is largest in summer and smallest in
winter. Additionally, there are inter-annual differences in the ET} of this data set. Overall, the CLDAS
dataset is expected to have good applicability in the Inner Mongolia Grassland area for estimating
ETy, Northeast Taiwan, the Semi Northern Temperate zone, the Humid and Semi Humid warm
Temperate zone, and the subtropical region. However, there are certain risks in other regions. In
addition, of all seasons, summer and spring have the slightest bias, followed by autumn and winter.
From 2017 to 2020, bias in 2019 and 2020 are the smallest, and the areas with large deviation are south
of climate zone 3, the coastal area of climate zone 6, and the boundary area of climate zone 7.

Keywords: raw reanalysis data; grid data; reference evapotranspiration; meteorological variables;
Penman-Monteith equation

1. Introduction

Reference Crop evapotranspiration (ETy) is a critical factor for calculating crop evapo-
transpiration, the accurate estimation of which plays a vital role in irrigation engineering
design and planning, water resources management, and climate change research [1-3]. Due
to its large population and rapid economic development, China is facing a severe water
shortage problem. The country’s per capita water resource is only one-fourth of the world
average level [4]. Therefore, an accurate estimation of ET in this region would provide
a scientific basis for rationally allocating water resources and minimizing the imbalance
between water supply and demand [5]. Currently, the standard estimating method of ET)
is the Penman-Monteith equation (FAO56 PM) recommended by the Food and Agriculture
Organization of the United Nations (FAO) [6,7]. This method combines energy balance and
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the aerodynamic theory, which is strongly applicable under different climatic conditions.
However, the main drawback of this method is that it requires a high quality of meteorolog-
ical data, including air temperature, relative humidity or dew temperature, solar radiation,
and wind speed [8,9]. In many regions of the world, there are not enough weather stations
to monitor the meteorological factors. Additionally, high-quality, long-term observational
data are lacking, especially in developing countries, which hinders the application of the
PM method for ET( estimation on large spatial scales [10-12].

In recent years, reanalysis products have become one of the main grid data sources
for water resource management research [13]. Reanalysis data are generated by running
a numerical weather-predicting model that assimilates the observed atmospheric and
surface data to reconstruct the past surface, ocean, and atmospheric state variables. Unlike
geostatistical grid data derived from spatial interpolation, the spatial structure of weather
variables (such as temperature and wind speed) synthesizes physical laws embedded in
numerical models [8].

Nowadays, many reanalysis data sets have developed rapidly and are used in various
fields. Baatz et al. (2020) [14] analyzed state-of-the-art methods, recent developments,
and prospects of reanalysis for three subcomponents of the Earth system (atmosphere,
ocean, and land), they points out the method’s increasing computational capabilities, the
growing availability of long-term satellite data with global coverage, and the advancements
in model-data fusion methods such as variational and sequential data assimilation. In
addition, the above paper discusses the increasing awareness of the drastic changes in
the Earth system related to anthropogenic and climatic factors and the way they drive
reanalysis development. Recently, networks of distributed in-situ sensors such as buoys
and biogeochemical Argo floats [15], eddy covariance stations [16], surface water runoff ob-
servations [17], and meteorological station data [18] were used in the reanalysis of physical
and biogeochemical Earth system processes. Munoz-Sabater et al. (2021) [19] presented
the new global ERA5-Land reanalysis. The quality of ERA5-Land fields was evaluated by
direct comparison to many in situ observations collected for the period 2001-2018, and
for comparison to additional model or satellite-based global reference datasets. Overall,
the water cycle was improved in ERA5-Land compared to ERA5 according to the different
variables evaluated, whereas the energy cycle variables showed similar performances. Both
ERAS5 and ERA5-Land perform substantially better than ERA-Interim.

Reanalysis data have also been applied and compared to estimate evapotranspira-
tion in different regions of the world. Boulard et al. (2016) [20] calculated ET(, using the
ERA-Interim reanalysis data and verified its accuracy in a water balance study in north-
eastern France. Srivastava et al. (2016) [21] found that ERA-Interim ET, was superior to
NCEP/NCAR ETj in the UK. Pelosi et al. (2020) [22] also compared two reanalysis datasets
for ET estimation in southern Italy. Woldesenbet et al. (2021) [23] evaluated the ET in
the Omo-Gibetta watershed and achieved good prediction results. Song et al. (2015) [24]
judged the spatiotemporal characteristics of ET in the Shaanxi Province based on NCEP
reanalysis data and made future predictions. Liu et al. (2019) [25] estimated the future
ETj in the Poyang Lake basin based on the CMIP5 model. The results showed that the
stepwise regression downscaling model established by the NCEP reanalysis data and the
basin ETj had better simulation results. ETy was assessed in the Iberian Peninsula by
Martins et al. (2016) [26]. The focus here is to use the National Center for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) hybrid reanaly-
sis product and gridded dataset to calculate ET; with good simulation results. Raziei
(2021) [27] used the National Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis, combined with a gridded dataset, to
calculate monthly ET) for 43 meteorological stations distributed across Iran. The results
show that the ET( calculated by the mixed reanalysis had a better effect than the ET
calculated by the observations at most research stations. Milad and Mehdi (2022) [28]
used reanalysis products to estimate ET in areas with sparse data and showed that ERA5
provided more accurate estimates of daily and monthly ET;. Some scholars have also
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compared satellite grid data with meteorological station values. Wang et al. (2019) [29]
comprehensively evaluated and compared this newly released precipitation product (Inte-
grated Multi-satellite Retrievals VO5B) and its predecessor TRMM 3B42V7 based upon the
ground-based observations under complex topographic and climatic conditions over the
Hexi Region in the northwest arid region of China. Their results indicated that compared
to ground-based observations, both IMERG and 3B42V7 showed good performance with
slight overestimation. Prakash et al. (2016) [30] investigated the capabilities of the Tropical
Rainfall Measuring Mission (TRMM), Multi-satellite Precipitation Analysis (TMPA), and
the recently released Integrated Multi-satellitE Retrievals for GPM (IMERG) in detecting
and estimating heavy rainfall across India. The results indicated that the multi-satellite
product systematically overestimates its inter-annual variations. With continuous advances
in numerical weather models, computing, information, and communication technology
(ict) tools, and data assimilation techniques, along with continuous improvements in the
quality of atmospheric and ground data obtained from satellites, the spatial and temporal
resolution and reliability of reanalysis data have been gradually improved year after year.

The China Meteorological Administration Land Data Assimilation System (CLDAS) is
the only real-time service system in land surface data assimilation systems in China. It uses
a combined technology of integration and assimilation to fuse data from various sources,
such as ground observation, satellite observation, and numerical model products [31]. The
output of this system includes high spatial and temporal resolution land surface driving
products such as temperature, air pressure, specific humidity, wind speed, precipitation,
solar shortwave radiation, and soil moisture. These could be applied in agricultural drought
monitoring, mountain flood geological disaster meteorological services, climate system
model assessments, and spatial fine grid real data services. Although many studies have
evaluated the quality of the CLDAS data, there are limited reports on the estimation of ET
by this dataset. In this paper, we used the meteorological reanalysis data of 689 surface
meteorological stations in China from 2017 to 2020 and found four grid data points around
each meteorological station through calculation and processing. We then calculated the
value of the target station using the inverse distance weight method, compared it with the
measured data of local meteorological stations and evaluated the accuracy of CLDAS data
through statistical indicators. Therefore, this study aims to evaluate the accuracy of ETy
simulation with CLDAS products for the first time by comparing meteorological data from
689 ground weather stations and to exploring a product that could provide accurate ET
for areas lacking meteorological data observation.

2. Materials and Methods
2.1. Introduction to CLDAS

CLDAS is an isolatitude and longitude mesh fusion analysis product covering the
Asian region (0-65° N, 60-160° E) with a resolution of 0.0625° x 0.0625° and 1 h, and
a spatial geometric distance of 9 km between the corresponding grid points, including
six variables: 2 m air temperature, 2 m specific humidity, 10 m wind speed, surface pressure,
precipitation, and shortwave radiation. This dataset is developed by using the Space and
Time Mesoscale Analysis System (STMAS), optimal interpolation (OI), probability density
function matching (CDF), physical inversion, terrain correction, and other techniques based
on ground and satellite observations from a variety of sources. The dataset’s quality and
spatio-temporal resolution in China is better and higher than in the international market.
The scientific goal of CLDAS is to use data fusion and assimilation technology, on the
ground observation, satellite observations, numerical model products, and other sources of
data fusion to obtain high space-time resolution and high-quality temperature, pressure,
humidity, wind speed, precipitation, and radiation elements such as lattice data to drive
the land surface model, obtain soil temperature and humidity, etc. The research focuses on
processing and acquiring land surface driving data, realizing the operation and integration
of multiple land surface models, and improving the underlying surface data, vegetation
parameters, and atmospheric driving data.
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2.1.1. Data Sources for CLDAS

(1) Ground observation data: hourly temperature, air pressure, humidity, wind speed,
precipitation, and other data observed by more than 2400 national automatic weather
stations and nearly 40,000 regional automatic weather stations after quality control.

(2) ECMWF (European Center for Mediumrange Weather Forecasts) numerical analy-
sis/forecast products: global 3 h, 0.125° resolution 2 m temperature, 2 m humidity, 10 mU/V
wind speed, surface pressure, and other data products released by EC (European Center).

(3) GFS numerical analysis/prediction products: NCEP released global ozone, atmo-
spheric precipitation, surface pressure, and other data products with 3 h and 0.5°.

(4) Satellite precipitation products: FY2 precipitation estimation products (nominal
disk chart) of the National Satellite Meteorological Center; East Asia Multi-Satellite Inte-
grated Precipitation Data Product (EMSIP) with a resolution of 1 h and 0.0625° for the
Asian region operated by the National Meteorological Information Center.

(5) Fusion precipitation product: the fusion product of FY2/CMORPH precipitation
and automatic ground station precipitation with 1 h and 0.1° resolution in China operated
by the National Meteorological Information Center.

(6) FY2 satellite entire disk nominal map: multi-channel geostationary satellite ob-
servation data with 1 h and 5 km resolution (subsatellite point) of the Service of National
Satellite Meteorological Center (nominal disk map).

(7) DEM data: a global 30m spatial resolution topographic data product jointly mea-
sured by NASA (National Aeronautics and Space Administration) and NIMA (National
Bureau of Surveying and Mapping of the Ministry of Defense) was used to re-sample DEM
topographic data with a spatial resolution of 0.0625° in the Asian region using the area
weight method.

2.1.2. CLDAS Data Processing Methods

The 2 m temperature, 2 m specific humidity, 10 m wind speed, and surface pressure
products take ECMWF numerical analysis/forecast products as the background field. To-
pographic adjustment and multi-grid variational technology (STMAS) are used to integrate
the observation data of automatic ground stations in China. The background field outside
China is formed by topographic adjustment, variable diagnosis, and interpolation to the
analysis grid.

The DISORT radiative transfer model used ozone, atmospheric precipitation, and
surface pressure in GFS numerical analysis products as the dynamic input parameters for
the radiative transfer model. Additionally, FY2E/G satellite VIS channel complete disk
nominal map data inversion was used to form the short-wave radiation product.

The above information comes from the China Meteorological Data Sharing Network
(https:/ /data.cma.cn/, accessed on 1 May 2021). The data used in this study included
temperature, global solar radiation, relative humidity, and wind speed, of which the height
of wind speed was 10 m and the height of other meteorological variables was 2 m. The data
spanned from 2017 to 2020.

2.2. Reference Evapotranspiration
According to the FAO56 PM equation [32], reference evapotranspiration (ETy; mm d—h
can be calculated as:
—_— 0.408(Ry — G) + v 12975 U(es — ea)
0 A+ (1+0.34U)

)

where R;, is the net radiation at the crop surface, usually calculated by R (Global solar
radiation); G is the soil heat flux density; T; is the mean daily air temperature at 2 m height;
U is the wind speed at 2 m height; e; and ¢, are the saturation and actual vapor pressure,
respectively; A is the slope of vapor pressure curve, and + is the air psychrometric constant.
In daily time-step in this study G can be neglected [33,34].
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2.3. Data Sources

To examine the performance of this dataset, meteorological data from 689 ground
meteorological observation stations of the China Meteorological Administration (CMA)
were collected, which included maximum and minimum temperatures at 2 m, global
surface radiation or sunshine durations, relative humidity at 2 m, and wind speed at 10 m.
If necessary, sunshine durations were converted into global radiation using a formula from
a previous study [35]. The stations were divided into seven climate zones [36,37]. The
specific distribution is shown in Figure 1, and the names are shown in Table 1.

90°E 100°E 110°E 120°E 130°E

S50°NA

40°N+

30°NA

200N

* NMocteorological station

Elevation(m)
-
]

— sy

Figure 1. Climate zones of China and geographical distribution of 689 meteorological stations. (See
Table 1 for the names of climatic zones 1-7).

Table 1. Names of the seven climate zones.

Zone Area Name

Northwest desert zone
Inner Mongolia grassland zone
Northeast humid and semi humid temperate zone
Humid and semi humid warm temperate zone
Humid subtropical zone
Humid tropical zone
Qinghai Tibet Plateau zone

N ONUl R WN =

To obtain the daily reanalysis variables for Equation (1) (identified by subscript
CLD), the following steps were taken: (a) daily TmaxcLp and Tmincrp Were selected as
the maximum and minimum of the 24 daily available 1-h values of the Tmax and Timin
sequences, respectively; (b) daily RHcpp was obtained by calculating the 24-h average
value of 24 RH values per day; (c) calculating the 24-h cumulative value of the 12-h R
as the daily Rycrp value; (d) wind speed at 10 m (Ujocrp) was calculated as the 24-h
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average of 24 1-h values, which were then converted to a height of 2 m (Ucrp) using
Formula (2) as follows, respectively:

4.87

U= 678:—542)

@)
where z is the height of the wind speed observation instrument (in this paper, z is equal to
10) for each meteorological station. Grid data from four grid points around it were selected
and interpolated to the station by the inverse distance weight (IDW) method. The formula
is as follows:
no U
i=1 p2
e p— ©

w1
i=1 D2
1

where V is the inverse value, v; is the value of the control point, and D; is the weight coefficient.

2.4. Statistics Indicators

Three common statistical indicators, including the coefficient of determination (R?),
root mean square error (RMSE), mean absolute error (MAE), and percent bias (PBias) were
chosen to evaluate the accuracy of the CLDAS meteorological variables and ETj in this
study. The corresponding formulas are:

1 n
MAE = ) |M;— P @
i=1
1 n
RMSE = [~} (M; — p;)? (5)
i=1
2
. [ (um)(n=r)
R = — - 3 (6)
oy (M — M;) Y (P —Py)
Y (P — M;)
PB=Zizl i T ?)
iz M

where M; is ET calculated by meteorological station data, P; is ET( calculated by the
CLDAS gridded data, M; is average ETj calculated by meteorological station data, P; is
average ET calculated by the CLDAS gridded data, and 7 is the number corresponding
to ETy data. Higher R? values (closer to 1) or lower RMSE and MAE values indicate a
better estimation performance of the CLDAS dataset. The closer PB is to 0, the better the
estimation performance of the CLDAS dataset.

3. Results
3.1. Meteorological Factors
3.1.1. Air Temperature

Table 2 shows the statistical indicators of maximum and minimum temperatures in
the CLDAS data for the seven climate zones in China. Results indicated that the accuracy
for the maximum and minimum temperatures differed in different climatic regions. For the
maximum temperature, CLDAS data showed a high correlation with data from ground
stations in the four northern climate zones (i.e., climate zones 1-4), with R2 larger than
0.9. Climate zone 5 in the humid climate region also yielded a good correlation. In
climate zones 6 and 7, the correlations between the two datasets were slightly worse when
compared with other climate zones. However, climate zone 6 showed the smallest values
in terms of statistical errors, with RMSE and MAE valued at 2.9 and 2.3 °C, respectively.
This may be since the range of temperature changes in this region is not as large as that in
other regions, and the area of this climate zone is significantly smaller than that in other
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climate zones, so the temperature change in this region is not as dramatic as that in other
climate zones. The RMSE and MAE of the high-altitude climate zone (i.e., climate zone 7)
were 6.55 °C and 5.83 °C, respectively. Figures 2—4 show the spatial error distribution of the
maximum temperature in CLDAS. Overall, the errors at most stations were within a small
range. However, in climate zone 7 and the north-central area of climate zone 1, there was a
big error in the regions, with RMSE and MAE of many stations more significant than 10 °C,
while R? was lower than 0.5. Such huge variations in model errors in these stations might
be resulted from the regional climate model parameter variations and were unlikely caused
by the overall overvalued or undervalued problem of models that may cause significant
variation for ET( estimation.

Table 2. Statistical indicators of maximum and minimum temperatures in different climate zones
of China.

Tmax Tmin
RMSE °C MAE °C ) RMSE °C MAE °C )
Climate Z
imate Zone % % R % % R

1 4.99 4.32 0.95 4.03 3.45 0.96
2 3.82 294 0.93 2.50 1.85 0.97
3 3.75 2.88 0.94 3.02 2.27 0.97
4 3.83 3.05 0.92 2.65 211 0.97
5 3.51 2.75 0.88 2.24 1.79 0.96
6 2.90 2.30 0.82 1.87 1.50 0.94
7 6.55 5.83 0.81 5.10 4.53 0.92
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Figure 2. RMSE values of the five meteorological factors of in all stations.
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Figure 3. MAE values of the five meteorological factors of in all stations.

The minimum temperature behavior in the CLDAS data set was similar to the max-
imum temperature. However, compared with the maximum temperature, correlations
between the minimum temperature of CLDAS and the station’s temperature were higher
in all seven climate zones, with all R? larger than 0.9. In climate zone 6, the minimum
temperature error was the lowest among all climate zones, with RMSE and MAE valued at
1.87 °C and 1.5 °C, respectively. On the contrary, climate zone 7 had the highest error, with
RMSE and MAE reaching 5.1 and 4.53 °C, respectively. In addition, the lowest temperature
error in climate zone 1 was also relatively high, with RMSE and MAE valued at 4.03 °C
and 3.45 °C, respectively, which might affect the accuracy of ET estimation. As can be
seen from Figures 2—4, the performance of Ty, was similar to that of Tmax. Therefore, the
accuracy of most stations was within an acceptable range. However, some stations showed
significant errors, which were mainly located in the middle of climate zone 1 and climate
zone 7. These stations with high error in the minimum temperature had a high coincidence
with corresponding high Trmax error stations, indicating severe problems in the temperature
simulation of the stations.
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Figure 4. R? values of the five meteorological factors of in all stations.

3.1.2. Solar Radiation

Table 3 shows the statistical indicators of solar radiation (R;) in the CLDAS data for
the seven climate zones. Across climate zones, RMSE ranged from 5.18 to 6.21 M] m2d71,
and MAE ranged from 3.83 to 4.54 MJ m 2 d 1. The differences in R, errors among different
climate regions were not as apparent as those in air temperature. However, the R? of climate
zone 7 was significantly lower than that of other climatic regions. These results were similar
to the results reported by Liu et al. (2009) [38]. However, their values were generally higher
than that of the radiation model based on temperature, where the median RMSE was
33MJ m~2 d ! in humid regions of China (Fan et al., 2019) [39]. The above phenomenon
indicated that the radiation data in the CLDAS data set did not perform well.

Figures 2—4 show the spatial distribution of Rs errors. Overall, the error of Rs in climate
zones 1-3 was better than in other climate zones. The RMSE of most stations was more
significant than 6 MJ m~2d-1. This might be due to the severe air pollution in the above
areas [40], which would pose particular challenges to accurate simulation.
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Table 3. Statistical indicators of solar radiation, relative humidity, and wind speed in different climate
zones of China.

R; RH U
Climate RMSE MAE ) . . ) RMSE MAE )
Zone MJm—2d-1 MJm2d? R RMSE % MAE % R ms—1 ms1 R
1 5.18 3.83 0.55 14.93 12.11 0.59 1.18 0.88 0.22
2 5.41 3.93 0.65 12.60 9.79 0.55 1.32 1.01 0.29
3 5.33 3.93 0.55 12.81 9.88 0.50 1.28 1.00 0.30
4 6.21 4.51 0.60 13.62 10.73 0.44 1.26 1.01 0.20
5 6.13 4.54 0.48 11.90 9.72 0.42 1.05 0.85 0.21
6 5.54 4.19 0.59 9.19 743 0.39 1.38 1.13 0.22
7 5.80 4.43 0.28 31.29 27.62 0.33 1.03 0.81 0.14

3.1.3. Relative Humidity

Statistical indicators of CLDAS RH are shown in Table 3. Climate zone 7 had the most
significant error among all regions, with RMSE and MAE reaching 31.29% and 27.62%,
respectively, close to a random distribution. The consistency between CLDAS and site data
in other climatic regions was also not high, with R? ranging from 0.39 to 0.59. However, the
values of RMSE and MAE indicated that they were still within acceptable limits. Compared
climate zone 1 with climate zone 6, the consistency of climate zone 1 was higher, but the
RMSE and MAE of climate zone 6 are lower. This result could be attributed to the fact
that climate zone 6 is within the humid region with high annual average relative humidity,
while climate zone 1 is in the arid area where the relative humidity changes more sharply.
Figures 2-4 showed that the overall error of this data set was larger in climate zone 7 than
in other climate zones. In addition, compared with the northeast part of climate region 5,
the error of RH in the western part of the same climate zone (i.e., areas bordering climate
zone 7) was significantly larger. Although there was a relatively large error for RH in some
regions, the estimation of ET; would unlikely be affected, as previous studies have found
that RH would have a low contribution to ET in most regions of China [41].

3.1.4. Wind Speed

Statistical indicators of CLDAS U are shown in Table 3. From the perspective of R?,
the consistency between CLDAS near-surface wind speed and station data was poor in
all climate zones, while from the perspective of RMSE and MAE, their accuracies were
acceptable. In addition, the mean difference between climate zones was within 30%. How-
ever, according to the spatial distribution of the error (Figures 2—4), the RMSE of some
stations was more than 3 m s, of which the errors of most stations in climate zone 7 were
significant. Compared with the inland stations, the R? of the coastal stations was higher.
However, RMSE and MAE were also higher, indicating a problem of overestimation or
underestimation. The worldwide modeling for wind speed is challenging and often inac-
curate. Similar results were obtained for ERA5 [22], NCEP/NCAR [27], and GLDAS [42].
This is mainly due to the complex terrain changes on the ground, and the wind speed is
greatly affected by the roughness of the underlying surface. In addition, it is not easy to
simulate the movement direction of winds accurately.

3.2. Reference Evapotranspiration

The statistical indicators of calculated ET( based on the CLDAS dataset are shown
in Table 4. Among all climate zones, climate zone 1 had the best consistency (R? = 0.84)
between CLDAS data and station data, while climate zone 3 showed the lowest errors
(RMSE = 0.87 mm d~! and MAE = 0.58 mm d~'). For climate zone 7, the values of RMSE
(1.37 mm d~!) and MAE (1.19 mm d ') were higher than the corresponding values in any
of the other climate zones. Figure 5 shows the spatial distribution of statistical indicators.
Across climate zones, R? overall showed a decreasing trend from the north to the south,
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and the southernmost region (i.e., climate zone 6) had the lowest value of R?. However, the
spatial distributing patterns of RMSE and MAE were different from R?. The stations with
significant errors are mainly distributed west of climate zone 1, the coastal areas, and the
boundary areas between climate zone 7 and other climate zones. This is mainly due to the
more complex climate change between climate zones. In addition, the high wind speed
error in the coastal areas often leads to a significant ETj error.

Table 4. Statistical indicators of reference evapotranspiration in different climate zones of China.

Zone RMSE MAE R?
1 1.10 0.74 0.84
2 0.94 0.63 0.80
3 0.87 0.58 0.74
4 1.03 0.75 0.71
5 0.99 0.72 0.64
6 1.08 0.83 0.52
7 1.37 1.19 0.62
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Figure 5. Spatial distribution of ET) statistical indicators.

To explore the differences in the CLDAS data in different climate regions, one station
from each climate zone was randomly selected to fit the correlation between the calculated
ETj based on CLDAS and the FAO56-PM ET (Figure 6). Although there were a few outliers,
the scatter points in climate zone 1 were more concentrated to the 1:1 line than those in
other climate zones. Scatter points in climate region 2 were slightly more dispersed than in
climate zone 1 and showed some obvious overestimations when ET was more significant
than 6. In climate zone 3, the accuracy was excellent when the value of ET( was low (<2 mm)
but showed a decline as the following scatter points started to discretize. However, no
overestimation or underestimation existed. In climate zone 4, the error was relatively large
when ETj ranged from 3 mm to 6 mm. When the ET of climate zone 5 was less than 2, the
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problem of underestimation appeared, and then the points were scattered in the 1:1 line for
two measurements, but the distance from the 1:1 line was far. In climate zone 6, the error
was significant when ET was greater than 3 mm, and some scatter points were obviously
overestimated or underestimated. Although the points were not as discrete as those in
climate zones 4 and 5, the ET)) of climate zone 7 showed a significant underestimation.

Figure 7 shows the ET box diagram of a station randomly selected from each climate
zone. From the median value, there are differences in the performance of different climate
regions. Among them, the ET prediction bias of climate region 2 and climate region 3
is slight. The bias of climate region 6 and 7 is large. In addition, from the extreme value,
the bias of ET estimated in climate zone 4 and climate zone 6 is small, and other regions
have overestimated or underestimated in varying degrees. From the quartile line, there are
significant differences in ET( estimation in climate regions 5, 6, and 7. The predicted ET
performance of climate zones 1, 2, 3, and 4 is relatively good.
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Figure 6. Scatter plots of CLDAS and FAO56 PM values of ET in different climates.
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3.3. Seasonal Performance of Reference Evapotranspiration from CLDAS

Since the demand for water resources varies significantly between seasons, it is neces-
sary to assess the performance of the CLDAS dataset in different seasons. Figure 8 shows
the RMSE performance of CLDAS ET in the four seasons. In spring (March-May), stations
with RMSE smaller than 1.5 mm d~! accounted for more than 85% of all stations across
China. The RMSE was lower in the south of climate zone 1 and the middle and north of
climate zone 3, ranging from 0.5 to 1 mm d 1. For most stations of climate zones 2, 4, 5, and
6, RMSE values ranged from 1-1.5 mm d~'. Stations with errors greater than 1.5 mm d !
are mainly located in climate zones 1 and 7.
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Figure 7. The box diagram of CLDAS and FAO56 PM values of ET, in different climates.

In summer (June-August), the RMSE of CLDAS ETj was generally higher than that
of spring. More than 80% of the stations had RMSE ranging between 1 mm d~! and
1.5mm d~!. Stations with RMSE smaller than 1 mm d~! were mainly concentrated in
the southern part of China and near the boundary area between climate zones 5 and 6.
Stations with RMSE greater than 1.5 mm d~! were distributed in all climatic regions, of
which climate zone 7 had the largest RMSE, followed by climate zone 1. Especially for
the southwest area of climate zone 7, stations in this area were sparse, and the error was
relatively large, with the value of RMSE larger than 2 mm d 1.

In autumn (September—November), RMSE was less than 1 mm d~1in 80% of all
stations, and stations with a significant error were still mainly concentrated in climate
zone 7. It is worth mentioning that there were also many stations with RMSE greater than
1 mm d ! in the coastal areas of climatic zone 6. This is mainly due to the relatively high
temperature of this area in autumn, resulting in a relatively large RMSE.

In winter (December—February), RMSE in northern regions (i.e., climate zones 1-3)
was lower than 0.5 mm d~! due to the minimal ET,, value. RMSE of most stations in climate
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zones 4 and 5 was less than 1 mm d~!. However, the values of RMSE in the southern part
of climate zone 7, the coastal part of climate zone 6, and the western part of climatic zone 5
were more outstanding than 1.5 mm d .
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Figure 8. Seasonal RMSE of ET| calculated from CLDAS dataset.
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Among all seasons, summer had the most significant RMSE error, followed in order
by spring, autumn, and winter. The CLDAS dataset performed well in climate zones 2, 3, 4,
and 5, but performed poorly in all seasons in climate zone 7. In addition, the coastal areas
of climate zone 6 also did not perform well in autumn and winter.

Because the demand for water resources varies significantly in different seasons, it is
also necessary to evaluate the specific overestimation or underestimation of the CLDAS
dataset in different seasons. This provides a more detailed reference for practical production
and life applications. Figure 9 shows the PBias distribution of ET calculated by CLDAS in
the four seasons. In spring, the sites with PBias between 0.2 and 0.2 accounted for about 70%
of all sites in the country, and the overall forecast stability was good. The values of ETycr.p
in the southern regions of climate zone 1, climate zone 2, the southern part of climate zone 3,
most of climate zone 4, and the central and northern parts of climate zone 5 are within 10%
of the local station data. In climate zone 7 (Underestimated), numerical biases are generally
greater than 30%. The prediction of ETycrp in the junction area of climate zone 7 and other
climate zones is not very stable, and most of them are underestimated. In addition, the
ETocLp in coastal areas will have a relatively large bias.

In summer, the bias of ETj calculated by CLDAS is generally smaller than that in
spring, but some sites have large fluctuations (the bias is greater than 60%), and the
PBias of more than 60% of the sites is between —10% and 10%. ETycyp is in the climate
zone 3. The southeastern coastal areas (overestimated), the southern part of climate zone 5
(overestimated), and the western coastal areas of climate zone 6 (overestimated) have large
biases from the local weather station data, with a gap of about 10% to 30%. Numerical bias
with zone 7 (underestimation) is generally greater than 30%. The prediction of ETycrp for
meteorological stations in the junction of climate zone 7 and other climate zones is not very
stable, and most of them are underestimated.

In autumn, the bias of ET\ calculated by CLDAS is generally larger than that in
spring and autumn, and only about 50% of the sites have PBias between 10% and 10%.
The western region (underestimated), the central and western regions of climate zone 5
(underestimated), the southern coastal region of climate zone 6 (underestimated), and the
climate zone 7 (underestimated) have large biases from the data of local meteorological
stations, with a gap of more than 30%. In addition, the prediction accuracy of the ETocrp
of the meteorological stations at the junction of climate zone 3 and other climate zones
decreased significantly. Most showed an overall underestimation.

In winter, the bias of ETj calculated by CLDAS is generally the largest, among which
the bias of ETcyp from the local station data in the southern region of climate zone 1, the
central region of climate zone 2, the central region of climate zone 3, and the central and
eastern regions of climate zone 5 is 10%. Within %; ETocLp in the northern region of climate
zone 1 (overestimated), the southern coastal region of climate zone 3 (overestimated), most
of climate zone 4 (underestimated), the central and western regions of climate zone 5
(underestimated), the southern part of climate zone 6 Coastal areas (underestimated), and
climate zone 7 have large biases from local weather station data, with a gap of more than
30%. In addition, the prediction accuracy for the ETycpp of the meteorological stations in the
transition areas of different climatic zones will drop significantly, and both overestimation
and underestimation exist.

Figure 10 shows a boxplot of the calculated PBias for the CLDAS dataset. From the
median value of PBias, there are biass in the performance of different seasons. Among these,
the estimated bias in spring and summer is smaller, the performance in autumn is second,
and the performance in winter is the largest. From the quartile line (aside from winter),
the estimated differences in the other three seasons were small. From the perspective of
extreme values, the estimated maximum and minimum values in winter are not good. The
performance in summer is the best, and the estimated bias is the smallest. In conclusion, of
all seasons, summer and spring have the slightest bias, followed by autumn and winter.
The CLDAS dataset performs well in climate zones 2, 3, 4, and 5 but not in all seasons in
climate zone 7. In addition, the coastal areas of climate zone 3 and climate zone 6 also
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performed poorly in autumn and winter, and the performance at the interface of different
climate zones was also relatively poor.
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Figure 9. Seasonal PBias of ET| calculated from CLDAS dataset.

28



Water 2022, 14, 1744

PBias

T T T

T
Spring Summer Autumn Winter
Figure 10. The box diagram of Seasonal PBias of ET|, calculated from CLDAS dataset.

3.4. Annual Performance of Reference Evapotranspiration from CLDAS

China is a country with frequent droughts and floods. Water demand also varies
widely between years. Therefore, it is necessary to evaluate the difference in CLDAS ET)
error in different years. The RMSE of CLDAS ET in 2017-2020 is shown in Figure 11.
Overall, RMSE in 2019 was lower than that in other years, with more than 85% of all stations
having a value less than 1 mm d~1. In 2020, stations with RMSE less than 1 mm d~!
accounted for 60% of the total stations. Regarding the spatial distribution of errors, climate
zones 3, 4, 5, and 6 overall performed better than other climate zones. Significant errors
were in the southern part of climate zone 7 and the eastern part of climate zone 1, with
RMSE generally more significant than 1.5 mm d~!. This may be related to the special
geographical location of these stations, such as at the boundary of different climate zones.
The above results further confirmed that the data set had good performance in some regions.
At the same time, there were also significant uncertainties in other regions, which could
bring certain risks to the application.

Figure 12 shows the PB distribution of ET calculated by CLDAS in 2019-2020. In
2017, the sites with PBias between 0.1 and 0.1 accounted for about 60% of all sites in the
country, and the overall forecast stability was good. The values of ETycyp in the southern
region of climate zone 1, climate zone 2, the central and northern regions of climate zone 3,
the central region of climate zone 4, the central and northern regions of climate zone 5,
and the central region of climate zone 6 are compared with local weather station data. The
bias is within 10%; the bias of ETocyp from the local weather station data is larger in the
northern area of climate zone 1, the southern coastal area of climate zone 3 (overestimated),
and the southern coastal area of climate zone 6 (underestimated), with a gap of 10% to
30%. However, the numerical bias of climate zone 7 (underestimated) is generally greater
than 30%. The prediction of ETycrp in the junction area between climate zone 7 and other
climate zones is not very stable, and most of them are underestimated.

In 2018, the bias of ET calculated by CLDAS was similar to that in 2017, with about
60% of sites having a PBias between 10% and 10%, and ETycrp in the central region
of climate zone 1 and a few in the southern part of climate zone 3. The coastal areas
(overestimated), parts of the southern part of climate zone 5 (overestimated), and the
southern coastal areas of climate zone 6 (overestimated) have large biases from local
weather station data, with a gap of about 10% to 30%. The (underestimated) numerical
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bias is generally greater than 30%. Similarly, the prediction of ETcrp for meteorological
stations in the junction of climate zone 7 with other climate zones is not very stable, and
most of them are underestimated.

”
300 201
250
5
£ 200
E
2
H
2150
2
100
RMSE(mm)
¢ 0.50-1.00 &
1.00-1.50 A
1.50-2.00
200 2.50 ¢ 10 15 20 25
2.50-3.00 RVISFE(mm)
2018
i
E
E200)
s
13
£ 150)
B
£
¥ RMSE(mm) 100
2 ¢ 5
0.50-1.00 -
1.00-1.50
1.50-2.00 i
200 250 1.0 1.5 2.0 2.5 340
2,50-3,00 RMSE(mm)
400,
2019

Station number
- v
< 3 2
; l

0.50-1.00 50)
1L00-1.50
;zi:: oS L ]L\!Sl];'.imm) ¥ *
2.50 3.00
2020

-
=
S

Station numhber
- e NN W W
4 2 2 £ & 2 @
2 < > = =3 > =

0.50-1.00

1.00-1.50

1.50-2.00

200250 05 1.0 15 20 25
RMSE(mm)

®  250-3.00

Figure 11. Annual RMSE of ET calculated from CLDAS dataset.
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In 2019, about 55% of the sites had PBias between —10% and 10%. The ETycrp in
the southern part of climate zone 1, most of climate zone 2, the middle part of climate
zone 3, small parts of the central region of climate zone 4, the central and eastern regions of
climate zone 5, and the central region of climate zone 6 within 10% of the data from local
weather stations. ETcrp is in the central region of climate zone 1, the southern coastal
(overestimated) and northern regions (underestimated) of climate zone 3, the central and
western regions of climate zone 4 (underestimated), and the southern part of climate
zone 5 (overestimated). The bias between the southern coastal areas of climate zone 6
(overestimated) and the local weather station data is relatively large, about 10% to 30%.
The numerical bias of climate zone 7 (underestimated) is generally greater than 30%.

In 2020, the bias of ETj calculated by CLDAS was generally the smallest, and about
60% of the sites have PBias between 10% and 10%. ETocLp is in the southern part of
climate zone 1 and the southwest of climate zone 2. The central region of climate zone 3,
the central and southern regions of climate zone 4, most of climate zone 5, and most of
climate zone 6 were within 10% of data from local weather stations. ETycp is in the central
region of climate zone 1, a few southern coastal (overestimated) and northern regions
(underestimated) of climate zone 3, the central and western regions of climate zone 4
(underestimated), and a small number of regions in climate zone 5 (underestimated). The
bias of local weather station data is large, with a gap of about 10% to 30%. The numerical
bias of climate zone 7 (underestimated) was generally greater than 30%. Similarly, the
prediction of ETycpp for meteorological stations in the junction of climate zone 7 with other
climate zones is not very stable, and most of them are underestimated.

Figure 13 shows a boxplot of annual PBias calculated for the CLDAS dataset. From the
median value of PBias, there is a bias in the performance of different years. The estimated
bias in 2020 and 2017 is smaller, and the performance of the other two years is relatively
poor. From the quartile line, the estimated bias in 2020 is the smallest and more compact,
and the estimated differences in other years have different degrees of fluctuation. From
the perspective of extreme values, there was a clear overestimation in 2017 and a clear
underestimation in 2018. Additionally, 2020 had the best performance, and the estimated
bias was the smallest. In conclusion, from 2017 to 2020, bias in 2019 and 2020 was the
smallest. The CLDAS dataset performs well in climate zones 2, 3, 4, and 5 but not in all
seasons in climate zone 7. In addition, the coastal areas of climate zone 3 and climate zone 6
also performed poorly except in 2020. The performance of the boundary areas of different
climate zones was also relatively poor.
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Figure 13. The box diagram of annual PBias of ET calculated from CLDAS dataset.
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3.5. Main Factors Affecting Reference Crop Evapotranspiration

The evapotranspiration process is affected by many factors [43], and its changes are
mainly attributed to the changes in meteorological factors. The country’s climate is complex
and diverse. From a geographical point of view, the eastern part is mostly a monsoon
climate zone with a complex and changeable climate. The air above it is severely polluted,
affecting solar radiation and surface wind speed. Therefore, the performance of estimated
ET) in coastal areas will decline. The northwest region is far from the sea, is a non-monsoon
region, and belongs to a temperate continental climate. The ground topography in this
region (the junction of climate zones 2, 4, and 5) is complex and changeable, and the wind
speed is greatly affected by the roughness of the underlying surface. The direction of wind
movement is accurately simulated, so the reduction in the accuracy of wind speed is likely
to lead to a decline in the performance of estimating ET in some areas. The Qinghai-Tibet
Plateau belongs to the plateau climate zone. Due to its complex and changeable terrain,
the climate itself on the Qinghai-Tibet Plateau will fluctuate depending on the region,
which greatly affects the estimation of ET;. To sum up, the closer are to inland areas
(such as climate zones 1, 2, and 3), the higher the accuracy of ET, estimation will be. The
performance of ET estimation in coastal areas, the Qinghai-Tibet Plateau, and the junction
of climatic zones will be negative effects [44-46]. From the seasonal point of view, the
summer is affected by the warm and humid air from the ocean, with high temperature,
humidity, and rain. The climate is oceanic, so the estimation error in summer is the largest.
In winter, affected by the dry and cold airflow from the continent, the climate is cold, dry,
and less rainy, and the climate is continental, and the estimation error will be relatively
small [47,48]. In addition, specific regions need to be further analyzed according to the
actual situation.

4. Discussion

The calculation of ET) is affected by a variety of climatic factors. Ma et al. (2010) [49]
studied the influence of main climatic factors on ET in mountainous plateau areas and
found that the change of wind speed had the most significant impact on ET at each site.
Luo et al. (2010) [50] conducted a sensitivity analysis on ETy and main meteorological
factors in the main agricultural areas of Tibet, and the results showed that ET in the whole
region had a declining trend over the past 50 years. The meteorological element that had
the most significant impact on ETy was Rs. Similar results were obtained in our study,
where the accuracy of ETy was affected by the error of R. Xie et al. (2017) [51] analyzed the
impact of changes in meteorological factors on ET( in China’s main grain-producing areas
from 1961 to 2013, in which ET showed a saw-tooth decline. The changing characteristics
of main meteorological factors in the study area and the response of ETj are similar to
the results of our study, showing regional and seasonal variations. Overall, our study
suggests that the errors of meteorological factors in the Qinghai-Tibet Plateau region and
the boundary region of the climate zones are more significant than in other regions, with
the highest errors observed in summer.

Due to the incomplete understanding of the physical mechanism of weather changes
and limited observational data, there is still a specific error in the reanalysis data [52], and
the magnitude of this error tends to vary with different climatic factors. Temperature is a
meteorological variable with minor errors, usually less than 10% [53,54]. Similar results
were found in our study, in which the R? of Tpax and Ty, are generally greater than 0.9 in
the seven climatic zones. Due to the influence of topography, the errors of wind speed and
relative humidity are usually large [26], and similar results were obtained in our study.

It is worth mentioning that the weather stations in our study are affiliated with the
China Meteorological Administration. The ground of the weather station is usually covered
with short grass under adequate irrigation conditions. However, areas in the grid system
do not necessarily have lush vegetation. Therefore, there might be some differences in
the environmental factors between the two types of systems, especially for the radiant
energy (i.e., R < 0.65 in the seven climate zones for the Rycp estimation in our study).
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This may lead to the problem of overestimating or underestimating the reanalysis data,
which indirectly explains why the estimated ET( values in some areas fluctuate severely in
our study. In addition, the variation of wind speed is greatly affected by the terrain and
the type of underlying surface, and it is not easy to obtain the average wind speed in a
specific area. Similar results were obtained in our study, where the overall Ucy A accuracy
is not satisfactory.

Finally, this study can provide an idea for economically underdeveloped countries
and contribute to improving the reanalysis data set and the accuracy of ET, estimation.
Therefore, when other developing countries establish regional climate models, they can
consider their own terrain and climate characteristics and establish a more local model.

5. Conclusions

ET, data set based on reanalysis products can make up for the time discontinuity and
spatial insufficiency of surface meteorological platform data, which is significant for water
resources planning and irrigation system formulation. However, a rigorous evaluation
of reanalysis products must be carried out to see if they have value in application. This
study evaluated the ability of the CLDAS dataset officially published by the Chinese
meteorological system for ET estimation. Results indicate that the temperature data of
CLDAS have high accuracy in all regions except the Qinghai Tibet Plateau (QTP) region.
In contrast, the accuracy of the total radiation data is average, and the quality of relative
humidity and wind speed data is poor. The overall accuracy of ET is acceptable except for
QTP, but there are many stations with large errors. Among seasons, RMSE is the largest
in summer and smallest in winter. There are also inter-annual differences in the ET( of
this data set. Overall, the CLDAS dataset is expected to have good applicability in the
Inner Mongolia Grassland area, Northeast Taiwan, the Semi-Northern Temperate zone,
the Humid and Semi Humid warm Temperate zone, and the subtropical region. However,
there are certain risks in other regions. In addition, of all seasons, summer and spring have
the slightest bias, followed by autumn and winter. From 2017 to 2020, bias in 2019 and 2020
are the smallest, and the areas with large deviation are in the south of climate zone 3, the
coastal area of climate zone 6, and the boundary area of climate zone 7.
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Abbreviations

Meaning of main acronyms:

CLDAS: China Meteorological Administration Land Data Assimilation System; ET:
Reference Crop evapotranspiration; FAO: Food and Agriculture Organization of the United
Nations; ECMWEF: European Center for Medium Weather Forecasting; NCEP: National
Centers for Environmental Prediction; Rs: Global solar radiation; U: wind speed at 2 m;
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RH: relative humidity; Trmax: maximum temperature; Tryjn: minimum temperature. (When
the subscript CLD exists in these meteorological data, it is the corresponding CLDAS
meteorological data); RMSE: Root Mean Square Error; MAE: Mean Absolute Error; PBias:
percent bias; R%: coefficient of determination.
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Abstract: The results reported in this work are based in part on measurements of sap flow in a few
select trees on a representative riparian forest plot coupled with a forest-wide randomized sampling
of tree sapwood area in a watershed located along the Pacific coast in Santa Cruz County, California.
These measurements were upscaled to estimate evapotranspiration (ET) across the forest and to quantify
groundwater usage by dominant phreatophyte vegetation. Canopy cover in the study area is dominated
by red alder (Alnus rubra) and arroyo willow (Salix lasiolepis), deciduous phreatophyte trees from which
a small sample was selected for instrumentation with sap flow sensors on a single forest plot. These
localized sap flow measurements were then upscaled to the entire riparian forest to estimate forest ET
using data from a survey of sapwood area on six plots scattered randomly across the entire forest. The
estimated canopy-scale ET was compared to reference ET and NDVI based estimates. The results show
positive correlation between sap flow based estimates and those of the other two methods, though over
the winter months, sap flow-based ET values were found to significantly underestimate ET as predicted
by the other two methods. The results illustrate the importance of ground-based measurements of
sap flow for calibrating satellite based methods and for providing site-specific estimates and to better
characterize the ET forcing in groundwater flow models.

Keywords: evapotranspiration; sapflow; phreatophyte; riparian; groundwater

1. Introduction

Prolonged drought conditions in California and the associated increased reliance
on groundwater resources for irrigation in coastal areas, necessitates a re-examination of
agricultural groundwater use in riparian corridors, particularly the impacts of groundwater
pumping on instream flows. Minimum flow requirements in coastal creeks are a source of
serious concern for riparian forest and land managers, fisheries biologists, and agencies
assigned to evaluate sustainable instream flow requirements. Prior works in coastal riparian
systems (e.g., [1]) have focused entirely on groundwater pumping for irrigation, with only
cursory attention given to consumptive groundwater use by riparian vegetation. An
accurate understanding of the impacts of groundwater pumping for irrigation, requires a
consideration and characterization of all the components (inputs, outputs, and storage) of
watershed-scale water budgets, including the poorly understood consumptive groundwater
use by phreatophytic vegetation.

Riparian forests are among the most productive natural ecosystems and perform
such ecological functions as filtering agricultural runoff of sediment, nutrients, and other
solutes, thereby minimizing non-point source contamination of streams and groundwater.
They help maintain the stability of stream banks as well as the quality and quantity of
groundwater recharge [2—4]. In addition to ecological functions, riparian forests also play a
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central role in the earth’s strongly coupled energy and hydrologic cycles through consump-
tive water use from evapotranspiration (ET) and effects on surface roughness and surface
reflectivity (albedo). Direct measurement of tree sap flow to better characterize the ET
forcing on groundwater flow could lead to improved understanding of the ET component
of the hydrologic cycle attributable to consumptive groundwater use by phreatophytic
vegetation. Water requirements of riparian vegetation are usually fulfilled by soil moisture
and groundwater [5]. However, riparian forests also often contain phreatophytic species,
which depend primarily on groundwater for long-term survival [6,7]. The root systems of
such species extend to the capillary fringe, the water-table and the underlying saturated
zone [7,8]. In groundwater models of diurnal groundwater fluctuations, the water use by
phreatophytic vegetation can be characterized by a diurnal ET water-table flux boundary
condition (forcing function) or as a volumetric sink within the saturated zone (unconfined
aquifer) [9].

Although direct measurement of ET from riparian forests is key to understanding
regional and local water and energy balances in hydroclimatological modeling, there remain
high uncertainties in seasonal and long-term (decadal scale) riparian forest ET data due
to the focus on diurnal fluctuations [10,11]. This limits the ability of models to accurately
estimate the groundwater component of water budgets consumed by vegetation in such
forests [11]. Riparian zones in semiarid regions often exhibit high rates of ET in spite of
low-soil wetness due to the presence of phreatophytic vegetation [12,13], which is reflected
in diurnal water-table fluctuations [5,9,12] and can be measured by direct monitoring of
vadose zone soil moisture and groundwater levels. In most long-term ET and groundwater
studies, the amount of water used by phreatophytes is estimated by empirical formulae
that rely on climatic and weather variables or by extrapolation and interpolation of remote
sensing measurements. This can be problematic given the uncertainties associated with the
subsurface sources of the water [10,11].

Direct ground-based measurements of ET include eddy covariance and sap flow
monitoring. There are three common sap flow techniques: (1) thermal dissipation probes
(TDP), (2) heat pulse velocity (HPV), and (3) tissue heat balance (THB). Thermal dissipation
probes (TDP) proposed by [14] comprise two cylindrical probes that are inserted into the tree
stem and separated by a fixed vertical distance. There is some uncertainty on the accuracy
of TDP sensing of sap flow taking in fixed position on trees over long periods [15,16]. The
workers [17] continuously measured sap flow for 1.2 years, and reported that the mean
sap flux density declined by 30% during the second growing season. In a fast-growing
tree, the probes become embedded as the vascular cambium produces new phloem and
xylem tissue [18,19]. Prior work of [16] reported declines in sap flow as probes became
lodged deeper into the sapwood over time, leading to underestimation of the volume sap
flow rate.

In the present study, sap flow was measured using thermal dissipation probes in
four trees, continuously, for two years with the objectives of (1) comparing up-scaled
ground-based sap flow estimates of ET to satellite-based measurements and (2) evaluat-
ing groundwater usage by phreatophytes in comparison to pumping for irrigation. The
approach involved installation of thermal dissipation probes (sap flow probes) in select
phreatophytes, vegetation surveys focusing on phreatophytes, measurement of sapwood
area, and up-scaling of plot-scale sap flow measurements to forest-scale ET estimates.

2. Materials and Methods
2.1. Study Site

The study was conducted at Swanton Pacific Ranch, located along the Pacific coast in
Santa Cruz County, California, about 84 km south-southeast of San Francisco. A map of the
watershed and study area is shown in Figure 1. The climate of the region is Mediterranean,
with warm, mostly dry summers and cool, wet winters. The mean summer air temperature
highs are 24 °C and mean winter air temperature lows are 5 °C. The rainy season is typically
from October to April, with an average yearly precipitation of 975 mm, with an average of
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193 mm occurring in January. Even during the recent prolonged drought in California from
December 2011 to March 2019, the average yearly precipitation was 945 mm. The average
yearly precipitation over the duration of this study (August 2017 through August 2019)
was 855 mm. Streamflow in main stream in the watershed, Scotts Creek, is typically very
low in the summer (<0.1 m3/s). During the winter, peak flows typically are 20-70 m3/s,
based on data from a Scotts Creek stream gauge.
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Figure 1. A map (adapted from [20]) of the Scotts Creek watershed, Swanton Pacific Ranch, and the
riparian forest study area. The map shows the location of the instrumented phreatophytes, survey
plots, and piezometers.
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The riparian corridor within the study area is about 70-140 m wide with a canopy
cover that often approaches 100% during the growing season [21]. The dominant trees along
the lower portion of the Scotts Creek watershed are red alders (Alnus rubra Bong.), arroyo
willows (Salix lasiolepis Benth.), and pacific willows (Salix lasiandra Benth. var. lasiandra).
Other trees include box elder (Acer negundo L.), bigleaf maple (Acer macrophyllum Pursh.),
California bay laurel (Umbellularia californica (Hook. & Arn.) Nutt.), and coastal redwoods
(Sequoia sempervirens (D. Don) Endl.) Common understory vegetation includes California
blackberry (Rubus ursinus Cham. & Schltdl.), stinging nettle (Urtica dioica subsp. gracilis L.),
poison hemlock (Conium maculatum L.), Cape ivy (Delairea odorata Lem.), and Italian thistle
(Carduus pycnocephalus L. subsp. pycnocephalus) [21-23]. The phreatophytes documented
within the study area, including red alders, arroyo willows, pacific willows, box elders, and
bigleaf maples, are all deciduous. They typically lose their leaves in November /December
and their leaf buds burst in early March. They maintain maximum leafage for most of
the spring, summer, and fall growing seasons. The typical site vegetation is shown in
Figure 2, which shows (a) the dominant phreatophytic trees (b) understory vegetation,
and (c) deciduous vegetation during winter dormancy. Red alders are fast-growing, rela-
tively short-lived, shade intolerant, and tend to favor sites with bare mineral soil and high
sun exposure that were disturbed by floods, windthrows, logging, or fires.
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(b)

Figure 2. Typical vegetation, including (a) phreatophytic trees (b) understory vegetation, and (c) de-

ciduous vegetation during winter dormancy in the study area within the lower Scotts Creek riparian
corridor in June 2017, June 2018, and January 2019, respectively.

2.2. Sap Flow Measurements

Four trees of the dominant phreatophytes at the study site were selected for mon-
itoring based on their stem diameters (7.6-12.7 cm) and proximity (less than 33 m) to
the data acquisition station. The location of the sap flow probe area is shown on the site
map in Figure 1. A pair of probes was installed in each tree. The installation procedure
involved removal of the outer bark at 1.22-1.45 m above the ground to minimize radiative
temperature effects from land surface. Two pilot holes, 40 mm apart vertically, were then
bored into the tree stem to a depth of 30 mm using a 1.5-mm diameter drill bit. The pilot
holes and drill bit were flushed with 10% chlorine bleach prior to and after boring the
holes in each tree to minimize the introduction and spread of pathogens. The probes were
then carefully inserted into the bores and adhesive putty applied around the base of each
probe to provide a water-tight seal. Foam covers were placed over the probes for thermal
insulation and to protect the electrical wiring. Reflective bubble insulation was wrapped
around the probes, foam, and tree stem to minimize thermal gradients caused by direct
solar radiation. Saran wrap was wrapped around the tree stem and upper portion of the
reflective bubble insulation to prevent water from flowing down the stem surface and into
the probes. Figure 3 depicts the probe installation steps (a)-(d) and the aftermath of tree
healing that occurred over the study period (e).

(d)

Figure 3. Pictures of the probe installation and insulation procedure. (a) the dual probe after insertion

(b)

into stem drill holes and sealing with putty, (b) foam insulation cover over probes, (c) reflective
blanket, (d) saran wrapped installation, and (e) post-study period probe condition shown growth
over probe.

The probes were part of the FLGS-TDP XM1000 sap velocity system (Dynamax Inc.,
Huston, TX, USA), which includes a CR1000 measurement and control data logger with
a AM16/32 relay multiplexer (Campbell Scientific, Logan, UT, USA) housed in a rugged
weather-resistant instrument enclosure. Communication, programming, and data extrac-
tion between the data logger and a computer were facilitated using the PC400 data logger
support software (Campbell Scientific). The data logger and solar panel were mounted
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on a 10-ft UT10 aluminum tower in a forest canopy gap. The tower was secured in an
8-ft> concrete pad with a J-bolt kit for stability during rough weather and flooding. Probe
cords were placed inside 1.0-inch diameter schedule 40 PVC conduit pipes and installed
approximately 30 cm underground for protection against weather, flooding, and wildlife.
The conduit pipe openings were covered with duct seal putty to keep out moisture. Upon
completion of probe installation and mounting the data logger to the tower, sap tempera-
ture differentials were recorded at one-minute intervals and their averages were recorded
every 15 min. The data were downloaded from the data logger every two months. A sap
flow computation spreadsheet, provided by Dynamax Inc., and modified appropriately to
implement the theoretical equations of [14], was used to calculate the volumetric rate of
sap flow.

2.3. Measurement and Estimation of Tree Diameter and Sapwood Depth

Determination of the sapwood area, S 4, requires knowledge of tree stem diameters,
d, and sapwood depth, Dsap. Hence, for this work, tree stem diameter, d, at breast height
(herein d = DBH) was measured for all woody vegetation greater than 0.025 m in diameter
in each of the six representative sample plots. For this work, the breast height used was
1.37 m. The stem diameters were measured manually with a standard English diameter
tape. The tree diameter tape is based on the assumption that tree stems are perfect circles
such that d = C/m, where C is tree stem circumference. Within each plot, the number of
species, and number of trees for each species were also recorded.

Whereas tree stem diameter was measured for all woody vegetation in each of the
sample plots, sapwood depths, Dsap, were measured from cores extracted from a small
representative subset of the riparian phreatophytic trees within each plot. A stratified
random sampling design was used to estimate phreatophytic vegetation composition.
Woody vegetation was sampled in six random plots, each of area 400 m?, within the
riparian corridor. Environmental Systems Research Institute’s (ESRI) ArcMap 10.7 was
used to determine the locations of these random plots. First, a fishnet with 20 m x 20 m
sections was laid over the study area in ArcMap. Then, random sections were chosen on
the grid. The coordinates of the northwest corner of each plot were programmed into a
Trimble Geo 7X handheld GPS for locating in the field. The locations of the remaining three
corners for each plot were determined with an open reel measuring tape and a compass.

To measure Dsap, wood cores were extracted at breast height (1.37 m) from select
phreatophytes using an increment borer (Haglof Sweden AB) within each plot. The bark
thickness, sapwood depth, and heartwood/pith radius of each core were measured in the
field with a ruler. In most trees, the sapwood’s lighter color made it simple to distinguish
from the heartwood. However, in some trees (e.g., red alders and arroyo willows), there
was very little color difference between the sapwood and heartwood [24]. In order to
determine the sapwood depth, Dsap, wood cores were first stained with a 0.2% safranin
dye by applying the dye to each core in a series of continuous drops using a small pipette.
The dye was applied immediately after extracting the cores because the vessels of vascular
system lose uptake pressure [25]. Because the dye is absorbed more easily by sapwood
than by heartwood [26], it allows one to locate the sapwood and heartwood boundaries
from which Dgap could then be estimated. Figure 4 depicts (a) the bore from which a core
sample was retrieved, (b) an example of a retrieved tree core stained with dye, and (c) a
close-up of the core showing sap wood to heartwood transition.
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(b)

Figure 4. Core sampling to measure of sap wood and heartwood depth. (a) tree bore after core retrieval,

(b) retrieved tree core, and (c) a close-up of the core showing sap wood to heartwood transition.

The sapwood depth, Dsap, of phreatophytic trees in each plot was measured in only a
subset of the trees on the plot. Here, we outline the approach used to estimate Dsap, and
the sapwood areas, S 4, of the non-sampled trees. Sapwood depth is defined as

d
Dsap = E — D — Dy, 1)
where d is tree diameter at breast height (DBH), Dp is bark thickness, and Dy heart-
wood/pith radius. Estimates of bark thickness Dy for non-cored trees of known diameter,

d, were estimated using the relation of [27], namely
Dg = me?, 2

where a1 and 1 are empirical parameters determined using data from cored trees. Esti-
mates of heartwood/pith radii were obtained using the relation

Dy = aef??, 3

for red alders, and
Dy = axd + Bo, (4)

for willows, where a; and 3, are empirical parameters determined using data from cored
trees. For cored trees, the measured bark thicknesses and heartwood/pith radii were
plotted against the measured stem diameters and best fits of the models given in above
were obtained to determine the values of the empirical parameters. With the empirical
constants thus determined, Equations (2)—(4) were then used to estimate values of Dp and
Dy for the non-cored trees given their measured diameter d.

For cored samples, the dye droplet method was used to determine the boundary
between sapwood and heartwood. The dye was applied to every core immediately after
extraction from the tree but yielded mixed results depending on the quality of the wood
cores and the tree. On some cores, especially those from small trees, the sapwood absorbed
the dye immediately. Heartwood in cores from older trees absorbed the dye at very slow
rates, making it challenging to make the distinction between heartwood and sapwood in
a timely manner. There were multiple instances where sapwood and heartwood could
not be distinguished from each other based on dye absorption. In these cases, changes in
color and/or texture were used to determine the sapwood /heartwood boundary. Overall,
determining the boundary between sapwood and heartwood was very difficult, even with
the dye droplet method.

2.4. Upscaling Plot Measurements to Forest Scale

Sapwood area is a measure of the actual tree stem area through which water extracted
from the subsurface flows on its way to be transpired to the atmosphere from the canopy.
The sapwood areas of all phreatophytic trees in six sample plots of the riparian forest
were used to estimate the fractional sapwood basal area, a; (expressed in m?/ha), for each
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phreatophytic species over the riparian forest within the study area using the following
relation adapted from [28]:

181X k)>
M = 3= o 2 An ©)
Mp1<AVnZl "

where M is the number of sample plots, N, is the number of trees of k™ species in the pth
sample plot, A, is the forest floor area of the pth sample plot, and Agf,), is the sapwood area
of the n'" tree of the k' species in the p™ plot. In this work, the area of each of the six
(M = 6) sample plots in which trees were counted and core samples collected, was fixed
at A, =400 m?. The total sapwood area, A, of a given phreatophytic species over the
entire riparian forest within the study area was then estimated as simply

Agg = axArg, (6)

where Ay is the measured total ground area of the forest. For this study, A,s = 9.2 ha.
The total riparian forest sapwood area determined with this equation was then with
sap flow data from the four instrumented trees to upscale measured sap flow to the riparian
forest ET. First, the ET from each instrumented tree was calculated based on the areal extent
of its canopy [29]. The canopy extent of each instrumented tree was determined with a
Trimble Geo 7x GNSS handheld. In ArcMap, the GPS points of each tree were connected to
create a polygon that represented the areal extent of the canopy. A modified version of an
equation from [16] was used to calculate ET above the riparian corridor canopy viz.,

ET =

1 Y Ay Y
a Y wAgy = A Y e 7)
P f=1 P f=1

where N is the number of tree species, 1 is the mean sap flux density of the k' phreato-
phytic species and A¢p is the combined canopy areal extent of the riparian forest. For
simplicity, arroyo and pacific willows are treated as one species for this study such that the
number of species was N = 2 (red alders and willows). This was necessitated by the fact
that only one willow was instrumented.

2.5. Validation Method

The upscaled results will be validated by comparison to two common methods to
estimate ET, namely the Modified Penman Equation for computing reference evapotran-
spiration (ET,) and an equation utilizing normalized difference vegetation index (NDVI)
data and meteorological data. The original Penman Equation comprises two terms: energy
(radiation) and aerodynamic (wind and humidity) [30]. The Modified Penman Equation
includes an amended wind function [31]. According to [32], the Modified Penman Equation
has been shown to overestimate ET, in conditions with high winds and low evaporation,
but it offers the best ET, estimates for grass surfaces. The ET, (mm/d) was calculated using

ET, = c[WR, + (1~ W)f(u) (VPD)] ®)

where ¢ [-] is an adjustment factor compensating for difference in day and night weather
conditions, W [-] is a temperature related weighting factor, R,, (mm/d) is the net solar
radiation in equivalent ET, f(u) [-] is a wind-related function, and VPD (mbar) is the vapor
pressure deficit.

The second method for estimating ET is via satellite remote sensing and meteorological
data. Remote sensing provides spatial and temporal coverage of the land surface [33]. NDVI
is one of the many products that comes from remote sensing and it quantifies the density of
green vegetation on a plot of land. Comprising imagery with near-infrared and red spectral
bands, NDVI data are useful for monitoring changes in vegetation [34]. Due to chlorophyll
in the leaves, vegetated areas absorb visible light and have high near-infrared reflectance.

45



Water 2022, 14,1812

In contrast, non-vegetated features have high visible light reflectance and low near-infrared
reflectance, namely rocks, bare soil, water, snow, and clouds. Using an equation by [35], the
ET of the riparian forest can be calculated with

ET = _Rnfd (1 - 0.583e*2~13NDV‘) )
pA(A +7)

where R,; (W/m?) is the net solar radiation, ¢ [-] is the aerodynamic and canopy resistance
parameter, A is the slope of the saturated vapor pressure curve, p (kg/m?) is the density of
water, A (J/kg) is the latent heat of vaporization of water, and -y (kPa/K) is a psychrometric
constant. The parameter ¢ € (0, Pmax) Was estimated from a scatter plot of site surface
temperature T, and NDVI data using the linear interpolation scheme described in [35],
where ¢max = (A +7)/A =1.26.

The ET, data set consisted of hourly ET data reported by a California Irrigation Man-
agement Information System (CIMIS) automated weather station located 21 km from the
study area, in Santa Cruz. The station uses the CIMIS version of the modified Penman-
Monteith Equation [30] given by [31] to calculate ET from a standardized grass surface
that is well-irrigated and closely cut, while completely shading the soil. NDVI and meteo-
rological data were used to calculate the ET of the riparian forest with Equation (9). The
NDVI data were taken from weekly EROS Moderate Resolution Imaging Spectroradiometer
(eMODIS) composite sets at 250 x 250 m? spatial resolution [36]. The weighted average
NDVI value of the entire study area each week was calculated in ArcMap by determining
the percentage of study area within each pixel. The NDVI values were calculated using
NDVI = (IR —R)/(IR 4+ R), where IR and R represents pixel values from the infrared
and red bands, respectively. This yielded NDVI values in the range —1 to +1 for use in
Equation (9). Required meteorological data comprised air pressure, air temperature, and
solar radiation. Two sets of these data were taken from two separate weather stations
(CIMIS and Weather Underground) within the general vicinity of the study area in order
to compare sap flow based-ET to separate areas with slightly different weather patterns.
The second station was a nearby Weather Underground (WU) station, located 5 km from
the study area in Davenport, CA. The meteorological data of each weather station were
averaged over the same weeks as the eMODIS composite sets.

3. Results

As stated previously, the objective of the work was to estimate riparian forest ET from
sap flow measurements collected in a small sample of the predominant vegetation. The ET
estimates are based on estimates of the total sapwood area for the entire riparian forest as
well as its canopy areal extent. The results are presented in the following.

3.1. Phreatophytic Vegetation Survey and Sapwood Area

A total of 159 trees were surveyed in the six sample plots, with 153 of them being
phreatophytes. They comprised 83 red alders, 61 arroyo willows, 9 pacific willows, and
6 coastal redwoods. The survey comprised direct measurement of DBH using diameter
tape. Sapwood depth was measured directly in a subset of the surveyed phreatophytes
by wood coring. The coastal redwoods are not considered phreatophytes, and thus were
excluded from the calculations for the total sapwood area of the riparian forest. The
survey results, including averages and standard deviations of DBH and sapwood area,
are summarized in Table 1. The values in parentheses are for the subsamples that were
selected for coring to obtain direct measurements of bark thickness and heartwood/pith
radius for sapwood area estimation. Multiple cores were extracted on some trees because
the heartwood and/or piths were difficult to sample. Larger trees were especially difficult
to sample due to irregularities in radial growth of tree stems. The poor surface quality
of the cores and the small difference in color between early wood and late wood made
determining the age of trees challenging. Wood cores from young, small red alders (DBH
of d < 35.6 cm) consistently showed only bark, sapwood, and piths, which agree with [17].
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The histograms of the measured diameters at breast height for all surveyed phreato-
phytes are shown in Figure 5. Theoretical probability density functions are also included
for completeness. The arroyo willows and pacific willows were analyzed as one composite
group due to their small sample sizes (61 and 9, respectively). Weibull (p = 0.090 for willows
and p > 0.250 for red alders) and lognormal (p = 0.079 for willows and p = 0.214 for red
alders) distribution model fits are also included. When the red alders and willows were
analyzed as one composite phreatophytic vegetation group, they appear to follow gamma
(p = 0.182) and Weibull (p = 0.087) distributions based on a 95% confidence interval. All the
probability density functions show positive skewness indicating a sampling bias on the small
tree diameter end of the range. Figure 5 also shows histograms of cored main stem sapwood
areas for red alders, arroyo willows, and pacific willows from the six sample plots.

Table 1. Statistics of surveyed phreatophytes within the six sample plots. The values in parenthe-
ses indicate the subsamples that were selected for coring to obtain direct measurements of bark
thicknesses and heartwood/pith radii for sapwood area estimation.

. DBH (cm) Sapwood Area (cm?)
Species
n Hdbh Odbh n Msa Osa
Red Alder 83 (24) 20.9 (31.6) 15.0 (17.0) 23 734.0 543.1
Arroyo Willow 61 (16) 11.6 (19.6) 7.5 (6.6) 14 3184 140.7
Pacific Willow 9 (6) 27.5 (28.6) 10.4 (11.5) 5 526.2 347.7
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Figure 5. Histograms of measured tree stem diameters at breast height (DBH) for (a) all phreatophytes,
(b) red alders, and (c) willows within the six sample plots, and histograms of measured main stem
sapwood areas for (d) all phreatophytes, (e) red alders, and (f) willows within the six sample plots.

Estimates of model parameters in Equations (2)—(4) from tree core data are summarized
in Table 2. These parameters were used to estimate sapwood basal area for the trees on
which cores were not obtained but for which the diameter 4 at breast height was measured.
Estimates of the fractional sapwood basal area and sapwood area across the entire riparian
forest using Equations (5) and (6), respectively, are also summarized in Table 2.
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Table 2. Model parameters for the best fit developed from wood core data within the six sample plots
to estimate bark thickness and heartwood /pith radius based on DBH. Estimated fractional sapwood
basal area, ay, and total sapwood area, A,y for each phreatophytic species across the riparian forest
within the study area are also included.

Species Bark Thickness Heartwood/Pith Radius Estimates

n | f(x)| m B1 R | n| f(x) a B2 R? | n | ax m?/ha) | Agy (m?)
R-Alder 24 | Exp | 0.220 | 0.030 | 0.698 | 23 | Exp | 0.067 | 0.050 | 0.241 | 83 16.4 150.5
A-Willow | 16 | Exp | 0.194 | 0.041 | 0.674 | 16 | Linear | 0.192 | —2.214 | 0.454 | 61 3.3 30.3
P-Willow | 6 | Exp | 0.331 | 0.042 | 0.690 | 5 | Linear | 0.045 | 0.207 | 0.333 | 9 2.1 19.3

3.2. Sap Flow Measurements

The four instrumented trees were continuously monitored at one-minute intervals and
the data averaged every 15 min for 618 consecutive days from 18 August 2017 through 26
April 2019. The diurnal sap flow data for selected weekly periods in the growing seasons of
each study year are shown in Figure 6. Several instances of morning peaks were observed
in the data. They were particularly evident during the growing seasons of the study period
for red alders 2 and 3 (Figure 6a), and attributable to direct incident solar radiation on the
reflective shield wrapped around the probes, which served to minimize the occurrence
of morning peaks. It may also indicate problems with installation of the probes. Another
possibility is that they may be as a result of water release in the morning from tree trunk
storage before tree roots uptake water to refill the storage according to [37,38] who found
that tree trunk internal water storage can contribute as much as 28% of the daily water
budget in some tree species. The arroyo willow and red alder 1 also show morning peaks,
but had much lower amplitudes later in the morning. The time lag time between sunrise
and initial sap flow for the arroyo willow and red alder may be due to partial shading
by other trees. All instrumented trees showed some activity during the winter period of
dormancy, with the peak amplitudes of greater than an order of magnitude smaller than
those observed during periods of active growth.
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Figure 6. Example weekly sap flow data of the four instrumented trees collected over the two-year
monitoring period. The graphs show sap flow measured in (a) Fall 2017, (b) Spring 2018, (¢) Summer
2018, (d) Fall 2018, (e) Spring 2019, and (f) Summer 2019.
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The time series of the sap flow data for the entire two-year monitoring period of the
four instrumented trees are shown in Figure 7 for (a) arroyo willow, (b) red alder 1, (c)
red alder 2, and (d) red alder 3. The daily maximum air temperatures and daily mean
solar radiation over the same monitoring period are included in Figure 7e to highlight the
seasonality of the observed behavior. Seasonality is clearly evident in the sap flow data
with periods of high sap flow generally coinciding with spring, summer and fall seasons,
interspersed with periods of minimal flow in winter seasons. The spring-fall period is the
period of active growth, with leafage increasing to summer-fall maxima. The instrumented
phreatophytes were deciduous, losing leaves in late fall, with complete leaf loss deep in
the winter months of dormancy. Fall, winter, spring, and summer seasons are marked
clearly on the figures to highlight their correlation to periods of significant sap flow change.
Specifically, the active and dormancy periods of all four trees clearly follow the spring
equinoxes and winter solstices (Figure 7).
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Figure 7. Daily total sap flow measured in (a) arroyo willow, (b) red alder 1, (c) red alder 2, (d) red

alder 3, and (e) the CIMIS daily maximum air temperature and solar radiation over the monitoring

period.
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Sap flow peaked in the arroyo willow in early July 2018 and early June 2019. It was
dormant from early January 2018 to early March 2018, and mid-December 2018 to mid-
March 2019. It also showed a similar sap flow pattern to red alder 1 by mid-December
2018. Its sap flow pattern returned to normal by mid-March 2019. Mean peak sap flow in
red alders occurred in early July 2018 and early June 2019. In general, the red alders were
dormant from December to mid-March. Red alder 1 was dormant from early November
2017 to mid-March 2018 and mid-November 2018 to mid-March 2019. Red alder 2 was
dormant from December 2017 to late March 2018, and late November 2018 to late March
2019. Red alder 3 was dormant from late December 2017 to late March 2018 and from
mid-December 2018 to mid-March 2019. These results generally agree with those of [17],
whose red alders were dormant during the winter period, though the period of dormancy
is appreciably longer in Oregon, extending from October through March.

3.3. Evapotranspiration of Riparian Forest

Sap flow data were first used to estimate the ET of the individual instrumented trees.
The results are shown in Figure 8. The seasonal variation in ET of the individual trees is
clearly evident as one would expect from the sap flow data shown in Figure 7. The ET
data among the four trees appear to show moderate to strong behavioral correlations, with
red alders 2 and 3 consistently showing greater ET than the other two trees during the
peak flow periods. The results obtained here did not show a general decrease in ET over
the period of the study as has been observed by other workers. In fact, two trees (arroyo
willow and red alder 3) appear to show increased ET in the final year (2019) of the study.
The seasonal averages of the computed ET for the four trees are summarized in Table 3.
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Figure 8. Evapotranspiration (mm/d) of the four instrumented trees from 18 August 2017 through 24
August 2019.

The sap flow data collected from the four instrumented trees were upscaled to the
entire riparian forest canopy using Equation (7), and the estimated values are summarized
and included in Table 3. The season averaged values range from a low of 0.5 mm/d during
the winters to a high of 4.1 mm/d over the summer. Daily values show peak values in
excess of 6 mm/d. It should also be noted that the winter average values are within margins
of instrument measurement uncertainty.

The ET of the riparian forest estimated from sap flow data was compared to ET
estimates based on NDVI and meteorological data, and ET, in the general vicinity of
the study area. The seasonal averages of the sap flow-based ET, ET,, and ET,q4,; are
summarized in Table 4. Generally, there is strong correlation in the observed temporal
behavior, as well as moderate agreement in estimates of ET over the active growing periods
of spring, summer, and fall. This is particularly the case when comparing the sap flow-
based ET to ET,. However, there are notable divergences in the data. In fall of 2017, the sap
flow-based ET appeared to be similar to the ET, and ET ,4,; based on CIMIS and WU data
(Figure 9a). In winter of 2018, the sap flow-based ET was substantially lower than the ET,
and both ET,q4,; estimates. In spring of 2018, the sap flow-based ET was marginally lower
than the ET,, but was substantially lower than both ET} gy wy Values. In summer of 2018,
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sap flow-based ET was similar to ET,,qyj wy, but it was marginally lower than the ET, and
ETpdvicimis- This pattern was repeated in the second year of the study period.

Table 3. Seasonal estimates of mean ET (mm/d), and corresponding mean square errors, of the four
instrumented trees and the entire riparian forest over study period.

Arroyo Red Alders Riparian
Season

Willow 1 2 3 Forest
Summer 20172 | 1154043 | 0934024 | 20+0.38 | 2.68+£0.74 | 3.74+0.63
Fall 2017 0.69+£033 | 0.53+0.28 | 1.13£0.64 | 1.824+0.78 | 219 £1.07
Winter 2018 0.27£0.18 | 0.314+£0.18 | 0.20£0.09 | 0.404+0.19 | 0.66 £0.26
Spring 2018 1124043 | 090+0.29 | 1.97+0.66 | 296+1.0 | 3.47+1.12
Summer 2018 0.97£048 | 1.04+0.28 | 216 £0.41 | 3.794+0.80 | 3.58 £0.90
Fall 2018 098+043 | 043+0.31 | 1.22+£0.71 | 207+1.19 | 2.02+1.11
Winter 2019 026+0.21 | 028+0.22 | 0.12+£0.05 | 0.38+0.17 | 0.49+0.26
Spring 2019 2 141+£068 | 0.73+0.28 | 1.83+0.81 | 3.45+1.62 | 3.02+1.27
Summer 20192 | 2.00+£0.57 | 0.974+0.25 | 2534+0.38 | 521+ 1.06 | 4.08+0.86

2 Seasons with incomplete or missing data

Table 4. Estimates of seasonal mean ET (mm/d) and corresponding MSE from the different methods
across the entire riparian forest over study period.

Sap CIMIS NDVI

Season Flow ET, CIMIS WU
Summer 2017 2 3.74+0.63 3.324+0.99 3.20+0.62 -

Fall 2017 2.19 £1.07 2.34 +£1.07 217 £0.87 -
Winter 2018 0.66 +0.26 197 +0.92 2.28 +0.80 -
Spring 2018 347 +1.12 404+1.22 5.09 £1.25 4.85+0.96
Summer 2018 3.58 £0.90 4.11+1.07 4.32 +0.88 342+ 1.11
Fall 2018 2.02+1.1 2.124+0.94 215+ 0.64 1.70 £0.58
Winter 2019 0.49 +0.26 1.66 +0.99 2154+ 1.12 1.87 £1.11
Spring 2019 2 3.02+1.27 3.69 £1.25 5.09 +£1.33 4.62+1.74
Summer 2019 2 4.08 +0.86 436 +1.02 494 +0.94 442 +1.12

2 Seasons with incomplete or missing data.

The residuals of the ET, defined as the differences between the sap flow-based ET and
the other methods, are shown in Figure 9b. The dashed red and blue lines on the graph
in the figure mark 1.0 and £2.0 mm/d residual bounds, respectively. The residuals are
highest during winter and early spring, during which periods the exceed 2.0 mm/d. The ET
predicted by the other methods largely exceeds that based on sap flow due to dormancy of
the willows and red alders during the winter seasons. During the mid-summer to late fall
periods, the residuals are mostly within +1.0 mm/d, indicating relatively strong agreement
between sap flow-based ET and the other methods.

Scatter plots of sap flow based ET estimates versus the other three methods mentioned
above are shown in Figure 10. The data show positive correlations between sap flow-based
ET estimates and ET, and the NDVI based estimates, with high variance and some bias as
much of the data scatter is widely distributed above the 1:1 line (dashed red line). Data
points above the 1:1 line indicate that sap flow-based ET was lower than the ET, and the
NDVI based ET. Table 5 shows the slopes and coefficients of determination (R?) of the
scatter plots with and without the winter data. Excluding winter data marginally improved
the slopes and R? values. The fact that the slopes of the regression lines are higher than
1:1 is an indication of overall bias in the sap flow-based ET prediction of the ET, and
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NDVI/weather-based ET. The excluded winter data are marked in cyan in Figure 10b,
where the data clearly plot above the 1:1 line, which confirms the observation made above
that sap flow-based ET underestimates winter ET predicted by the other methods.
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Figure 9. A plot comparing (a) the sap flow-predicted riparian forest ET to the other methods and
(b) the corresponding residuals over study period. The dashed red and blue lines represent residual
bounds of £1.0 and 42.0 mm/d, respectively.
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Table 5. Model parameters for the best fit through the origin (0, 0) to correlate sap flow-based ET
with the ET, and NDVI/weather-based ET.

w/ Winter Data w/o Winter Data
Method
Slope R? Slope R?
CIMIS ETo 1.103 0.911 1.081 0.953
NDVI/CIMIS 1.260 0.893 1.237 0.932
NDVI/WU 1.135 0.914 1.136 0.938

3.4. Comparison with Groundwater Pumping for Irrigation

Groundwater fluctuations were continuously measured in five piezometers (JFP-1, JEP-2,
PHP-1, PHP-4, and VFDP-4 in Figure 1) and the Pump House irrigation well from 18 August
2017 to 27 April 2019. All piezometers are completed in a thin clay/silt aquitard layer that
sits atop the underlying leaky confined aquifer [39], and all responded to riparian forest ET
as well as to pumping from the Pump House irrigation well. Data from the irrigation well
and the most responsive of the piezometers, PHP-1, are shown in Figures 11 and 12 and are
also reported in [20]. Piezometer and well data are reported here as changes relative to the
respective first water level recorded to facilitate their comparison. Piezometer PHP-1 and the
Pump House irrigation well are about 18 m apart. The data show fluctuations that are clearly
caused by groundwater pumping, ET, recharge primarily from winter-spring precipitation
events, and long-term discharge to the stream and ocean characterized by a period of recession
from the end of spring through the summer and into the fall.

Scotts Creek stage

Water Level (m)

20} PHW ——
PHP-1 ——

10 "
0.5 N Ji q
0.0 A =

T A |

SPR Rainfall s

Precipitation (mm/day)

09/17 11/17  01/18  03/18 05/18 07/18 09/18 11/18  01/19 03/19  05/19
Date (month/year)
Figure 11. Groundwater fluctuations observed in piezometer PHP-1 and the Pump House irrigation
well from 18 August 2017 through 26 April 2019. Daily precipitation of Swanton Pacific Ranch and
stage of Scotts Creek are shown over the same period. The gray boxes represent the two zoomed-in
time periods shown in Figure 12.

Diurnal groundwater level fluctuations due to ET forcing are superposed on those
due to pumping from the irrigation well. Fluctuations due to ET are more pronounced
in the piezometer data and are largely imperceptible in the irrigation well data. They
are highlighted in Figure 12, which shows zoomed in plots of the aquifer and aquitard
responses for two monitoring periods (08/2017-11/2017 and 08/2018-11/2018). Ground-
water response to ET is most perceptible during periods of aquifer and aquitard recovery
following a pumping event from the irrigation well. When the pumping frequency is
daily, water-level responses to ET are practically indistinguishable from those attributable
to pumping. In such cases, the amplitude of the aquitard response is much larger than
what can be expected from ET alone. The data clearly show that the riparian corridor
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phreatophytes induce measurable fluctuations in the thin clay/silt aquitard that overlies
the leaky aquifer.
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Figure 12. Groundwater fluctuations observed in piezometer PHP-1 and the Pump House irrigation
well (a) from 18 August 2017 to 1 November 2017, and (b) from 1 August 2018 to 1 November 2018.

The diurnal groundwater fluctuations due to ET discussed above are induced by a
forest-scale ET flux averaging 3.8 mm/d over the summer seasons. When multiplied by
forest area, A,y = 9.2 ha, this flux yields a volume flow rate usage by phreatophytes of
Qet = 350 m®/d = 64.1 gpm. The typical pumping rate from the irrigation at the site is
250 gpm. Hence, ET across the forest amounts to about 25% the pumping rate, which is a
substantial proportion.

4. Discussion

As stated previously, the objective of this work was to estimate riparian forest ET
from sap flow measurements collected in a small sample of phreatophytic trees. Sap flow
measurements were collected in the same four trees over the two-year monitoring period.
For each individual tree, the data were largely repeatable during the growing seasons,
with comparable average seasonal amplitudes. The fact that sap flow probes were left in
the trees for such a prolonged period but continued to yield meaningful measurements
was unexpected because [40] reported that other users of the sap flow probes used the
same drill holes for one growing season, at the most. In addition, ref. [18] reported a
30% decrease in daily average sap flux density during the second growing season for red
alders. The degradation of data quality over prolonged periods of monitoring has been
attributed to tree response to drill-hole wounding by forming tyloses over those vessels,
which affects heat exchange with the probes [41]. The good quality data collected over
two-year study period may be attributable to the fact that the four instrumented trees were
younger, smaller, and of different species than those in other studies. Hence, it may be
argued that younger trees are better suited for prolonged monitoring than are older trees
as long as their diameters and sapwood areas are corrected for from year to year in the
computation of ET.

The ET flux projected across the entire riparian forest correlated strongly with the
CIMIS ET, and ET computed on the basis of NDVI/meteorological data. The sap flow-
based forest ET had consistently lower average magnitudes during the growing seasons
with significant departure from the values computed by the other methods over the winter
seasons. This divergence in winter may be due to vegetation differences among the methods.
Sap flow-based ET was collected on deciduous trees that lost their leaves every winter
leading to values that were consistently lower than those from the other methods. The
CIMIS ET, values are based on a cool-season perennial grass that does not die back during
winter and continues to transpire. Additionally, although most trees lost their leaves along
lower Scotts Creek in winter, there was still plenty of green understory vegetation and some
evergreen overstory vegetation, which were shown by the NDVI data. This may explain
why the ET residuals showed seasonal patterns with peaks being highest and smallest
during winter and fall seasons, respectively.

Long-term passive groundwater monitoring data were analyzed qualitatively to assess
the magnitude of fluctuations in water levels from season to season and year to year. On
average, at the study site, groundwater levels increased every winter before receding and
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reaching their lowest levels in the fall. The steady decrease in water levels during the
summer and fall is largely attributable to ocean and stream discharge, consumption by
phreatophytic vegetation [42], and groundwater withdrawal for crop irrigation. Diurnal
groundwater fluctuations attributable to uptake by phreatophytes across the study forest
are much smaller than fluctuations due to pumping, with sap flow based estimates of ET
over the riparian corridor being about 25% the typical pumping rate for irrigation. Sap
flow based estimates of groundwater fluctuations showed appreciable divergence from
satellite based measurements, which suggests the importance of the former in calibration of
the the latter, especially where site-specific vegetation may have greater control on local ET
and consumptive groundwater use. A well characterized ET forcing function is essential
modeling for groundwater flow and diurnal fluctuations [5,9,43-45].

There are some limitations in this study that may be addressed in future research,
including (1) location and number of instrumented trees, (2) size of instrumented trees,
(8) location and number of sap flow probes on tree stems, (4) instrumentation and mon-
itoring of the minor tree species scattered throughout the riparian corridor such as live
oak and redwoods, (5) accounting for the effect of understory vegetation on total ET and
(6) measurement of sapwood area for individual trees and the entire riparian forest. The
sampling design for this study was partly restricted due to the stem-diameter limitation of
the probes, which biased monitoring to younger trees that are known to be hydraulically
active than older trees. Using a combination of small and large sap flow probes to see the
differences in sap flux density could provide more accurate estimates of ET. Additional
pairs of probes could be installed on each instrumented tree at different depths and the sap
flux densities averaged because the sap flux density is not uniform across sapwood area of
a tree [15,16]. The method of using long-term sap flow measurements to estimate the ET
of a riparian forest may be replicated on other phreatophytic species for similar or longer
periods of time because phreatophytic tree species may react differently to sap flow probes
in terms of sap flow behavior and physical intrusion of the probes.

5. Conclusions

The study presented herein was based on a two-year sapflow monitoring program
on a single riparian forest plot where only a small sample of four trees were instrumented.
The data were used together with a survey of tree sapwood depth in six plots across
the entire forest to upscale the single-plot sapflow measurements to forest canopy-scale
evapotranspiration (ET). The upscaled ET results were compared to ET based on NDVI-
based estimates and were shown to be in good agreement. This indicates that for expensive
ground-based technologies such as sapflow sensing by the heat dissipation models, a
instrumentation of a small sample of a forest may yield reasonable estimates of forest
canopy-scale ET as long as they are also based on sampling of sapwood depth across the
entire forest. The results of the present study, despite the small sample size of sap flow
measurements, illustrate the importance of ground-based measurements of sap flow for
calibrating satellite based methods and for providing site-specific estimates and to better
characterize the ET forcing in groundwater flow models. The small sample size is important
because it is necessitated by the high cost of instrumenting individual trees and it suggests
the potential usefulness of single-plot monitoring stations for ground-based measurement
and estimation of forest ET.

Further research is required to better capture the spatial variability of sapflow across
the forest and would include: (1) a larger sample of instrumented trees to better characterize
sap flow behavior, (2) a sample of instrumented trees with a greater variety of main stem
diameters in order to better characterize the sap flux density for each species, (3) greater
spatial distances between instrumented trees, and (4) long-term monitoring of sap flow
in additional phreatophytic species across the forest. The need for a greater sample size
is clear even from the data from four instrumented trees because they very had different
canopy and sapwood areas. Tree with larger sapwood area tend to have higher volumetric
sap flow rate, which could bias the results based on a small sample size.
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Abbreviations

The following abbreviations and acronyms are used in this manuscript:

CIMIS California Irrigation Management Information System
DBH Diameter at breast height

ESRI Environmental Systems Research Institute

ET Evapotranspiration

ETo Reference evapotranspiration

eMODIS  EROS Moderate Resolution Imaging Spectroradiometer
HPV Heat Pulse Velocity

NDVI Normalized difference vegetative index

THB Tissue Heat Balance

TDP Thermal Dissipation Probe(s)

VPD Vapor Pressure Deficit

WU Weather Underground
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Abstract: The confined aquifer in the Aksu River Basin is the main aquifer for drinking water within
the area. In this study, the unconfined aquifer and the confined aquifer in the Aksu River Basin
were divided into different water circulation units through analysis of their flow field. After the
hydrochemistry and isotope characteristics of each unit were analyzed, these data were used as
water volume quantitative information of the aquifer according to the mixed-unit model. With this
quantitative information, the transformation relationship between the unconfined aquifer and the
confined aquifer, the recharging source, recharging amount, recharging proportion, and discharging
amount of the confined aquifer were revealed. The results showed that the confined aquifer receives
a recharge of 21.48 x 10° m?/a from the unconfined aquifer. The recharging sources of the confined
aquifer in the middle and upper stream of the Aksu River mainly included side recharging and leakage
recharging from the unconfined aquifer, while the confined aquifer received little recharging from
unconfined aquifer downstream of the Aksu River and did not receive recharging from the unconfined
aquifer in the southeast of the basin. Additionally, drainage methods of the confined aquifer were
mainly lateral flowing and artificial well-group pumping. The side discharging volume through the
whole area was 15.67 x 10® m3/a, and the artificial pumping volume was 21.20 x 10° m3/a. The
confined aquifer was in a negative balance state from the middle-upper stream to the downstream.
The downstream confined aquifer and its unconfined aquifer had a plane laminar flow movement,
and the unconfined aquifer provided very little recharging to the confined one, which was further
enhanced by the artificial well pumping and caused an accumulating negative balance state of the
downstream aquifer.

Keywords: confined aquifer; unconfined aquifer; transformation; mixed-unit method; Aksu River Basin

1. Introduction
1.1. Research Status

As the source of life, water is inseparable from human survival and development.
Although there are many water resources, groundwater with stable volume and excellent
quality has become an important water resource for agriculture, animal husbandry, industry,
and cities. As an indispensable resource for human society, in arid and semi-arid areas with
limited precipitation and a small, unevenly distributed surface water resource, the effect of
recharging and drainage of groundwater is significant [1,2] and has attracted the attention
of many scientists in different fields.

Therefore, in the early 1950s, the United Nations Educational, Scientific and Cultural
Organization (UNESCO) began to study the groundwater cycle [3], and the International
Association of Hydrogeologists (IAH) also actively carried out many large-scale academic
projects on groundwater circulation [4,5]. In China, water resource is the largest and most
rigid constraint for production and life throughout the arid area in the northwest. Today,
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when we vigorously promote the construction of ecological civilization, we need to insist
on using water to plan cities, land, populations, and production. Therefore, the efficient
and reasonable development, and sustainable utilization, of groundwater resources are
particularly important.

Many methods, such as hydrodynamic methods [6,7], hydrochemical methods [8-10],
and environmental isotope methods [11,12] have been reported for studying the relationship
between groundwater recharging and discharging.

The hydrodynamic method is based on groundwater chemical dynamics theories,
according to the calculation and analysis of hydrochemical indicators (component activity
and the mineral saturation index) and limited pumping-test data, five hydrogeological
parameters (the permeability coefficient, K; the water conductivity coefficient, T; the actual
velocity of groundwater, U; its penetration velocity, v; and the groundwater age, t) and can
be used to quantitatively analyze and study all hydrogeological conditions [13,14]. The
chemical composition of groundwater is usually controlled by many factors, such as the
composition of precipitation, the geological structure, the mineral composition, and the
hydrogeological processes of the aquifer. The continuous interaction between groundwater
and its surrounding media also changes its chemical composition. Therefore, according to
the relative concentration of the main ions in precipitation, surface water, and groundwater
from different aquifers, information on the geochemical process in aquifers can be obtained
to analyze the law and control mechanism of groundwater evolution, as well as the possi-
ble groundwater-evolution path from the recharging area to the discharging area [15-17].
Recently, isotope technology, as a new type of technology, has been developed in hydro-
geology to effectively trace the change in water bodies and environment very sensitively,
and thus, to record historical information about the evolution of the water cycle [18-20].
Since the 1950s, synthetic isotopes and environmental isotopes have been used to study
issues related to hydrology and hydrogeology [21-24]. Many scientists worldwide have
used these isotope methods to solve problems related to groundwater recharging resources,
surface water transformation, surface-water runoff rate, and the age of surface water. Some
scientists have further applied water-chemistry information to groundwater numerical
models, used isotopes to trace and determine the recharging resource of groundwater,
and calculated the amount of groundwater recharging [25-27]. In the 1990s, quantitative
mathematical models became very mature. As one of these mature mathematical models,
the mixed-unit model, with water-chemistry data and isotope data, can be used to quan-
titatively calculate the recharging rate and recharging amount of an aquifer in a specific
space [28-31]. These results will be used in studies on groundwater cycles to provide a
reliable basis for the rational development and utilization of groundwater resources in the
arid area of Northwest China with limited hydrogeological work and low precision.

1.2. Purpose of the Research

The Aksu River Basin has four independent rivers from west to east: Aksu River,
Kekeya River, Tailan River, and Karayuergun River. The Aksu River is one of the typical
large rivers in the northern margin of the Tarim Basin with two major tributaries in its
upper stream: the tributary of the Toshigan River on the west and the tributary of the
Kumara River on the north. The Toshigan River originates from the Aksai River in the
Atbash Mountains of Kyrgyzstan, the Kumarak River comes from the Khan Tengri Peak of
the Tianshan Mountains, and both of them recharge rivers with water from snow-melting
of glaciers and from precipitation. Twelve km to the south, the Aksu River divides into the
Xinda River and the Laoda River. The Laoda River merges into the Xinda River again in
Bawutulak, flows south, and enters the Tarim River in Xiaojiake. Its main stream is 132 km
long and its drainage area is 63,100 km?2. The Kekya River originates from the Kochikal
Basili Glacier and the Ishtarji Glacier. It goes through the Duolang Canal and merges into
the Xinda River in Georgia, and has a total length of 82 km. Both the Tailan River and
the Karayuergun River originate from the southern foot of Tuomuer Peak in the South
Tianshan Mountains and are independent water systems.
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As the Aksu River Basin is located at the southern foot of the Tianshan Mountains
and has a dry climate with limited rainfall, the population and agricultural production are
currently mainly concentrated in its oasis zone with the confined aquifer as an important
water source. Many scientists have studied and provided information on the transformation
relationship between river and groundwater (mostly unconfined aquifers). However, the
recharging and discharging relationships, and the circulation mode of the confined aquifer
are not currently understood.

In this study, based on data from the unconfined aquifer and confined aquifer flow
fields in the basin, samples of river water, the unconfined aquifer, and the confined aquifer
were systematically collected. After their water chemistry and isotope distribution charac-
teristics were analyzed, the mixed-unit method was used to quantify these data, and thus,
to reveal the recharging source and circulation mode of the confined aquifer.

2. Geology and Hydrogeology

The Aksu River Basin is located at the southern foot of Tianshan Mountains and
the northern edge of the Tarim Basin, which belongs to the first-level tectonic unit of the
Tarim platform. The water system in this basin was formed from the end of the Tertiary
to the beginning of the Quaternary. Due to the neotectonic movement of the northern
mountain body, a downstream river system was formed along the south-dipping slope
of the mountain body. The water flow has brought mountain debris to the front of the
mountain and deposited it in the Awati fault depression, gradually forming the alluvial
plain of the Aksu River and the Kekeya River. Additionally, the uplift of the Yingan
Mountains has led to a decline of the southeast side of the study area, and the formation
of a strip of lowland in Aiximan (Figure 1). With water accumulation, a bead-like lake
group was generated. Meanwhile, the Aksu River continued to swing in periods and
moved eastward to the current Laoda River and Xinda River, leaving several river traces
in the west of the plain, which then evolved into an intermittent strip of an oxbow lake,
as shown in Figure 1. The geomorphological units of the Aksu River Basin from north
to south are the piedmont alluvial fan group, the alluvial-proluvial slope plain, and the
fine-soil-grain plain. As shown in Figure 2, from north to south, the lithology changes
from coarse to fine, and sandy gravel changes from medium-coarse sand, to fine sand, to
sandy loam. The sloping gravel plain area in the piedmont zone is a single unconfined
aquifer area. Its water is more than 50 m in depth with the deepest part being 220 m, and
its thickness is 90-100 m. The gently sloping fine-soil plain area and the desert plain area
are a multi-layer area with unconfined and confined aquifers. The unconfined aquifer of
Tumuxiuke Town-Wensu-Jiamu Town, north of Wutuan is buried 10-50 m deep, and the
middle and downstream of the unconfined aquifer of the alluvial plain is less than 10 m in
depth. In the south of Ayikule Town, Rice Farm, and the south of Wutuan, groundwater
overflows from an artesian well. The south and southeast are formed with confined aquifer
rock groups (mainly sand layers), and the thickness of the confined aquifer gradually
increases from the north to the south within 15-130 m. The confined aquifer winging out
in the west of Aksu is influenced by the Yinganshan uplift. The groundwater flow in the
unconfined aquifer and the confined aquifer in the Aksu River Basin is affected by this
neotectonic movement, and flows from north to south. Its downstream flowing direction
changes from north-to-south to south-to-east as shown in Figures 3 and 4.
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3. Sample Collection and Testing

A total of 196 groups of water samples were collected, including 151 groups from
the unconfined aquifer and 45 groups from the confined aquifer. There are 23 groups of
environmental isotope samples, including 15 groups from the unconfined aquifer and
9 groups from the confined aquifer. Sampling locations are shown in Figure 5.
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Figure 5. Sampling locations in the area.

Mountainous area

The collected samples were analyzed by the first regional geological survey team of the
Xinjiang Geological and Mineral Bureau to determine K*, Na*, Ca?*, Mg?*, HCO3~, CO52~,
SO4%~, and ClI~ on an inductively coupled plasma spectrometer and an atomic absorption
spectrophotometer with accuracy of £0.5% and £1%. Environmental isotope samples were
analyzed in the American BETA laboratory to determine §D and §'80 with accuracy of
+2%0 and +0.3%., respectively, on an isotope mass spectrometer (Thermo Delta-Plus) after
high-temperature treatment, evaporation, dissociation, atomization, and ionization.

4. Principles and Theory of Mixed-Unit Method
4.1. Hypothesis of Mixed-Unit Method

In mixed-unit method, the aquifer is generalized and discretized into a finite number
of homogeneous and isotropic small units. Each small unit has a comprehensive value to
show its hydrochemical characteristics (ion concentration and isotope value). According to
their flow fields, the possible recharging and discharging relationship is obtained. With the
ion concentration and isotope value in each unit as its tracer, the tracer mass-conservation
equation can be established. Through solving this equation, the recharging and discharging
relationships and recharging ratio can also be determined. Before the determining of the
mixed units, the following assumptions need to be made: (1) in order to qualitatively judge
the groundwater charging and discharging conditions, the tracer concentration of the water
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resource and the discharged water flow are already known; (2) conservation of water level:
in each small unit, within a certain time, the water level is constant, and the water level
is averaged; (3) the migration of dissolved components is controlled by convection; and
(4) effects of mineral reaction, dissolution, and precipitation are negligible.

4.2. Unit Determination Principles

In order to reduce the unknown parameters of the model and determine the small
units in an optimal way, the following principles need to be followed: (1) The studied
area is divided along the groundwater flow into units, whose horizontal unit boundary
must be parallel to the groundwater level contour line and longitudinal boundary must
be perpendicular, or approximately perpendicular, to the groundwater level contour line;
(2) A hydrogeological unit can be divided into multiple small units. A small unit cannot
cross into different hydrogeological units. Different hydrogeological units store different
types of groundwater with different ion composition and isotope values. (3) A small unit
should have representative water sample data. (4) The same cone of depression should be
divided into one small unit.

4.3. Unit Determination

According to the above-mentioned assumptions and principles of the mixed-unit
method, the unconfined aquifer of the Aksu River Basin was divided into seven small units
(a,b, ¢, d, e f,and g), and its confined aquifer is divided into five small units (C, D, E, F,
and G), as shown in Figure 6.
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Figure 6. Mixed-unit division in the confined aquifer.
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4.4. Calculation of Aquifer Recharging and Discharging

In the mixed-unit model, the unconfined aquifer and confined aquifer are divided into
a finite number of discrete small units, which are discrete at an interval of At. Their solutes
are fully mixed, and the components of each solute are evenly distributed in all small units.
Therefore, the equilibrium equation of water in a small unit within the period of At can be
expressed as:

In In
Qu—Wn+ 21:1 9Qin — 21:1 nj = €n @
According to the assumption on the water balance of each small unit, the mass balance
equation of the dissolved component k in unit n can be obtained as:

In

I
CoQn = o [Wa + 17 4] + 0% 4inCink = ek =1, 2, . k()

where, Q,, represents the time average flow value into unit n, Wy, is the average value of the
flow out from unit n, qi represents the average flow from unit i into n, ey, is the deviation
of water balance caused by various errors from the flow entering or exiting the unit n, k is
the average concentration of the tracer k in one unit, and C, is the average concentration
of the trace k in the k in unit n.

After Equations (1) and (2) are combined into a rectangular matrix of known con-
centrations in unit n, in which the first row represents the water balance and the other
rows represent the solute mass conservation balance, the Equation (3) can be obtained with
any unit n:

qun +Dn = En (3)

where, qn represents the flow through the boundary of small unit n:

An = [91n%2n - - - GinGn19n2 - - - Gnb) (I +T00) x 1 4)

D, is the measurable and quantifiable known items in unit n (such as the known
outflow and pumping volumes), and E, represents the unknown error vector in the unit as,

En = [eneniens - - en) (1 +K) x 1 ®)

According to Equation (3) (Adar (1988)), through the minimization of the sum function
J of square error and evaluation of the sum of square error of all units, the flow composition
of the aquifer can be obtained as,

J = Y NEIWEL] = YN (cad, + Dn) "W(cng, + Dn) ©)

5. Calculation of Charging and Discharging of Confined Aquifer with Mixed-Unit Method
5.1. Division of Mixed Units

Because the studied area is located in the plain of alluvial-diluvial fine-soil parti-
cles, the conceptual model of the mixed units was established accordingly as shown in
Figure 5. The mixed units of the unconfined aquifer and confined aquifer were, respec-
tively, marked as a, b, ¢, d, e, f, and g and C, D, E, F, and G. Units a and b are located
in the alluvial-proluvial slope gravel plain as a single-structure unconfined aquifer and
are the recharging source of confined aquifer. All other units are in the alluvial-diluvial
fine-soil-grain plain. Units G and F are discharging units. The transformation relationship
between units of the aquifer is shown in Figure 7.
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5.2. Hydrochemical Characteristics

The unconfined aquifer is widely distributed in the studied area, and its salinity
in the upper stream was about 0.6 g/L, and pH was 8.4 with an HCO3-50,-Mg-Ca-
type water. It was 1.3-3 g/L in the middle stream with water types of SO4-Cl-Na-Mg
and SO4-Cl-Na-Ca-Mg, and pH was 8.3. The salinity in the west of the downstream
study area was 3.7 g/L, pH was 8.4, and the salinity in the east was 9.0 g/L, pH was
8.2, with water types of Cl1-SO4—Na and Cl-Na. The water-chemistry type of uncon-
fined aquifer units a—c—e—f changed from HCO3-5SO4-Mg-Ca, to SO4-Cl-Na-Mg, to
SO4-Cl-Na-Ca-Mg, to C1-504-Na (or Cl-Na. That of unconfined aquifer b—d—g changed
from HCO3-504-Mg-Ca to C1-SO4—Na (or Cl-Na) and SO4-Cl-Na-Mg (or SO4-Cl-Na-Ca-Mg).

The salinity of confined aquifer from the middle-upper stream to the downstream
of the Aksu River Basin did not change significantly with a salinity of 1 g/L, pH of
8.1 and water types of SO4-Cl-Ca-Na-Mg, SO4-HCOj3-Cl-Mg-Na-Ca and C1-50O4—Na-Ca
in the downstream. Water types of the confined aquifer unit C+E—F changed from
SO4-Cl-Ca-Na-Mg or SO4-HCO;3-Cl-Mg-Na-Ca to C1-:SO4—Na-Ca. From units D—G, it
changed from SO4-Cl-Ca-Na-Mg or SO4-HCOj3-Cl-Mg-Na-Ca to C1-SO4—Na-Ca. These
data showed that, along the flowing path of the confined aquifer, in the middle and upper
steams of the west, the confined aquifer receives a large amount of recharging laterally
from the unconfined aquifer (a—C—E), and a small amount of recharging vertically from
the unconfined aquifer (c—C—E). When the water exchange between the confined aquifer
and the unconfined aquifer was reduced (e—E and f—F), evaporating concentration and
cation-exchange adsorption (e—f) occurred in the unconfined aquifer, and cation exchange
adsorption occurred in the confined aquifer (E—F). The middle and upper streams in the
east receive a large amount of recharging water vertically from unconfined aquifer (d—D),
with a small amount from unconfined aquifer laterally (b—D). Its downstream receive
a large amount of water recharging laterally from confined aquifer (D—G). with a small
amount vertically from unconfined aquifer (g—G). The unconfined aquifer has significant
evaporating concentration (d—g), and the confined aquifer mostly has cation exchange
adsorption (D—G). The water chemistry characteristics in this basin are shown in Figure 8.
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5.3. Distribution Characteristics of Isotopes

As shown in Figure 9, after the precipitation line slope of the aquifer of the studied
area was compared with the Global Meteoric Water Line (GMWL) proposed by Craig [32],
the slope and intercept were both smaller than the global precipitation line and 5D and §'0
were all located at the upper left of GMWL. These results showed that strong evaporation
had taken place in the whole of the aquifer.
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Figure 9. Relationship between 5D and §'80.

The isotopic compositions of the unconfined aquifer(a—c—e—f) and the confined
aquifer(C—E—F) in the west were basically the same, indicating that unconfined aquifer
and confined aquifer had a certain hydraulic connection. As shown in Figure 10a, in the
middle and upper steams of the west, because of the influence of evaporation, the 5D
and §'80 in the unconfined aquifer increased gradually, while the §D and §'80 in the
confined aquifer increased simultaneously. These results showed that the unconfined
aquifer recharged the confined aquifer vertically (c—C, e—E). In the downstream, the 5D
and 5180 of the unconfined aquifer f and the confined aquifer F were significantly different,
indicating that the confined aquifer was less replenished by the unconfined water ( f{—F).
The 8D and §'80 of unit C—+E—F were closer to unit c—re—f than to unit a, indicating
that the confined aquifer received a large amount water recharging laterally from the
unconfined aquifer (a—+C—E—F).
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The 5D and 80 values of the unconfined aquifer (b—d—g) and the confined aquifer
(D—G) in the east were significantly different, indicating that the hydraulic connection
between the two water bodies was weak. As illustrated in Figure 10b, from upper to lower
in the east, because of the influence of evaporation, the 5D and 5'80 were enriched along
the way and in the confined aquifer, the 8D and §'80 decreased. These results showed that
the confined aquifer in the middle and upper streams received a large amount of water
recharging vertically from the unconfined aquifer (d—D) and the confined aquifer in the
lower streams received a small amount of water recharging vertically from unconfined
aquifer (g—G).The 6D and §'30 of unit D—G were closer to Unit d—g than to the mountain
exit stations, indicating that the confined aquifer D—G received a large amount water
recharging laterally from unconfined aquifer (b—D—G).

5.4. Recharging Relationships between Unconfined Aquifer and Confined Aquifer

According to the hydrochemical and isotope distribution characteristics of the studied
area, the confined aquifer in the alluvial-diluvial plain area received water recharging
from the loose rock porous unconfined aquifer and upper porous unconfined aquifer of
the Quaternary in the upper alluvial-diluvial slope plain, which was discharged through
artificial and lateral downstream. The recharging and discharging relationship between
units in the unconfined aquifer and confined aquifer are shown in Figure 11.
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Figure 11. Groundwater circulation in the unconfined aquifer and the confined aquifer.
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5.5. Data Analysis

The hydrogeochemical and isotopic data of each unit were statistically analyzed and

are listed in Table 1.

Table 1. Hydrochemical properties and isotopes of all units.

Unit Item K* Nat Ca%*  Mg* Cl-  SO42~ HCO3~ D 180
a Average 0.14 2.39 3.25 2.95 1.95 2.98 3.21 —76.36 —11.52
Mean square error 3.65 7.70 4.23 3.53 5.93 1.20 25.52 6.65 0.44
b Average 0.18 9.76 4.25 241 7.27 6.99 1.58 —73.44 —11.13
Mean square error 0.93 13.59 3.60 1.02 0.77 13.72 4.99 - -
c Average 0.21 8.98 6.76 8.06 7.41 12.89 3.40 -73.72 -10.97
Mean square error 0.33 5.28 2.40 3.73 5.93 0.01 3.85 0.96 0.03
d Average 0.12 5.18 3.45 3.40 4.46 4.96 2.03 —73.34 —11.20
Mean square error 279 3.82 7.18 2.95 2.18 8.02 8.24 - -
o Average 0.19 7.56 6.50 7.56 8.24 10.87 2.66 —70.57 —10.50
Mean square error 2.35 11.14 476 6.00 11.84 1.72 25.52 7.67 0.49
¢ Average 0.23 19.46 6.82 10.55 14.61 18.46 3.50 —74.2 —10.67
Mean square error 11.6 0.09 9.14 0.95 1.98 1117 0.01 5.29 0.11
g Average 0.12 11.36 4.69 5.20 15.82 2.92 0.98 —74.38 —10.75
Mean square error 0.06 11.17 0.38 0.16 0.16 5.90 20.86 - -
C Average 0.15 2.56 3.43 3.15 221 3.76 3.07 —77.70 —11.45
Mean square error 0.75 9.88 1.27 1.58 3.85 0.85 1.88 9.61 0.20
D Average 0.09 4.64 2.66 2.30 4.38 3.30 1.40 —85.20 —12.40
Mean square error 1.84 11.73 0.15 6.51 8.63 6.39 24.35 - -
B Average 0.10 4.70 1.96 3.32 3.40 4.39 2.17 —76.90 —11.00
Mean square error 4.62 7.76 0.31 15.54 5.93 1.60 25.52 - -
E Average 0.06 3.32 1.56 0.90 1.83 2.50 1.30 —78.70 —11.90
Mean square error 0.94 3.26 0.57 4.58 29.60 8.14 3.85 - -
c Average 0.06 4.92 1.51 0.93 2.65 3.05 1.38 —90.40 —12.90
Mean square error 2.79 9.52 5.11 0.59 11.85 10.40 22.69 - -

Notes: (1) Concentrations are in meq/L unless otherwise indicated, such as deuterium and oxygen 180 in %o, and
(2) “-” means that there is only one sampling point and the square error cannot be determined.

In the studied area, the drainage methods of the confined aquifer were mainly lat-
eral runoff discharging and artificial well-group pumping. Artificial exploitation was
27.95 x 10° m3/a and the mining volume of each unit was calculated according to the
proportion of the unit area. The mining volume of each unit is shown in Table 2. The lateral
discharging volumes were 8.57 x 10® m3/a and 7.10 x 10° m3/a, as shown in Table 3.

Table 2. Groundwater mining volume of each unit.

Unit a b C D F G
Surface area (km?) 724.72 400.05 988.55 655.2 810.18 714.27 365.34
Mining volume (10° m®/a) 4.35 24 5.93 3.93 4.86 4.29 2.19
Table 3. Groundwater discharging laterally from Units F and G.
Unit Buried Depth of Aquifer Osmotic Hydraulic Discharging
Groundwater (m) Thickness (m) Coefficient (m/d) Gradient Volume (10° m3/a)
F 4.03 180 1/1050 8.57
G 1.88 180 1/740 7.1
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5.6. Results and Analysis

The results showed (Figure 12) that units a and b in the studied area were single-
structure unconfined aquifers as the main recharge resources of the downstream confined
aquifer. Unit C accepted the lateral recharge from unit a and the leakage recharge from Unit
¢, which were 9.77 x 10° m®/a and 0.64 x 10° m3/a, respectively. Unit E received the lateral
recharge from unit C and the overflow recharge from unit e, which were 4.67 x 10® m3/a
and 2.80 x 10° m®/a, respectively. The unit F received the lateral recharge from the unit E
and the overflow recharge from the f unit, which were 6.10 x 10° m3/a and 0.90 x 10° m3/a,
respectively. Unit D received the lateral recharge from unit b and the overflow recharge from
unit d, which were 1.71 x 10° m3/a and 5.66 x 10° m®/a, respectively. The unit G received
the lateral recharge from the unit D, and the recharging was 5.90 x 10° m3/a. This recharge
relationship and degree were consistent with results from hydrochemistry and isotope.

Unit width flux: 10'm"a

@ Legend

8.57 Lateral discharge C_y 9 The equilibrium results

. 10 a  unconfined aquife C EoRGnEd eqaiter
' = ' 5.93 Aquifer pumping capacity 9,77  Model calculation
I 5.90 -

Figure 12. Quantitative water circulation model of the unconfined aquifer and the confined aquifer
in the studied area.

The total groundwater recharge volume from the confined aquifer in the studied area
was 21.48 x 10° m>/a, of which the lateral recharge was 11.48 x 10° m3/a, accounting for
53.45% of the total, and the vertical leakage recharge was 10.00 x 10° m3/a, accounting
for 46.55% of the total. The vertical leakage recharge in the southeast was very small and
negligible. The total discharging volume from the confined aquifer was 36.87 x 10° m3/a,
of which the lateral discharging volume was 15.67 x 106 m3/a, accounting for 42.5%, and
artificial exploitation was 21.2 x 10° m3/a, accounting for 57.5%. These results showed that
the confined aquifer was in an accumulation and superposition state of negative balance
along the direction of the underground water flow.

5.7. Discussion

Based on the results of the water balance and the model output, the upstream confined
aquifer received lateral recharging and vertical leakage recharging from the unconfined
aquifer, and the downstream confined aquifer only received lateral recharging from the
upstream confined aquifer, which was consistent with the hydrochemical and isotope
analysis. In addition, the unit flux between the cells was apparently influenced by the water
source exploitation. For example, the unit E received the recharge from unit e and unit C
was 7.47 x 10°m3/a, the discharged through lateral was 6.10 x 10°m3/a. Because of over
extraction, the difference between the inflow and outflow to unit E was —3.49 x 10°m3/a.
Compared with previous research, we identified the recharge sources and their relative
contributions to the confined aquifer, and the data of the extraction were available, the
quantitative water circulation model were reasonable, and the results were reliable.
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6. Conclusions

According to the geological and hydrogeological data of the studied area, the recharg-
ing and discharging relationship between the unconfined aquifer and the confined aquifer
was determined. Based on the hypothesis and principles of unit dividing, and the qual-
itative recharging and discharging relationship, a mixed-unit model was established to
study the hydrochemical characteristics of the confined aquifer in the west of the studied
area. Results showed that the confined aquifer was significantly affected by unconfined
aquifer, and the confined aquifer received lateral recharging from upstream of the uncon-
fined aquifer and vertical recharging from the upper unconfined aquifer. In the east of the
studied area, the downstream confined aquifer no longer received the recharging vertically
from unconfined aquifer, but mainly received the lateral recharging from the upstream
confined aquifer.

The 5D and §'80 of unconfined aquifers in the studied area were both at the upper
left of the Global Meteoric Water Line, and their slope and intercept were both smaller than
those of the global atmospheric precipitation line, indicating that the unconfined aquifer
was significantly evaporated. The isotopic compositions of unconfined aquifer and confined
aquifer in the west of the studied area were basically the same, indicating that there was a
hydraulic connection between these two water bodies, and the confined aquifer received
lateral recharging from the upstream unconfined aquifer and vertical leakage recharging
from the upper unconfined aquifer. The 5D and §'80 distributions of the unconfined aquifer
and confined aquifer in the east of the studied area were relatively discrete, indicating that
the hydraulic connection between these two water bodies was weak, and the downstream of
confined aquifer in the east mainly received lateral recharging from the upstream confined
aquifer. These results were consistent with the hydrochemical analysis.

Based on the mixed-unit model, the calculation results showed that the total recharged
volume received by the confined aquifer in the studied area was 21.48 x 10° m3/a, in
which the lateral recharging was 11.48 x 106 m3/a, accounting for 53.45% of the total,
and the vertical recharging was 10.00 x 10® m3/a, accounting for 46.55% of the total.
The vertical recharging amount in the southeast was very small and negligible. The
total discharging volume was 36.87 x 10° m3/a, including lateral discharging whose
amount was 15.67 x 10° m3/a, accounting for 42.5%, and the artificial pumping amount
was 21.2 x 10° m3/a, accounting for 57.5%. The upstream confined aquifer received
lateral recharging and vertical leakage recharging from the unconfined aquifer, and the
downstream confined aquifer only received lateral recharging from the upstream confined
aquifer. The confined aquifers in the entire region were in a state of negative balance, and
this state was continuously accumulated from the upstream to the downstream.
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Abstract: Cyanobacterial blooms caused by phytoplankton Microcystis have occurred successively
since 1980 in Lake Taihu, China, which has led to difficulty collecting clean drinking water. The
effects of cyanobacterial scum-derived dissolved organic matter (DOM) on microbial population
variations and of algal-derived filtrate and algal residual exudative organic matter caused by the
fraction procedure on nutrient mineralization are unclear. This study revealed the microbial-regulated
transformation of DOM from a high-molecular-weight labile to a low-molecular-weight recalcitrant,
which was characterized by three obvious stages. The bioavailability of DOM derived from cyanobac-
terial scum by lake microbes was investigated during 80-d dark degradation. Carbon substrates
provided distinct growth strategy links to the free-living bacteria abundance variation, and this
process was coupled with the regeneration of different forms of inorganic nutrients. The carryover
effects of Microcystis cyanobacteria blooms can exist for a long time. We also found the transformation
of different biological availability of DOM derived from two different cyanobacterial DOM fractions,
which all coupled with the regeneration of different forms of inorganic nutrients. Our study provides
new insights into the microbial degradation of cyanobacterial organic matter using a fractionation
procedure, which suggests that the exudate and lysate from degradation products of cyanobacteria
biomass have heterogeneous impacts on DOM cycling in aquatic environments.

Keywords: cyanobacterial blooms; dissolved organic matter; nutrient; bacterial abundance;
carryover effects

1. Introduction

Clean drinking water plays a critical role in human physical health and welfare [1].
Lakes are the most important clean drinking water sources in China because they can
provide a relatively stable water supply with few nature fluctuations (i.e., floods, droughts,
and freezing) [2]. Lake Taihu (30°05'-32°08' N, 119°08’-121°55’ S) is the third largest
freshwater lake in China. The lake watershed covers approximately 36,500 km? and is
an important drinking water source for more than 10 million people and several modern
cities, such as Shanghai, Wuxi, and Suzhou. Moreover, Lake Taihu also serves numerous
industrial, agricultural, and municipal activities [3]. However, harmful cyanobacteria
blooms caused by the phytoplankton Microcystis have occurred successively since 1980
in Lake Taihu, which have directly threatened the safety of drinking water and triggered
serious health and social problems, particularly the “Water supply crisis” in Wuxi in
2007 [4-7]. Qin et al. [8] promoted a large-scale integrated monitoring and forecasting
system for cyanobacterial bloom management in Lake Taihu, and they found that the
distribution area of cyanobacterial blooms reached 997.5 km? in 2011, which was the
maximum value for the four consecutive years of monitoring (2009-2012). Generally,
cyanobacterial bloom growth can be influenced by temperature, daylight, water turbulence,
pH, and macronutrient. In addition, wind-induced hydrodynamic effects, such as sediment
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resuspension and the corresponding nutrient release from the sediment-water interface,
played an important role in intensifying cyanobacterial bloom expansion [9,10].

After blooms, the massive cyanobacterial biomass aggregates into scum and is then
degraded by indigenous heterotrophs [11]. Large fractions of cyanobacterial organic matter
are released from the biomass as dissolved organic matter (DOM) mainly via three major
decline steps, which were proposed to describe the bloom decline process: scum disaggre-
gation, colony settlement, and cell lysis in colonies [12]. Various bacteria of myxobacterium
and the genera Alcaligenes and Pseudomonas and the Cytophaga/Flavobacterium group from
aquatic environments were found to be lysed Microcystis, which is closely related to the
degradation of biomass produced by cyanobacteria [13,14]. This algal-released DOM can
be referred to as bulk algal-derived DOM. When large complex algal-derived DOM enters
the aquatic system, it may cause oxygen depletion and cyanobacterial toxin secretion by
biological activities, resulting in the appearance of a “black water mass,” which may pose
serious risks to aquatic plants, fish, and oxygen-sensitive invertebrates and cause mass
mortality events [15-17]. The high frequency formation of a massive bloom composed of
cyanobacteria of the genus Microcystis, which can produce potent hepatotoxins, neurotox-
ins, and dermatoxins and promote tumor formation (i.e., microcystins), and they finally
cause damage to the liver [18,19].

Several studies have suggested that bulk algal-derived DOM is closely related to
the biogeochemical cycle and energy flow of lake ecosystems, which indirectly impact
human health and the dynamics and driving factors of cyanobacterial blooms [20-22].
For example, Bittar et al. [23] confirmed that extracellular and intracellular DOM were
produced in axenic cultures by Microcystis aeruginosa, which can effectively increase the
biolabile DOM (BDOM) to bacterial growth and activity in lake waters for timescales of
minutes to days. Moreover, Lee et al. [24] found that algal-derived BDOM can be converted
into recalcitrant organic matter (such as humic substances), which remains in the water
column for a long period. On the one hand, this freshly produced BDOM would strongly
influence its binding properties to heavy metals and thus their fate, mobility, and toxicity
in aquatic environments; especially, the algal-derived polymeric component increases
the coagulation and sedimentation rates of colloidal material and associated metals, and
thus brings hidden potential dangers to benthic healthy [25,26]. On the other hand, after
long-term biodegradation, progressive accumulation of algal-derived recalcitrant DOM,
as disinfection by-product precursor compounds, is transformed into trihalomethanes
and haloacetic acids (i.e., carcinogenic and mutagenic disinfection byproducts), which
inevitably leads to increased costs of drinking water supply systems [27-29]. In addition,
during the decay of cyanobacteria blooms in lake ecosystems, cyanobacteria toxins are
introduced into water and could directly threaten human health [30,31].

Dissolved organic matter is a fundamental regulator of aquatic ecosystems, and algal-
derived DOM often dominates the DOM composition in water during algal bloom decay
in Lake Taihu [32]. Several authors have studied the production of DOM with unique
compositions and stoichiometries that fuel successive trophic transfers of fixed carbon
through initial assimilation by heterotrophs. However, their rates of processing phytoplank-
ton DOM are controlled to a large extent by the biological availability of cyanobacterial
exudate and lysate; thus, two different cyanobacteria fractions will have implications for
lake microorganisms to facilitate the efficient turnover of the highly heterogeneous cycle of
available DOM [33,34]. Microbial-mediated metabolism reactions have been demonstrated
to transform DOM from labile to a relatively recalcitrant state. This process is associated
with nutrient recycling, greenhouse outgassing, and microbial secondary production, affect-
ing microbial succession, as reflected in the taxonomic composition and functional diversity,
as well as the growth rates of specific groups [35-39].

For lake ecosystems, especially eutrophic lakes, the nutrients needed to maintain the
system largely depend on the internal circulation and regeneration of the system rather than
external input [40]. Among them, the degradation of cyanobacterial organic matter and
the release process of nutrients, which are important carriers of nutrients in water, may be
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important sources of active nutrients in water [41]. Algal-derived DOM has generally been
used to represent the heterogeneous matrix for the entire decomposition of cyanobacterial
blooms; however, most studies have focused primarily on the environmental behavior of
bulk algal-derived DOM or the response of the interaction between bulk algal-derived
DOM and water contaminants. However, the relationship between released DOM refers to
the different fractions of cyanobacterial organic matter, and there have been few studies on
reproduced nutrient and microbial secondary production (i.e., ecological effect) following
the cyanobacterial cell lysis mechanism.

Therefore, the objective of this study was to gain new insight into the role of molecular
weight-fractionated cyanobacterial organic matter on DOM mineralization, sequestration,
and related nutrients. We set up a medium-volume, long-term incubation experiment
and combined it with a fractionation procedure to investigate how DOM from lysed
cyanobacteria cells impacts the variation of the microbial population, and how processing
of algal-derived DOM impacts nutrient mineralization by comparative analysis. The results
will provide data support for the ecological effects of cyanobacteria degradation.

2. Materials and Methods
2.1. Sample Collection and Pretreatment

Surface lake water and fresh algal scum of the phytoplankton Microcystis were collected
at the aggregate stage of a cyanobacterial bloom along the shore of Lake Taihu (trestle area),
China, in 2021 [42] (Figure S1). Samples (i.e., fresh algal scum) were stored at 4 °C and
transported to the laboratory, where they were immediately filtered through a sterile 20-um-
pore nylon net (47-mm diameter, Merck Millipore, Ireland) to exclude the interference of the
largest algal aggregates, protozoa, and non-living particulates in the microbial degradation
system. This filtration for lake water through a 20-pum-pore-size filter (47-mm diameter,
Merck Millipore, Cork, Ireland) was performed to separate particle-associated bacteria
or large cells from small and free-living bacteria [43]. Then, the chlorophyll a (Chl a)
concentration was measured (18.61 pg L) and considered the low biomass in summer.
Chlorophyll a concentration was similar to the annual average in the lake center, and
therefore, this was considered as a control set [44]. Meanwhile, harvested algal scum were
concentrated through 20-um bolting silk to partly dewater and remove obvious impurities;
then, these samples with 90% moisture were defined as algal organic matter.

We considered the algal organic matter as a whole, which could be divided into
two fractions by the freeze-thaw method. First, 10 mL algal organic matter-sterile water
solutions with multiple batches (0.03 g mL~! fresh weight) were shaken on a shaker, and
we then obtained a destructed cyanobacterial complex mixture; the solids of these mixture
were concentrated using a 0.2-um membrane filter (47-mm diameter, PC, Merck Millipore,
Cork, Ireland), and the filtrates were obtained. Destruction of cells in the above mixture
was performed using the freeze-thaw method with three successive recycles, as described
in a previous study [45]. The efficiency of cell destruction was confirmed using an optical
microscope [46].

2.2. Batch Experiment
2.2.1. Long-Term Microbial Degradation of Algal Organic Matter

At room temperature (20-25 °C) and under dark conditions, the cyanobacterial scum
sampled from Lake Taihu shore and then pretreated as the 0.5 L algal organic matter-
sterile water solution (0.03 g mL~! fresh weight) was added to 9.5 L of filtered lake water
containing bacterial communities and mixed in an acid-cleaned glass container to conduct a
long-term (80-d) degradation experiment as the algal-derived DOM group. The purpose of
setting this algal biomass concentration, i.e., ~1.5 g L! (fresh weight), was to simulate the
real accumulation situation along the lakeshore as best as possible. The purpose of using
dark incubation conditions was to prevent the possible growth of cyanobacteria that may
have been present in filtered lake water. Therefore, the possible growth of cyanobacteria
will interfere with the experimental results. Simultaneously, the long-term degradation of
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the filtered lake water without added cyanobacterial scum was set as the control group
(i.e., natural lake water group). Both groups had three replicates, and all containers were
covered tightly to avoid direct contact with the atmosphere. By collecting water samples at
different intervals during the 80-d degradation process, the dynamic changes in planktonic
bacterial abundance in lake water, and the concentrations and compositions of dissolved
organic carbon (DOC) and nutrients were analyzed.

2.2.2. Process Analysis of Microbial Degradation of Algal Organic Matter Using the
Fractionation Procedure

The above-described long-term microbial degradation systems were repeated under
the same controlled conditions in which 0.5 L of the extracted filtrates and concentrated
solids, which were resuspended in an equal volume of sterile water, were added to the
filtered lake water that served as the algal-derived filtrate and algal residual exudative
organic matter groups. These two treatments were also conducted in triplicate in the dark
for 80 d. As for the bulk algal-derived DOM and control groups, subsamples from the algal-
derived filtrate and algal residual exudative organic matter groups were also collected on
days 0,1, 2,4, 8,12, 20,31, 40, 52, 61, and 80 for analyses of planktonic bacterial abundance
and determination of DOC and nutrient concentrations and compositions. Intriguingly,
we observed that the water color of the algal-derived filtrate group changed dramatically
(from brilliant blue to emerald green); therefore, an additional sample was collected on
day 3.

2.3. Sample Analysis
2.3.1. DOC and Chromophoric Dissolved Organic Matter (CDOM) Measurement

For the analysis of DOC concentration, 40 mL of water sample was filtered through
pre-combusted (450 °C for 4 h) 0.22-um-pore-size glass microfiber filters (47-mm diameter,
Shanghai Xingya Purification Material Factory, Shanghai, China). Then, the filtrates were
collected with glass pipettes, placed into pre-combusted brown glass vials, and stored at
—20 °C until analysis. Reference DOC standards (obtained using potassium hydrogen
phthalate) served as an additional control to calibrate the instrument. The blank was
deducted using Milli-Q water analysis before every five samples, and all samples (includ-
ing the blank) were acidified to pH = 2 by 10% HCI until analysis. The average blank
concentrations associated with the DOC measurement were approximately 0.06 mg L1,
and the analytic precision of the triplicate injections was +3%.

After passing through pre-combusted 0.22-um Millipore membrane filters (47-mm
diameter, Merck Millipore, Cork, Ireland), approximately 100 mL filtrate was used for
CDOM absorbance and fluorescence measurements. CDOM absorbance was measured over
the 200-800 nm range (1 nm increments) in a 5-cm quartz cell using a Shimadzu UV-2450 PC
UV-vis recording spectrophotometer. A fluorescence spectrophotometer (Hitachi F-7000,
Tokyo, Japan) with a scanning speed of 2400 nm min~! was employed to measure the
excitation-emission matrix (EEM). The main components of fluorescence dissolved organic
matter (FDOM), i.e., the fluorescent fraction of CDOM, were analyzed using a fluorescence
spectroscopy technique coupled with parallel factor (PARAFAC) analysis [47]. During the
experiments, a total of 150 EEM spectra were obtained for PARAFAC analysis. MATLAB
(MathWorks, Natick, MA, USA) and the DOM Fluor toolbox (http://www.models.life.
ku.dk/ accessed on 6 May 2022) were employed for data analysis [48,49]. Further details
on the PARAFAC-EEM analysis of FDOM have been described previously [50] and are
displayed in Supplementary Materials Text S1.

During analysis of the composition parameters of CDOM, the characteristic param-
eters of the CDOM absorption coefficient [a (355)] and spectral slope for the interval of
300-500 nm [S309-500] were employed to estimate the concentration and composition dy-
namic of CDOM, respectively [47]. Moreover, high S300_509 values denote a high extent of
recalcitrant and a low degree of molecular weight [51].
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2.3.2. Nutrient Concentrations

Inorganic nitrogen (i.e., nitrate, nitrite, and ammonium) and inorganic phosphorus
(i.e., phosphate) concentrations were measured using a continuous flow analyzer (San + +,
SKALAR, Breda, The Netherlands). Total dissolved nitrogen (TDN) and total dissolved
phosphorus (TDP) concentrations were analyzed using combined persulfate digestion
followed by spectrophotometric measurements [52].

2.3.3. Bacterial Abundance (BA)

Samples for analyses of BA were preserved with a final concentration of 0.5% glu-
taraldehyde and stored at —80 °C. BA was measured using an LSRFortessa flow cytometer
(BD Biosciences, San Jose, CA, USA) by staining with SYBR Green I. Bacteria were enumer-
ated according to a previously described method [53].

2.4. Statistical Analysis

The linear regression model was used by OriginPro 8.1 software (OriginLab, Northamp-
ton, MA, USA) to characterize the following relationships: (1) among the free-living bac-
terial abundance and CDOM absorption coefficient at 355 nm for the entire process in
the bulk algal-derived DOM group; (2) among free-living bacterial abundance and the
main components of FDOM identified by PARAFAC analysis for the entire process in bulk
algal-derived DOM, algal-derived filtrate, and algal residual exudative organic matter
groups; and (3) among free-living bacterial abundance and the fluorescence intensity of
humic-like components for the day 40-80, day 20-80, and day 31-80 phases in the bulk
algal-derived DOM, algal-derived filtrate, and algal residual exudative organic matter
groups, respectively. To examine the significance of the temporal changes in the main
components of FDOM identified by PARAFAC analysis during the experiment, we mainly
aimed at comparing the bulk algal-derived DOM and control groups, and the algal-derived
filtrate, and algal residual exudative organic matter groups. One-way analysis of variance
(ANOVA) was performed using the data analysis function of OriginPro 8.1 software.

3. Results and Discussion
3.1. Algal Organic Matter Analysis

The initial properties of the selected algal-derived DOM and its different fractions are
summarized in Table 1. In brief, the initial bulk algal-derived DOM was composed of 67.15%
carbon, 26.38% nitrogen, and 6.47% phosphorus, whereas the initial algal-derived filtrate
and residual exudative organic matter were composed of 77.86% and 58.33% carbon, 19.55%
and 39.06% nitrogen, and 2.59% and 2.60% phosphorus, respectively. These values showed
that the carbon component of the algal-derived filtrate was higher than that of the bulk
algal-derived DOM,; the nitrogen component of algal residual exudative organic matter was
higher than that of the bulk algal-derived DOM. In contrast, the phosphorus components
of the algal-derived filtrate and algal residual exudative organic matter were lower than
that of the bulk algal-derived DOM. After freeze-thaw treatment, the CDOM absorption
coefficients at 355 nm for initial algal-derived filtrate and algal residual exudative organic
matter were approximately 0.79 and 0.63 times lower than that of initial bulk algal-derived
DOM, respectively. Obviously, the FDOM composition of the initial bulk algal-derived
DOM contained only two components (i.e., protein-like C1 component and humic-like C2
component), and C1 was the main fraction in the bulk algal-derived DOM. Surprisingly,
through the comparison among the FDOM composition for initial bulk algal-derived DOM,
filtrate, and algal residual exudative organic matter, it appeared that the humic-like C2
component was enriched in the algal-derived filtrate, which was approximately > 6 times
higher than that of the other two groups.
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Table 1. Physicochemical properties of bulk algal-derived dissolved organic matter (DOM), algal-
derived filtrate, and algal residual exudative organic matter. ND—not determined. DOC—dissolved
organic carbon; DON—dissolved organic nitrogen; DOP—dissolved organic phosphorus.

Parameter Concentration Parameter Concentration
(Mean + Deviation) (Mean + Deviation)

DOC (mg L1 415+ 0.56 C1(R.U.) 0.78 +0.13

Bulk algal-derived DOM DON (mg L:ll) 1.63 +0.17 C2 (R.U) 0.03 £ 0.01
DOP (mg L™ ") 0.40 + 0.03 C3(R.U.) ND
a (355) (m™ 1) 21.93 4+ 1.80 C4 (R.U.) ND

DOC (mg L) 6.61 £ 0.73 C1(R.U) 0.43 4+ 0.04

Algal-derived filtrate DON (mg L:ll) 1.66 £ 0.13 C2 (R.U.) 0.22 + 0.02

DOP (mg L") 0.22 4+ 0.01 C3 (R.U.) 0.04 4+ 0.04

a (355) (m~1) 17.38 + 0.16 C4 (R.U) 0.03 £ 0.03

DOC (mg L1 4.48 +0.58 Cl1(R.U.) 0.87 +0.03

Algal residual exudative DON (mg L1 3.00 £ 0.86 C2 (R.U.) 0.02 4+ 0.03

organic matter DOP (mg L1 0.20 £ 0.07 C3 (R.U) 0.18 4 0.10

a (355) (m~1) 13.91 +0.29 C3(R.U.) 0.01 + 0.04

3.2. Release and Microbial Degradation of Algal-Derived DOC

The dynamic changes in the DOC concentration of the bulk algal-derived DOM,
algal-derived filtrate, and algal residual exudative organic matter during the release and
microbial degradation processes are shown in Figure 1. In detail, DOC was released from
the cyanobacterial scum, resulting in a linear increase in the DOC concentration from
8.36 + 0.32 mg L~ to a peak of 10.68 + 0.17 mg L~! during the first 4 d. Then, the DOC
concentration decreased from 10.68 % 0.17 to 6.86 & 0.86 mg L™! from day 4-40 with a
mean reduction rate of 0.11 & 0.02 mg L' d~!. Subsequently, the DOC concentration
decreased to 4.60 4 0.09 mg L~ at the end of the experiment with a mean reduction rate of
0.06 + 0.00 mg L~! d~! (Figure 1a). Therefore, according to the dynamic changes in the
DOC concentration, the 80-d degradation process was clearly divided into three stages:
the DOC rising (DR) stage (4 days); rapid DOC decline (r-DD) stage (36 days); and slow
DOC decline (s-DD) stage (40 days). In contrast, no significant fluctuations in the DOC
concentration were observed in the lake water; rather, it had a relatively narrow range
from 3.34 £ 0.03 to 4.48 4+ 0.21 mg L~! and a mean of 3.98 + 0.42 mg L. Meanwhile,
we determined that the DOC mineralization rate was 56.88 4 1.26% from the time point
of maximum DOC release to the end of the experiment. As shown in Figure 1b, the
initial DOC concentrations were 10.81 4= 0.47 mg L' and 8.68 & 0.33 mg L~ in the algal-
derived filtrate and the algal residual exudative organic matter treatments, respectively.
Specifically, the algal-derived filtrate treatment caused a rapid and markedly large increase
in the DOC concentration; however, the DOC concentration was slightly lower in the algal
residual exudative organic matter group at the initial time point. Throughout the microbial
degradation process, the DOC concentration showed a rapid decrease in the first 20 d (from
10.81 + 0.47 to 5.57 & 0.33 mg L), followed by a near-continual slow decrease with an
overall concentration of 4.44 + 0.52 mg L~ for the algal-derived filtrate group; in short, the
DOC mineralization rate of the entire process was 64.56 4= 0.32%. In another algal residual
exudative organic matter group, the DOC concentration showed a linear decrease over the
entire experimental process by 51.83 £ 5.12% (i.e., the DOC mineralization rate). Finally,
the DOC concentrations were 3.83 & 0.18 and 4.17 4 0.30 mg L~! in the algal-derived
filtrate and the algal residual exudative organic matter treatments, respectively, on day 80.
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Figure 1. Dynamic changes in dissolved organic carbon (DOC) concentration during the 80-d
degradation processes in (a) bulk algal-derived dissolved organic matter (DOM) group and natural

lake water group (as control), and (b) algal-derived filtrate and algal residual exudative organic

matter groups.

3.3. CDOM Absorption and Spectral Slope in Different Algal-Derived DOM

Generally, CDOM is largely responsible for the optical properties of most natural
waters, and as a tracer of algal-derived DOM is valuable for elucidating the dynamic
changes of DOM. The specific changes in the CDOM absorption coefficient [a (355)] of the
bulk algal-derived DOM, algal-derived filtrate, and algal residual exudative organic matter
during the 80 d processes are shown in Figure 2. In detail, in the bulk algal-derived DOM
group, the a (355) increased from 24.35 4 1.71 to 29.24 4 0.37 m~! within the first day, and
then decreased to 15.93 + 0.82 m~! on day 4, with a reduction rate of 4.46 £ 0.60 m~1d-!
from day 1-4. During the process from day 8-80, the a (355) fluctuant decreased from
8.11 + 0.98 m~! to 3.58 & 0.11 m~!. After repeated measurement, we found that an
abnormal increase to 8.72 + 0.23 m~! occurred suddenly on day 40. Compared to the
lake water, the a (355) exhibited relatively small variations and remained at the mean level
(ie.,2.40 & 045m™1) during the entire experimental process. As shown in Figure 2b, after
the different amended cyanobacterial organic matter fractions were added, we found that it
led to large increases in a (355) in algal-derived filtrate and algal residual exudative organic
matter groups; i.e., a (355) increased by 7.19 + 0.04 and 5.75 =+ 0.15 times compared with the
initial lake water value, respectively. Then, a (355) degradation showed similar exponential
decay patterns in both the algal-derived filtrate and algal residual exudative organic
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matter groups, and their intensities remained steady at approximately 5.20 + 0.47 and
4.22 4+ 0.81 m~!, respectively, with time after decreasing rapidly in the first 20 and 31 d,
respectively.
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Figure 2. Dynamic changes in the chromophoric dissolved organic matter (CDOM) absorption
coefficient at 355 nm [a CDOM (355)] during the 80-d degradation processes of (a) bulk algal-derived
dissolved organic matter (DOM) and natural lake water groups (as control) and (b) algal-derived
filtrate and algal residual exudative organic matter groups.

The CDOM spectral slope for the 300-500 nm [S3gp_500] interval was employed to
estimate the composition dynamic of CDOM. Moreover, high S3p0_509 values denote a
high extent of recalcitrant and a low degree of molecular weight [51]. Throughout the
entire bulk algal-derived DOM degradation process, the spectral slope S309_509 gradually
increased from 6.69 + 0.06 um ™~ to 15.71 4 0.49 um~7; it indicated the transformation from
high-molecular-weight labile CDOM into low-molecular-weight recalcitrant CDOM. In
the control group, Figure 3a shows that the spectral slope S300_500 had a relatively narrow
range variation from 11.04 4 0.30 to 13.69 + 0.07 um~! within the first 40 d, and that
the index then increased to 17.24 £ 0.20 at the final time point. Notably, at the s-DD
stage, the S3p0_500 index was near the mean level of the control group; this implied freshly
cyanobacterial scum-released CDOM underwent long-term biotransformation to perform
some molecular weight CDOM similar to cyanobacterial scum-free lake water. For the algal-
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derived filtrate group (Figure 3b), the spectral slope Szgo_s0p increased by 5.12 4- 0.04 um ™1,

i.e., from 8.10 £ 0.06 to 13.22 + 0.06 um™~1, over the course of the experiment. Another
algal residual exudative organic matter group exhibited highly dynamic characteristics
because the spectral slope S3po_500 increased by 9.20 4 0.34 pum~! from 5.44 + 0.04 to
14.63 + 0.35 um ! over the course of the experiment (Figure 3b). Therefore, the initial
molecular weight of the algal residual exudative organic matter group was higher than
that of the algal-derived filtrate and bulk algal-derived DOM groups; however, after the
80-d experiment, the molecular weight of DOM was converted to the same level for the
three groups.
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Figure 3. Dynamic changes in the chromophoric dissolved organic matter (CDOM) spectral slope for
the 300-500 nm [S3p-500] interval during the 80-d degradation processes of the (a) bulk algal-derived

DOM and natural lake water groups (as control) and (b) algal-derived filtrate and algal residual
exudative organic matter groups.

3.4. EEMs in Different Algal-Derived DOM

The characterization of DOM by 3D fluorescence spectroscopy was considered a
reliable parameter for observing the entire degradative process for bulk algal-derived
DOM and natural lake water groups (as a control). As shown in Figure 4a—c, we found
that the EEMs of CDOM released from cyanobacterial scum at two major protein-like
fluorescence peaks decreased with time and reached a low level at the end of the experiment,
which was characterized by being highly dynamic. Comparatively, for the natural lake
water group, a conservative distribution of inherent CDOM peaks at the two similar
protein-like fluorescence peaks was observed; however, its fluorescence intensities and
the range of increasing—decreasing fluctuations were both lower than those of the bulk
algal-derived DOM group. This result was consistent with those reported previously [54],
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whereby cyanobacteria survival and mortality played important roles in shaping the optical
properties of many natural waters. Moreover, decayed cyanobacteria led to protein-like
CDOM production, which was an important source of biodegradable DOC and contributes
to the biogeochemical cycles of aquatic ecosystems [55]. Comparing the EEMs of the
algal-derived filtrate and the algal residual exudative organic matter groups, as shown in
Figure 5, we found that high-intensity protein peaks dominated the entire spectra, and
that after 80-d degradation, their fluorescence intensities were greatly reduced. Finally, the
variability in the fluorescence properties of CDOM of the two groups was similar to that of
the control group, as determined by EEMs. More specifically, the intensities of humic peaks
were almost consistent with the intensities of protein peaks, which only appeared in the
algal-derived filtrate group at the initial time point. This suggested humic-like components
direct from cyanobacteria cell lysis, and that this component has low molecular weight
characteristics, which is indicated by the higher values of S3g0.509 than the algal colloidal
exudative organic matter group during the initial 20 days.
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Figure 4. Chromophoric dissolved organic matter (CDOM) fluorescence properties variability by
excitation-emission matrix spectra (EEMs) during the degradation processes of the bulk algal-derived
dissolved organic matter (DOM) group on (a) day 0; (b) day 4; and (c) day 80, and in the natural lake
water group (as control) on (d) day 0; (e) day 4; and (f) day 80.
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Figure 5. Chromophoric dissolved organic matter (CDOM) fluorescence properties presented by
excitation-emission matrix spectra (EEMs) for the algal-derived filtrate group on (a) day 0 and
(b) day 80, and for the algal residual exudative organic matter group on (c) day 0 and (d) day 80.

3.5. FDOM Components in Different Algal-Derived DOM

FDOM was employed as a proxy for DOM to study the dynamic changes in DOM
composition [56]. The FDOM components were characterized with three-dimensional
EEM spectroscopy coupled with the PARAFAC analysis technique, and total EEM collec-
tion of the algal-derived dissolved organic matter; its different molecular fractions and
lake water were modeled with PARAFAC using MATLAB with the DOMFluor toolbox.
Furthermore, four distinct FDOM components (i.e., C1-C4) were identified; in detail, the
ex | em wavelengths were 225 (275-280) | 332 nm, 265 (360) | 452 nm, 230 (275) | 320 nm, and
235 (305) | 348 nm, respectively. Based on their ex | em wavelengths, C1, C3, and C4 repre-
sented protein-like fractions and C2 represented a humic-like fluorophore. During the bulk
algal-derived DOM degradation process, the dynamic changes in the fluorescence intensity
of the protein-like component C1 exhibited three stages, which corresponded to the stage
characteristics of dynamic changes in the DOC concentration (Figure 1). Furthermore,
its fluorescence intensity decreased periodically at 0.89 + 0.11 R.U. (mean values) in the
DR stage, at 0.21 £ 0.07 R.U. (mean values) in the r-DD stage, and the final fluorescence
intensities fell to zero (mean values) in the final s-DD stage (Figure 6a). Interestingly,
the change in the humic-like component C2 showed an opposite trend compared with
that of the protein-like component C1 (Figure 6b). The C2 component increased gradu-
ally throughout the degradation process, except for a sudden increase on the first day
(Figure 6b). However, the two fluorescence components (i.e., C1 and C2) in the con-
trol group exhibited no significant changes throughout the entire degradation process
(Figure 6a,b). Moreover, we found that the variation patterns of the C1 and C2 components,
when comparing the bulk algal-derived DOM and natural lake water groups, exhibited
significant changes (one-way ANOVA, p < 0.05); therefore, these two components also
should focus on fluorescence variety with time for the algal-derived filtrate and the algal
residual exudative organic matter groups. Regarding the two other protein-like C3 and C4
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components, their changes tended to be consistent, and both remained at relatively low
levels compared to the biodegradable protein-like C1 component (Figure 6¢,d).
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Figure 6. Dynamic changes in the main components of fluorescent dissolved organic matter (FDOM)
during the 80-d degradation processes of the algal-derived DOM group and in the natural lake water
group (as control). (a) C1, (b) C2, (c) C3, and (d) C4.

Similarly, four FDOM components (C1, C2, C3, and C4) were identified in the algal-
derived filtrate and the algal residual exudative organic matter groups. Based on our
previous results regarding dynamic changes in the FDOM compositions of bulk algal-
derived DOM and control groups, the intensity changes of the protein-like component C1
and humic-like component C2 were comprehensively examined again in algal-derived
filtrate and algal residual exudative organic matter groups. Notably, the dynamic variations
in fluorescence intensity of C1 and C2 underwent clear changes, which were also reflected
by the three-stage characteristics over the entire degradation period (Figure 7a,b). In the
algal-derived filtrate group, the fluorescence intensity of C1 decreased from 0.58 + 0.03
to 0.47 & 0.01 R.U. with a decrease rate of 0.04 R.U. d~! from day 0-3. Subsequently,
its fluorescence intensity decreased to 0.05 £ 0.02 R.U. at day 20, with a decrease rate of
0.02R.U.d !, and stabilized at 0.02 £ 0.02 R.U. from day 20-80. In contrast, the fluorescence
intensity of C2 increased from 0.07 £ 0.01 to 0.10 £ 0.0004 R.U. for the period of day 20-80
(Figure 7a,b). Similarly, in the algal residual exudative organic matter group, the protein-
like component C1 decreased rapidly from 1.02 & 0.01 to 0.51 £ 0.04 R.U. with a decrease
rate of 0.13 R.U. d ! for the period of day 04, then decreased slowly to 0.04 4+ 0.00 R.U. at
day 31, with a decrease rate of 0.01 R.U. d~ 1, and reached near-constant intensities with
a mean level of 0.02 4= 0.01 R.U. in the day 31-80 phase. The fluorescence intensity of C2
increased from 0.04 + 0.003 to 0.08 + 0.0003 R.U. in the day 31-80 phase (Figure 7a,b).
Curiously, in the algal-derived filtrate, we found that the humic-like component C2, which
is always used as an indicator of recalcitrant DOM [57], was found at much higher flu-
orescence signal levels when compared to the algal residual exudative organic matter
and bulk algal-derived DOM samples on day 0. Furthermore, its fluorescence intensity
remained high (~0.25 4 0.04 R.U.) for the period of day 0-3, and suddenly decreased to
a lower level of 0.13 £ 0.05 R.U. for the period of day 3-20 (Figure 7b). Zuo et al. [58]
identified 6-L-biopterins and their glucosides as candidate structures for consistently oc-
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curring algae-derived humic-like fluorophores (Em 440-460 nm) during the cyanobacterial
strain Microcystis aeruginosa degradation experiment under simulated natural conditions;
the environmental concentrations of 6-L-biopterin (without counting any other deriva-
tives) ranged from 0.20-2.78 ug L~! in five lakes in China. Additionally, biopterin and
its derivatives, which contributed to 55.5 + 1.7% of fluorescence at Ex350/Em450 nm in
FDOM, were found in a Lake Tai surface water sample [58]. In this study, C2 displayed
two excitation maxima at 265 and 360 nm and one emission maxima at 452 nm, which was
categorized as a humic-like peak; therefore, it may have indicated that the algae-derived
characteristic humic-like fluorophores were associated with biopterin. Humic-like fluo-
rophores are ubiquitous in algal-dominated freshwater and marine environments [59,60].
Through this research, we found that humic-like components rich in cyanobacterial filtrate
could not accumulate in lake and coastal eutrophic water, which is inconsistent with re-
search results from pelagic oligotrophic sea and deep-sea zones. For instance, Xie et al. [55]
investigated the bioavailability of Synechococcus-derived organic matter by estuarine and
coastal microbes during 180-d dark incubations, and found that humic-like C4 (ex |em
wavelength was 250 (385) | 484 nm) displayed recalcitrant DOM characteristics, and that its
fluorescence intensity gradually increased over the entire incubation period. One possible
explanation for this result is that the high decrease rate of humic-like fluorophores was
supported by the high content of biodegradable protein-like components or nutrients as
well as the metabolically active microbial populations in the eutrophic lake water [47]. In
contrast, in oligotrophic environments, freshly released algal filtrates can hardly trigger the
organic matter “priming effect” mechanism that stimulates the microbial degradation of
humic-like components, whereas humic-like organic matter is often considered a potential
tracer of recalcitrant DOC [61-63]. Lake eutrophication can result in algal blooms and
water quality degradation, which affects the services provided by the lake ecosystem [64].
As discussed above, initial DOM compositions derived from algal-derived filtrates and
algal-residual exudative organic matter were highly heterogeneous in terms of FDOM
composition, whereby their FDOM compositions were consistent with each other after a
long degradation period.
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Figure 7. Dynamic changes in the main components of fluorescent dissolved organic matter (FDOM)
during the 80-d degradation processes of algal-derived filtrate and algal residual exudative organic
matter groups. (a) C1, (b) C2, (c) C3, and (d) C4.
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3.6. Variability of Nutrient Compositions in Different Algal-Derived DOM

Along with the release and microbial degradation of DOC derived from cyanobacte-
rial scum, variations in inorganic nutrients (including NHs*, NO, ™, NO;~, and PO43)
and organic nutrients (including DON and DOP) were presented during the 80-d incu-
bation (Figure 8c,d). In detail, in the bulk algal-derived DOM group, in terms of the
variations of TDN and TDP, the TDN concentration gradually increased from 6.01 =+ 0.36 to
12.38 £ 1.06 mg L~ 1in the day 0-31 phase, then remained at 11.91 + 0.96 mg Lt during
day 31-80 (Figure 8a); the TDP concentration gradually increased from 0.72 £ 0.03 to
1.10 £ 0.16 mg L1 in the day 0-31 phase, then remained at 1.19 4 0.10 mg L~! for the
day 31-80 phase. Three inorganic nitrogen compositions were measured, and the com-
bined concentrations as dissolved inorganic nitrogen (DIN) and its variation are shown in
Figure 8b, in which a linear increase can be seen from 3.73 + 0.39 to 14.26 £+ 1.69 mg L!
with an increase rate of 0.29 & 0.05 mg L~! d~! during the day 0-31 phase. Within the
next 49 d, the DIN concentration increased to 13.29 & 0.90 mg L~ ! with a minimal in-
crease rate of 0.01 & 0.06 mg L' d~!. The variation of DIP followed the same pattern,
whereby it increased from 0.28 + 0.06 to 1.11 + 0.09 mg L~! with an increase rate of
0.03 + 0.00 mg L™! d~! during the day 0-31 phase and was subsequently relatively sta-
ble within the range of 0.41-0.52 mg L~!. Meanwhile, in addition to leaching dissolved
total nutrients from cyanobacterial biomass, there are many other nutrient metabolism
processes, i.e., organic nitrogen and phosphorus degradation, and inorganic nitrogen and
phosphorus production (Figure 8b,c). Moreover, ammonia was the most dominant form of
DIN, with the conversion of cyanobacteria-derived organic nitrogen to inorganic nitrogen
(Figure 8b,d). In the day 40-80 phase, the DON and DOP concentrations tended to stabilize
and maintain mean concentrations of 0.34 & 0.46 and 0.07 4 0.08 mg L1, respectively;
specifically, the dominant form of DIN was converted into nitrate (Figure 8b—d). In the
control group, the range of changes and contents in the dissolved nutrient composition
were relatively gently and small, and the most dominant DIN (i.e., ammonia) during the
initial 4 d was also replaced by nitrate over the course of the entire process (Figure 8e-h).

In the algal-derived filtrate group, the initial TDN and TDP concentrations were
6.46 + 0.24 and 0.62 & 0.01 mg L~!, respectively, during the first 3 d and then decreased to
5.51 + 0.18 and 0.41 + 0.01 mg L™, respectively. For the following 17 d, TDN and TDP
concentrations exhibited linear increases to 6.93 £ 0.02 and 0.63 £ 0.05 mg L1, respec-
tively; finally, the concentrations remained constant at 7.04 = 0.41 and 0.67 £ 0.02 mg L},
respectively (Figure 9a). In contrast, in the algal-derived filtrate group, the TDN concentra-
tion displayed a similar variation pattern to that of the TDP concentration. For the initial
12 d, TDN and TDP concentrations were stable at 4.85 & 0.40 and 0.27 £ 0.03 mg L1,
respectively. After 20 d, TDN and TDP concentrations dramatically increased to 6.66 &= 0.51
and 0.44 + 0.05 mg L1, respectively (Figure 9e). Two processes of total dissolved nutrient
release and dissolved organic nutrient conversion into dissolved inorganic nutrients were
detected from 0-20 d in both groups. Ammonia was the only form of DIN that was present.
Moreover, in the following 60 d, the variations in the DIN, DON, DIP, and DOP concentra-
tions exhibited roughly stable levels; notably, the majority of DIN during this period was
replaced by nitrate, and a high nitrate concentration was maintained (Figure 9b-d,f-h).

88



Int. J. Environ. Res. Public Health 2022, 19, 6981

20 25 20
a - TDN b -a-DIN
_ TDP [0 = -9-DON
- 154 -
] I ' . o
e o e—ee—s s £,
Z 10 Q7 . L _e—e— S
S 5 At Y =
E 0920092 Lo E
& 09 £ 5
= v
g 51 2 .
3 % o %V‘o—o—o/“‘\o
o 0 1
04— —10.0
0 20 40 60 80 0 20 40 60 80
Time (Day) Time (Day)
257 o
_0_
20
ool --DoP
2 -
ch
£ 15 218
8 £
£ 1.0 510
5 £
£ 05 =
g 2s
0.0 o
0 20 40 60 S0 g
Time (Day) LIOP P @\'\9\@,\'@,\?’3\9@0‘;\9@9@0
Time (Day)
20 25 20
e 2-DTN --DIN
o «DTP [, = -2-DON
715 215
£ 15
= =]
] =10
£ 10 £
£ Vg
= v
g | £ s
5 5 05 3
@99993-9-90—98-0—0 |00 | @390833 83 3 o— 3 |
0 20 40 60 380 0 20 40 60 80
Time (Day) Time (Day)
25 2.0
g -@-DIP h B NO;N
2204 -@-DOP = EENo, N
= | ; kS ENH N
E 151 £
‘5 '5 1.0
£ 1.04 g
§ 505
£ 05 5
S 3
00| @290009-0—0—0—0——3 00

0

40
Time (Day)

20

60 80

PP PLILEEPLOLPESL
Time (Day)

Figure 8. Variations in dissolved nitrogen and phosphorus concentrations and compositions during
the 80-d degradation processes of the (a-d) bulk algal-derived dissolved organic matter (DOM) group
and (e-h) natural lake water group (as control). TDN—total dissolved nitrogen, TDP—total dissolved
phosphorus, DIN—dissolved inorganic nitrogen, DON—dissolved organic nitrogen, DIP—dissolved

inorganic phosphorus, DOP—dissolved organic phosphorus, DTP—dissolved total phosphorus,
DTN—dissolved total nitrogen.
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Figure 9. Variations in dissolved nitrogen and phosphorus concentrations and compositions during
the 80-d degradation processes of the (a-d) algal-derived filtrate group and (e-h) algal residual
exudative organic matter group. TDN—total dissolved nitrogen, TDP—total dissolved phosphorus,
DIN—dissolved inorganic nitrogen, DON—dissolved organic nitrogen, DIP—dissolved inorganic
phosphorus, DOP—dissolved organic phosphorus.

3.7. Variability of Free-Living Bacterial Abundance in Different Algal-Derived DOM

For the degradation of the bulk algal-derived DOM process, the change of free-living
bacterial abundance showed highly dynamic characteristics and could be roughly di-
vided into three stages, which correspond with the periodic transformation of differ-
ent biological availability of algal-derived DOM (labeled Stage DR, r-DD, and s-DD).
In the bulk algal-derived DOM group, the free-living bacterial abundance increased by

90



Int. J. Environ. Res. Public Health 2022, 19, 6981

0.48 £ 0.71 x 107 cells mL~! (from 4.22 + 0.28 x 107 t04.70 4- 0.51 x 107 cells mL~!) in phase
DR. Then, the free-living bacterial abundance decreased to 1.23 4 0.31 x 107 cells mL~! at
the end of phase r-DD and remained with relatively small variations in the range from
0.41 x 107 to 1.77 x 107 cells mL~! in the following days (i.e., phase s-DD). In contrast, in the
control lake water group, no significant fluctuations in bacterial abundance were observed;
the range of change was between 0.06 x 10”7 and 0.98 x 107 cells mL~! (Figure 10a).
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Figure 10. Dynamic changes in free-living bacterial abundance during 80-d degradation processes of
(a) bulk algal-derived dissolved organic matter (DOM) group and in natural lake water group (as
control), and (b) algal-derived filtrate group and algal residual exudative organic matter group.

The DOC concentration increased sharply and reached its maximum in only 4 d dur-
ing the DR stage. Concurrently, the bacterial abundance also increased. This indicated
that the release of DOC from decaying cyanobacteria was relatively rapid, and that the
freshly released DOC was strongly favored by bacteria. During this stage, bacteria abun-
dance slightly increased, indicating that a portion of the released DOC was utilized and
transformed into bacterial biomass, or possibly some originally attached bacteria dispersal
from dead algal biomass into the water. Subsequently, the DOC concentration began to
decline, entering the r-DD stage. The decrease in DOC concentration may have been due
to the slowdown in DOC release from the cyanobacterial scum not maintaining the same
rate as DOC consumption by the abundant bacteria, or the life strategy of these bacte-
ria undergoing changes [34]. The relatively rapid decline process in DOC continued for
5 weeks. This showed that a portion of the DOC released by the decaying algal scum was
labile DOC and was easily utilized by bacteria. Indeed, in the eutrophic environment of
Lake Taihu, lake water quality usually deteriorates within approximately 1 month after
decomposition of Microcystis blooms [65]. One important reason may have been that, while
utilizing the rich labile DOC released from decaying algal scum, the heterotrophic bacteria
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consumed oxygen and released CO,, resulting in decreased dissolved oxygen and impacts
on the nutrient status of the surrounding water [66,67]. After the r-DD stage, during
the remaining 40 d, the remaining DOC had lower bioavailability to bacteria, and partly
the DOC fraction may have been in recalcitrant states [68]. Notably, bacterial abundance
reached its maximum on day 2, decreased rapidly in the next 38 d, and then decreased
at a slower rate in the final 40 d. This may suggest that partly DOC components become
humified, which barely promotes the growth of free-living bacteria, leading to the death
of some bacteria. Compared to the control group, the positive linear correlation between
free-living bacteria abundance and DOC concentration for the entire process (R? = 0.63,
p < 0.01) further suggested that algae-released DOC stimulated microbial growth and
activities [29]. The slope of significantly positive relationships between bacterial abundance
and DOC concentration were found in the r-DD stage to be almost three times higher than
the s-DD stage; this preliminarily reflected that the availability of DOM components and the
bacterial responses to phytoplankton-derived carbon had changed. Furthermore, we found
a relatively strong linear correlation between free-living bacteria abundance and CDOM
absorption coefficient at 355 nm for the entire process (R* = 0.68, p < 0.001), indicating
that the microbial biodegradation process had transformed the autochthonous DOM from
chromophoric components to nonchromophoric species. Furthermore, it showed that the
growth and mortality of some free-living bacteria responded to the transformation of DOM,
and the increasing changes in the spectral slope for the interval of 300-500 nm (i.e., S3p0-500),
indicating the production of a large amount of high-molecular-weight CDOM through
microbial conversion to lower molecular weight CDOM. By focusing on changes in the free-
living bacteria abundance and the fluorescence intensities of four FDOM components, only
the protein-like C1 fraction showed a significant and positive relationship with free-living
bacteria abundance (R2 = (.85, linear regression, p < 0.001), indicating that the protein-like
C1 may be a critical bioavailable component and energy source for microbes in the lake.
At the initial time point of the s-DD period, the CDOM absorption coefficient at 355 nm
exhibited an abnormal increase on day 40. Concurrently, we found that the humic-like
C2 component increased linearly and was weakly negatively correlated with the change
in bacterial abundance (R? = 0.24, p > 0.05), in contrast to the change in the protein-like
C1 component, during the last s-DD stage. Therefore, we infer that the remnants of dead
bacteria (i.e., necromass) and bacterial secretions may have made an important contribu-
tion to the accumulation of the humic-like C2 component. Therefore, we can conclude
that the lysis of cyanobacterial scum by microbes liberates DOM into lake water, and
the DOC concentration and composition in water are closely related to the abundance of
planktonic bacteria.

For the algal-derived filtrate and algal-residual exudative organic matter groups,
the dynamic change patterns in free-living bacterial abundance also showed three dif-
ferent characteristics among stages of the long-term degradation process (Figure 10b).
At the beginning, bacterial abundances of these two treatments were 1.62 4= 0.17 x 107
and 2.45 + 0.29 x 107 cells mL 1, respectively. These initial values were at much higher
levels than the lake water blank sample that had been filtered through 20-um pore size
membranes; however, the sum of the two values was slightly less than that of the bulk
algal-derived DOM group, with approximately 4% loss due to experimental operations. In
the algal-derived filtrate group, the free-living bacterial abundance increased considerably
in response to the addition of the carbon sources and reached 5.08 + 0.15 x 107 cells mL~!
on day 3. A sharp decline in the bacterial abundance was observed from day 3 to
day 20 (i.e.,, 0.54 £ 0.05 x 107 cells mL~!), and then there was a gradual decrease to
0.25 + 0.01 x 107 cells mL~! on day 80. In the algal-residual exudative organic matter group,
bacterial abundance showed an increase over the first 4 d to 5.23 & 0.09 x 107 cells mL ™},
followed by a rapid decrease during the following 28 d (i.e., 1.09 4 0.17 x 107 cells mL 1)
and near-constant abundances after day 31 to the end of the experiment with a mean
abundance of 0.69 4 0.33 x 107 cells mL ™.
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Significantly positive linear relationships between free-living bacterial abundance and
protein-like C1 fluorescence were also found in the algal-derived filtrate group (R? = 0.78,
p <0.001) and algal residual exudative organic matter group (R? = 0.59, p < 0.01) throughout
the entire experimental period. This indicated that labile algal-derived filtrate or algal
residual exudative organic matter derived from algal degradation became an important
factor in controlling bacterial abundance, which would play an important role in microbial
food webs and carbon cycling during the decay of algal blooms through the bacterial
enzymolysis mechanism [69]. At the final stable phase of the two groups (algal-derived
filtrate group, day 20-80; algal residual exudative organic matter group, day 31-80), the
humic-like C2 component accumulated with the decrease in free-living bacterial abundance,
and free-living bacterial abundance showed a significant negative linear relationship with
humic-like C2 fluorescence (algal-derived filtrate group, R? = 0.63, p < 0.05; algal residual
exudative organic matter group, R? = 0.96, p < 0.01).

4. Conclusions

In this work, the labile fraction of fresh cyanobacterial organic matter could be rapidly
utilized by microbes, and the subsequent microbial-mediated processes of cyanobacte-
rial organic matter also drove the elemental cycling of carbon, nitrogen, and phospho-
rus. Specifically, we showed the gradual transformation of algal-derived DOC from a
high-molecular-weight labile to a low-molecular-weight recalcitrant through the microbial
process. Different dominant DOM compositions with bioavailable characteristics were
present in different phases during bulk algal-derived DOM degradation, which were linked
to the variation in the abundance of free-living bacteria. Furthermore, this process was
coupled with the regeneration of different forms of inorganic nutrients. Algal-derived
filtrate and algae residual exudative organic matter both made key contributions to the
decomposition of algal blooms in eutrophic Lake Taihu. Additionally, the findings show
that the carryover effects of Microcystis cyanobacteria blooms can exist for a long time,
whereby approximately 7.45% and 18.60% of the released DOC could be converted into
a stable state in the algal-derived filtrate and algal residual exudative organic matter
groups, respectively.
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beaches of the countryside.
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Abstract: During recent years, several eutrophication processes and subsequent environmental crises
have occurred in Mar Menor, the largest hypersaline coastal lagoon in the Western Mediterranean
Sea. In this study, the Landsat-8 and Sentinel-2 satellites are jointly used to examine the evolution of
the main water quality descriptors during the latest ecological crisis in 2021, resulting in an important
loss of benthic vegetation and unusual mortality events affecting different aquatic species. Several
field campaigns were carried out in March, July, August, and November 2021 to measure water
quality variables over 10 control points. The validation of satellite biogeochemical variables against
on-site measurements indicates precise results of the water quality algorithms with median errors of
0.41 mg/m3 and 2.04 FNU for chlorophyll-a and turbidity, respectively. The satellite preprocessing
scheme shows consistent performance for both satellites; therefore, using them in tandem can improve
mapping strategies. The findings demonstrate the suitability of the methodology to capture the
spatiotemporal distribution of turbidity and chlorophyll-a concentration at 10-30 m spatial resolution
on a systematic basis and in a cost-effective way. The multitemporal products allow the identification
of the main critical areas close to the mouth of the Albujon watercourse and the beginning of the
eutrophication process with chlorophyll-a concentration above 3 mg/m?>. These innovative tools
can support decision makers in improving current monitoring strategies as early warning systems
for timely assistance during these ecological disasters, thus preventing detrimental conditions in
the lagoon.

Keywords: remote sensing; Copernicus programme; eutrophication; turbidity; chlorophyll-a; coastal
monitoring

1. Introduction

Coastal lagoons, as transitional environments between land and sea, occupy 14% of
the world’s coastlines [1]. Due to their shallow waters, morphology, trophic status, and
physicochemical processes in a semienclosed system, they are considered one of the most
productive habitats on Earth [2,3]. These areas play a significant conservational, ecological,
and protective role and are home to an important part of global biodiversity [4]. They un-
derpin human livelihoods, well-being, and welfare and provide several ecosystem services,
including tourism, fisheries, aquaculture, and industrial, recreational or navigational activi-
ties. Coastal lagoons are subject to diverse transformations and uncoordinated management
plans by different agencies and stakeholders from the local to national scale, which might, in
some cases, degrade their ecological values. A wide range of anthropogenic activities such
as urbanization, agriculture, aquaculture or industry use a variety of organic substances and
pollutants, which can reach semienclosed bays, inland waters, and lagoons [5]. Considering
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that these environments are extremely sensitive and vulnerable, they usually show signs
of deterioration, pollution, biodiversity loss, alteration of their ecological functioning, and
limited ecosystem services [6]. Habitat destruction, water withdrawal, overexploitation,
and chemical and biological pollution, such as invasive species, are the main causes of their
deterioration, making them one of the most threatened ecosystems in the world [7]. The con-
servation of coastal lagoons is crucial for their ecological value and the significant number
of services they provide [8]. Furthermore, in the context of climate change, coastal lagoons
are sentinel systems with an essential role in controlling the fluxes of water, organisms,
and nutrients between land, rivers, and oceans, as well as eutrophication and pollution
processes [8,9]. Therefore, there is an urgent need to advance monitoring, mapping, and
management tools in order to improve the knowledge of these strategic systems, prevent
their environmental degradation, and increase their future protection [10].

This is the case of Mar Menor, the largest hypersaline lagoon in the Western Mediter-
ranean Sea (Figure 1) and one of the most iconic and emblematic natural areas in Spain
due to its significance in terms of habitats and species, its ecological value, and the unique-
ness of its ecosystem. Mar Menor, its surrounding wetlands, and natural areas, are of
vital natural importance and a protected landscape as a Wildlife Protection Area, Natura
2000 network, Wetland of International Importance (RAMSAR Convention), and a Regional
Park. Moreover, the area is a key component of the regional economy, development, and
policy plans due to the variety of uses and human activities developed there. The lagoon,
with a maximum depth of 6.5 m and a surface area of 135 km?, presents a long sand bar
called “La Manga” acting as a barrier between the Mediterranean Sea and the lagoon,
only connected through five shallow inlets called “golas” [11]. The lagoon is close to the
Campo de Cartagena region, one of the most intensive agricultural areas in Europe. Several
ephemeral wadis drain into the western part of the lagoon, transporting nutrient-enriched
waters from agricultural runoff after rainy periods, the Albujon watercourse (Figure 1)
being the main collector of the Campo de Cartagena drainage basin and the only perma-
nent wadi flowing into the lagoon [11-16]. Therefore, most of the discharges are located in
the southern half of the lagoon where the Albujon watercourse maintains a regular flux
of water, albeit depending on the torrential and sporadic rainfall regime, as occurred in
September 2019 during one of the most extreme storms, known as the “Cold Drop” [13].

Spain

Murcia*

Mar
Menor - Mediterranean
Sea

Figure 1. Location of the Mar Menor coastal lagoon on the southeastern coast of Spain and Sentinel-2
image captured on 21 March 2021 indicating the final transect of the Albujon watercourse flowing
into the lagoon.
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Nowadays, this ecosystem is a cause for international concern due to the drastic
modifications of its natural and physical status caused by anthropogenic activities. The
main impacts causing acute degradation of Mar Menor are those from mining, agri-
culture, tourism, and urban development [11,14]. The land-use modifications that oc-
curred in the watershed during the 1980s and 1990s with relation to agriculture, from dry
land to intensively irrigated vegetable crops (Figure 2), have produced a severe excess
of nutrients and fertilizers draining into the lagoon from the freshwater discharge [11],
which clearly affect the environmental health of the lagoon (Corine Land Cover datasets,
https://centrodedescargas.cnig.es/CentroDescargas/; accessed on 1 January 2022). The
current problems affecting the lagoon are increased turbidity and chlorophyll-a, resulting
in an acute eutrophication process, silting, a general loss of sediment and seawater quality,
and the deterioration of submerged seagrass and animal communities. The degradation of
the coastal lagoon has also influenced conventional fishing that has been carried out in the
lagoon since ancient times [17].

Corine Land Cover Legend:
I Urban fabric
I industry and transport
I Fostures

I Mineral extraction, dump and
construction sites

Green areas and leisure facilities
Fruit trees and berry plantations.
B Grassland
I Complex cultivation patterns
I Forest
I olive groves
Non-irrigated arable and
Permanently irrigated land
Land principally occupied by ag

riculture, with significant areas of
natural vegetation

Beaches, dunes, sands
I salines Bathymetry:

B neertidal flats gy 100 m
Coastal lagoons I -75 m
s0m

25 m

N
A [;!:IéKm

Figure 2. Land cover classification for the Mar Menor lagoon and its surroundings according to
Corine Land Cover datasets (https:/ /centrodedescargas.cnig.es/CentroDescargas/; accessed on
1 January 2022) for 1990 and 2018.

The effects of these massive contributions of nutrients in the lagoon ecosystem have
been cushioned by its elements that, for decades, have acted as mechanisms of homeostasis
and resilience, preventing an excess of nutrients from being available to opportunistic
phytoplankton organisms. However, despite the capacity of Mar Menor to resist the
effects of elevated nutrient concentration, a succession of catastrophic events have occurred
(Figure 3a—c) since 2016 [18-20]. In August 2021, the latest environmental crisis caused
alarm and considerable concern and was considered worse than previous eutrophication
events. The excess of nutrients and organic matter caused anoxia in the deep layer and
massive mortality of benthic flora and fauna during several weeks (Figure 3d), causing
an impact on public opinion at the local, national, and international level. Images of
dying wildlife traumatized citizens and occupied the public agenda, raising questions
about the cause of this ecological disaster that keeps getting worse year after year. The
Spanish Institute of Oceanography (IEO-CSIC) highlighted the main cause as pollution
and the entry of fertilizers and nutrients into the lagoon from intensive agriculture and
other human activities, causing the aquatic ecosystem to collapse [21]. This has led to a
clear transformation in the regime of the lagoon, from an apparently stable state (with
frequent symptoms of eutrophication in recent decades) to an altered and highly unstable
state, much more vulnerable to changes in the environment, especially extreme weather
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events, which are clearly more intense and frequent as a result of global climate change [22].
In fact, in recent years, it has been observed that when the chlorophyll-a values in the
lagoon exceed 3 mg/m?, a process of eutrophication occurs immediately [21]. Several
administrations and public authorities responsible for managing the lagoon have been
developing initiatives in an attempt to solve the problem. The regional government
maintains an open-access network with a few constant sampling sites and field-based
campaigns for monitoring variables related to water quality, such as water clarity, turbidity
or chlorophyll-a, an indicator of phytoplankton biomass in seawater, temperature, salinity,
and dissolved oxygen [23]. However, sound management and deterioration control need
improved characterization of the spatial variability and distribution of the water quality, in
particular in the western area of Mar Menor, where the Albujon watercourse flows into the
lagoon. This information remains key not only for long-term monitoring but also for quick
emergency response as an early warning system.

Figure 3. (a) Sentinel-2 scene in Mar Menor after the extreme weather event known as the “Cold
Drop” and the catastrophic flooding on 13 September 2019; (b) surface of the water in the lagoon
in July 2016 during the environmental crisis; (c) typical resuspension of sediments and increased
turbidity during strong winds; (d) latest environmental catastrophe with massive dead fish and
crustacean in August 2021 (authorship: Greenpeace); and (e) field campaign carried out in the lagoon
in March 2021.

This study examined the evolution of the main biogeochemical parameters of the
seawater quality in the coastal lagoon using the Landsat-8 and Sentinel-2 satellite missions
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in tandem, both with high spatial resolution. Remote sensing technologies can advance
current management and monitoring strategies providing synoptic information of the
lagoon, as well as provide insights into past, present, and future eutrophication events, in
particular during the severe environmental crisis that occurred in summer 2021. Although
ocean color sensors provide a distinct picture of the seawater bio-optical status across
several scales not achievable with traditional in situ surveying techniques, application in
coastal lagoon biogeochemical monitoring is challenging. In this sense, there are studies
that focus on mapping water quality, phytoplankton blooms, and eutrophication events
in Mar Menor with traditional ocean color sensors at the moderate spatial resolution of
300-1000 m [24-26]. RGB composite images on 3 August 2021 of the Sentinel-3 satellite
(300 m spatial resolution), Landsat-8 satellite (30 m spatial resolution), and Sentinel-2 satel-
lite (10 m spatial resolution) are shown in Figure 4. Sentinel-3 is the ocean color mission
developed by the European Union’s Copernicus programme to support ocean forecasting
systems, environmental and climate monitoring with high accuracy and reliability. How-
ever, this example highlights that the moderate spatial resolution of Sentinel-3 might not be
adequate in complex coastal areas, such as Mar Menor. In recent years, some studies sug-
gested that in order to appropriately determine the ecological conditions of complex inland
or coastal water areas by means of remote sensing tools, improved temporal and spatial
capabilities are required [27-32], in particular in Mar Menor [13,33-35]. Conceived in the
first instance to monitor land cover, the notably enhanced spectral and spatial resolution
and minor footprint of both Landsat-8 and Sentinel-2 platforms provide the opportunity
to evaluate terrestrial-aquatic interfaces and their dynamic spatial heterogeneity at local,
regional, or global scales [36,37].

Sentinel-3 SV aSS N Landsat-3 PS i a% W Sentinel-2
3 Aug.2021 [REFLS \ 3 Aug.2021 ERES 3 Aug.2021
300m :, b ; 30m SN 10m

Figure 4. RGB (Red—Green-Blue) composite image on 3 August 2021 of (a) Sentinel-3 satellite (300 m
spatial resolution), (b) Landsat-8 satellite (30 m spatial resolution), and (c) Sentinel-2 satellite (10 m
spatial resolution).

The main aims of this study are: (1) to use a consistent atmospheric and sunglint
correction strategy with Landsat-8 and Sentinel-2 imagery in Mar Menor; (2) to validate
the satellite-derived chlorophyll-a and turbidity retrievals with in situ data; (3) to detect
the spatiotemporal fluctuations of the biogeochemical parameters during the study period
with the multisensor approach; and (4) to evaluate and identify the critical zones in the
context of the most recent ecological catastrophe in 2021. This combined information can
allow enhanced temporal mapping and predictability of the water mass degradation as an
early warning system. Remote sensing technology has large-area and real-time advantages
in promoting the monitoring and forecasting of coastal disasters, providing information
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about when and where the chlorophyll-a values in the lagoon exceed 3 mg/m?3 [21]. These
tools can be applied in parallel to regular on-site sampling campaigns in order to reduce the
detrimental effects of high levels of phytoplankton, algae, and turbidity on the vulnerable
lagoon system and to continuously calibrate /validate the different water quality algorithms
for more reliable results.

2. Materials and Methods
2.1. Satellite Imagery

The Sentinel-2A /B twin mission was used for mapping the lagoon thanks to the open
data access policy and high spatial resolution (10-20-60 m). The European Commission and
the European Space Agency (ESA), in the frame of the Copernicus programme, developed
this optical constellation in order to support its operational requirements. Sentinel-2 is
a multispectral, wide-swath imaging platform used for monitoring land surfaces, water
coverage, soil, and vegetation. In addition, it can also support Copernicus water monitoring
over coastal regions and inland waterways. The Sentinel-2A and Sentinel-2B mission,
with a global revisit frequency of five days at the Equator, is based on a constellation of
two operationally identical satellites in the same orbit and phased at 180° to each other.
The ESA User Handbook describes the temporal, spectral, spatial, and radiometric features
of the visible and near-infrared (NIR) bands of both Sentinel-2A and -2B satellites [38]. The
stated quality standards for absolute geolocation of the Sentinel-2 scenes (two pixels, 20 m)
are within the ESA requirements [39]. The images covering Mar Menor (zone 30 and tile
SXG; acquisition time 11:00 UTC) during the study period in 2021 were downloaded from
the ONDA DIAS (https://www.onda-dias.eu/cms/es/; accessed on 20 May 2021). These
products are the top-of-atmosphere (TOA) datasets at Level-1C (L1C) after the radiometric
and geometric corrections.

In addition, the freely available Landsat-8 visible and NIR spectra imagery from the
United States Geological Survey (USGS) and the National Aeronautics and Space Adminis-
tration (NASA) were also used for comprehensive monitoring. We downloaded the Level 1
data from the Earth Explorer (https://earthexplorer.usgs.gov/), orthorectified and terrain
corrected at a 30 m spatial resolution, with a 16-day revisit frequency [40,41]. The region
of interest was covered by the tiles located in paths 198-199 and row 34 (acquisition time
10:30-10:45 UTC). A low cloud coverage (<40%) filtering was applied over Mar Menor
for further analysis of the scenes. When Sentinel-2 and Landsat-8 products are combined,
the average revisit time in Mar Menor is ~4 days. From the control period before and
after the 2021 crisis, 48 images were downloaded and processed (29 and 19 images for
Sentinel-2 and Landsat-8, respectively). However, clouds and severe sunglint contamina-
tion diminished the number of usable images, with only 18 final scenes further evaluated
(12 and 6 images for Sentinel-2 and Landsat-8, respectively) to characterize the spatial and
temporal distribution of water quality. Table 1 shows the acquisition dates and the quality
of the scenes.

Bottom-of-atmosphere (BOA) Level-2A products were generated with one of the most
commonly used atmospheric correction softwares (ACOLITE, version 20210114.0), which
supports preprocessing of Landsat-8 and Sentinel-2 satellites. This software incorporates an
image-based model, without the need for in situ atmospheric datasets. The Royal Belgian
Institute of Natural Sciences (RBINS) developed this free toolbox to correct Level-1 to Level-
2 data products over marine, inland, and coastal waters [42]. The Dark Spectrum Fitting
(DSF) atmospheric correction algorithm was applied [43,44]. The notably enhanced spectral
resolution of Landsat-8 and, in particular, Sentinel-2 satellites, are key to obtain good-
quality products by means of the DSF model [44]. Correction of the sunglint over the surface
reflectance was performed by means of the additional image-based sunglint correction,
since during the study period acute sunglint effects were observed at these latitudes (specific
setting parameters: dsf_path_reflectance = tiled, I2w_mask_threshold = 0.05). The remote
sensing reflectance (Rrs, sr—!) products along the visible and NIR spectrum were calculated
after resampling to 10 m and 30 m pixel size for Sentinel-2 and Landsat-8, respectively.
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Table 1. List of imagery used in this study during the latest ecological crisis in 2021 corresponding to
the Sentinel-2 and Landsat-8 satellites.

Sentinel-2A/B Landsat-8
Number Month Day Observations Number Month Day Observations
1 May 5 Severe sunglint 1 May 6 Severe sunglint
2 May 15 Severe sunglint 2 May 15 Severe sunglint
3 May 20 Clouds 3 May 22 Clouds
4 May 25 Clouds 4 May 31 Clouds
5 May 30 Clouds 5 June 7 Severe sunglint
6 June 4 Clouds 6 June 16 Clouds
7 June 9 Severe sunglint 7 June 23 Severe sunglint
8 June 14 Severe sunglint 8 July 2 Good quality
9 June 19 Clouds 9 July 9 Clouds
10 June 24 Clouds 10 July 18 Good quality
11 June 29 Clouds 11 July 25 Clouds
12 July 4 Severe sunglint 12 August 3 Good quality
13 July 9 Clouds 13 August 10 Clouds
14 July 14 Severe sunglint 14 August 19 Clouds
15 July 19 Clouds 15 August 26 Sunglint
16 July 24 Severe sunglint 16 September 4 Clouds
17 July 29 Clouds 17 September 11 Good quality
18 August 3 Good quality 18 September 20 Clouds
19 August 8 Clouds 19 September 27 Clouds
20 August 13 Good quality
21 August 18 Good quality
22 August 23 Clouds
23 August 28 Clouds
24 September 2 Clouds
25 September 7 Clouds
26 September 12 Good quality
27 September 17 Good quality
28 September 22 Clouds
29 September 27 Clouds

The standard products to monitor the biogeochemical conditions in Mar Menor during
the ecological crisis with Sentinel-2 and Landsat-8 satellites were seawater turbidity (FNU)
and chlorophyll-a (chl-a, mg/ m3). We selected both indicators as required by the EU Water
Framework Directive (WFD) for the evaluation of the good ecological status of the coastal
lagoon. The Nechad et al. semianalytical algorithm (red band, Rrs 665 nm) was applied
to estimate turbidity with both satellites [45]. This model has already been validated in
different environments [46—48] and was previously used in Mar Menor during an extreme
weather event in September 2019 [13]. These semianalytical algorithms allow a more global
performance since they are based on the inherent optical properties of the seawater. The
commonly used OC3 algorithm was applied to calculate the concentration of seawater
chl-a [49]. The standard masking procedures were accomplished, eliminating clouds, cloud
shadows, land, and the low performance of the sunglint and atmospheric corrections.
Turbidity and chl-a maps were at 30 m and 10 m spatial resolution for Landsat-8 and
Sentinel-2, respectively, with the generation of the final products after 34 h following
image acquisition for each sensor.

2.2. In Situ Data

Four sampling cruises were carried out during 2021 (March, July, August, and Novem-
ber), where seawater was collected at 10 points homogeneously distributed in the Mar
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Menor lagoon (Figure 5). The dates of the in situ campaigns during the study period
corresponded to 23-24 March, 27 July, 26 August, and 16-17 November 2021. Matchups
between in situ and satellite samples were generated when both data acquisitions occurred
within 30 h of each other, and the satellite value was calculated as the mean of the 3 x 3 10
m pixel region around the sampling station.
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Figure 5. Control points for data collection during the four in situ campaigns carried out in March,
July, August, and November 2021.

In order to determine turbidity, samples were measured just after collection onboard
using a portable turbidimeter (2100P, Hach). Prior to calibration, we ensured that the equip-
ment did not suffer anomalies and that the necessary reagents were available. Calibration
was performed quarterly, unless the equipment was malfunctioning. The turbidimeter
was calibrated at 4 points: 0 NTU, 10 NTU, 200 NTU, and 800 NTU. The standards used
in the calibration were certified commercial standards at room temperature in order to
avoid misting interferences in the turbidity measurement. The turbidimeter was calibrated
according to the equipment manual.

In the case of chl-a, water was collected from a 0.5 m depth in 1 L dark bottles to
avoid enhanced photosynthetic activity and kept in a portable fridge until arrival at the
laboratory. Three replicates per station were collected. Chl-a concentrations were measured
in 700-1000 mL water samples for each replicate, which were filtered through Whatman
GF/F 0.2 pm polycarbonate filters. The filters were immediately frozen at —20 °C until
pigment extraction in 90% acetone at 4 °C overnight in the dark. Chl-a concentrations were
determined with a 10-AU Turner Designs fluorometer calibrated with pure chl-a [50].
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3. Results and Discussion
3.1. Multisensor Approach and Preprocessing

Until now, standard ocean color sensors at the moderate spatial resolution of 300-1000 m
were generally used to map water quality, phytoplankton blooms, and eutrophication events in
Mar Menor [25,26]. However, features in the lagoon show typical scales of tens of meters that
cannot be detected with existing ocean color sensors (Figure 4). In recent years, several studies
already demonstrated that, in order to comprehensively evaluate the ecological conditions of
heterogeneous coastal areas and land-water inputs using remote sensing technologies, improved
spatial resolution should be used with Landsat-8 and/or Sentinel-2 [28,30,31,51]. Undoubtedly,
the Sentinel-2 twin mission, although originally not designed for coastal ocean monitoring, is a
key tool for the detailed mapping of highly dynamic environments, such as coastal or inland
water areas [52].

During the study period, in particular during summer, acute sunglint contamination
also influenced the quality of the imagery over Mar Menor due to the specular reflection
of sunlight off the water (see Table 1 for details). Figure 6 shows two images on 9 June
2021 and 4 July 2021 at the top-of-atmosphere (TOA) level, after ACOLITE processing at
the bottom-of-atmosphere (BOA) level, and the Rrs of the blue band (492 nm). Accurate
performance was accomplished by ACOLITE over low to moderate sunglint conditions,
such as on 9 June 2021 (Figure 6a—c), but failed to retrieve Rrs during severe sunglint
contamination on 4 July 2021 (Figure 6d—f), thus masking the data. The sunglint is clearly
observed at TOA-Level-1C (Figure 6a,d), whereas the residuals are visible at BOA-Level2
(Figure 6e) with intense effects on the eastern area of the Sentinel-2 tile, exactly where
Mar Menor is located. This effect is significant during spring and summer, given that
minimum information could be retrieved with severe sunglint, restricting the amount
of available data when the majority of the blooms occurred. Comparable results were
generated in other coastal regions, such as in North Atlantic [53] or Caribbean waters [54].
Irregular residual issues still require further advancements in the sunglint and atmospheric
correction approaches to facilitate the extensive combination of Landsat-8 and Sentinel-2
products during summer. In addition, the typical stripping patterns are clearly observed at
both TOA and BOA levels.

On 3 August 2021, Landsat-8 and Sentinel-2 acquired a scene at 10:45 am and 11:00 am
GMT, respectively. Figure 7 shows the spectral signal of both satellites with only a 15 min
time difference over three control points distributed across different areas of the lagoon.
This exhibits the consistent performance of ACOLITE for both satellite missions, retrieving
the spectrum with similar Rrs values for each point and sensor (P1, turbidity of 18.11
and 17.28 FNU; P2, turbidity of 5.5 and 6.1 FNU; and P3, turbidity of 4.08 and 3.93 FNU
for Sentinel-2 and Landsat-8, respectively), thus further corroborating the remarkable
value of the combined products. Comparison of Sentinel-2 and Landsat-8 Rrs over the
visible and NIR bands yielded a bias of —0.00035 sr—!, MAE of 0.00072 st!, and MedAE
of 0.00049 sr—!. Consistent sunglint and atmospheric correction models are needed to
empower the application community to explore these products in order to thoroughly
address the ecological conditions of Mar Menor using remote sensing technologies. Recent
research already demonstrated the potential of ACOLITE to provide robust information
for aquatic and marine applications [30,43,44,54]. A study applied Sentinel-2 data to
monitor water quality in Mar Menor using the Sen2Cor atmospheric correction processor
(designated for land application with restricted performance in water application) and to
generate products at 60 m spatial resolution [35]. However, Pahlevan et al. (2019, 2021)
suggested that enhanced information for inland and coastal water quality mapping is
required as a critical and urgent task to evaluate spatial and spectral differences under
several atmospheric and aquatic conditions [28,55]. This data record is crucial to ensuring a
detailed monitoring of the Mar Menor coastal lagoon with both satellite platforms working
in tandem.
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Figure 6. RGB (Red-Green-Blue) composite image on 9 June 2021 from the Sentinel-2 satellite (10 m
spatial resolution) at (a) top-of-atmosphere (TOA) level, (b) bottom-of-atmosphere (BOA) level after
ACOLITE, and (c) remote sensing reflectance (Rrs, sr 1) of the blue band (492 nm); (d—f) the same
on 4 July 2021. Severe sunglint contamination can be clearly observed in the eastern section of the
Sentinel-2 tile affecting Mar Menor.
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Figure 7. (a) RGB (Red-Green—Blue) composite image on 3 August 2021 of the Sentinel-2 satellite
at bottom-of-atmosphere (BOA) level, (b) spectral signal of the Sentinel-2 and Landsat-8 satellites
over different control points (P1, turbidity of 18.11 and 17.28 FNU; P2, turbidity of 5.5 and 6.1 FNU;
and P3, turbidity of 4.08 and 3.93 FNU for Sentinel-2 and Landsat-8, respectively). Yellow circles in
(a) indicate the location of the control pixels.

3.2. Validation of the Water Quality Algorithms

Figure 8 shows the validation matchups for the water quality parameters obtained
with Sentinel-2 and Landsat-8 during the four in situ campaigns carried out in 2021. We
applied the standard OC3 algorithm to calculate chl-a concentration and a regularly used
semianalytical algorithm for the determination of turbidity [44,45]. The performance of
both algorithms is illustrated in Figure 8a,b, respectively. The chl-a matchups cover the
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Chl-a Sentinel-2 and Landsat-8 (mglms)
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range of 0.5-5 mg/ m?> with a bias of 0.37 mg/ m3, MAE of 0.43 mg/ m?, and MedAE of
0.41 mg/ m® (R? = 0.903, n = 37), whereas the turbidity ranges from 0.5-6 FNU with a
bias of 2.09 FNU, MAE of 2.09 FNU, and MedAE of 2.04 FNU (R? = 0.54, n = 35). The
validation assessment indicated robust statistical analysis, with accurate chl-a retrieval and
minimum bias. Predictions of chl-a from both Sentinel-2 and Landsat-8 yielded precise
results after the ACOLITE atmospheric and sunglint correction. The performance of the
ACOLITE and the turbidity model is accurate, but a general satellite overestimation was
encountered with biased outcomes, as seen in Figure 8b. Pahlevan et al. (2022) also
found overestimation of turbidity retrievals by means of the ACOLITE processor [56]. The
turbidity model has already been validated in different regions worldwide with accurate
performance [46-48,57] and has previously been used in Mar Menor during an extreme
weather event [13]. These methodologies are consistent and valid approaches for the
assessment of suspended material or turbidity, which contribute towards achieving more
precise performance worldwide [45,58].
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Figure 8. Validation of water quality parameters obtained with Sentinel-2 (S2) and Landsat-8 (L8)
during the four in situ campaigns carried out in March, July, August, and November 2021 for
(a) chlorophyll-a concentration (chl-a, mg/ m?) and (b) turbidity (FNU).

3.3. Water Quality Monitoring

Figure 9 shows the RGB composite scenes acquired on 9 and 24 June and 2, 14, 18, and
29 July 2021, whereas Figures 10 and 11 display the image-derived maps for turbidity and
chl-a, respectively. The imagery corresponded to the months prior to the ecological crisis in
mid-August 2021. Generally, the turbidity levels were low in the lagoon (<5 FNU), except
in the western section on 24 June and 14 July 2021, indicating higher levels (~25 FNU). A
turbid plume appeared near land where the Albujon watercourse flows into Mar Menor.
The most common chl-a condition during this period was <1.5 mg/m?, while higher chl-a
concentration (~2.5 mg/ m?) was observed close to the turbid plume. Figures S1 and S2
indicate the available (cloud and sunglint-free) Sentinel-2 scenes in August 2021 for further
evaluation. On 3 August, a turbid plume was observed in the western section close to
the input of the Albujon watercourse with peaked levels ~20 FNU, whereas minimum
turbidity was encountered in the rest of the lagoon. The chl-a concentration for this date
seemed to increase in the western section, indicating maximum values within the lagoon.
The turbidity maps depicted high and constant turbidity values ~20 FNU in August 2021,
except a slight decrease on 18 August 2021 on the western side (Figure S2). Moreover, chl-a
maps displayed higher concentrations compared with July and the beginning of the bloom
during this month, in particular on 13 August 2021 with chl-a ranging from 4 to 9 mg/m?, a
strong indicator of algal blooms in Mar Menor. Clear-water lagoon phases are characterized
by chl-a concentrations ranging from 1 to 3 mg/m3 [59], as occurred during June and July
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2021. However, these typical low chl-a values tipped rapidly towards more eutrophic
conditions, with chl-a concentration higher than 3 mg/ m3, such as last year’s [18,19,21,60].
We reported that using the multisensor approach during the eutrophication episode in
2021, the beginning of the bloom (chl-a concentration higher than 3 mg/m3) was detected
mainly in the western and southern section. This is critical information for early detection
of the eutrophication processes, given that the massive mortality of fish and crustaceans
occurred during the last weeks of August 2021 [21], as well as an opportunity to enhance
emergency management response in early deterioration stages.

" Sentinel-2 gx i % "% Landsat-8
9 Jun.2021 4 ) 2 Jul.2021

.'vj‘gc..,f b N Do) i

Figure 9. Sentinel-2 and Landsat-8 RGB (Red—Green—Blue) composite image acquired on (a) 9 June
2021, (b) 24 June 2021, (c) 2 July 2021, (d) 14 July 2021, (e) 18 July 2021, and (f) 29 July 2021.

After this event, the ecosystem equilibrium recovered slightly during September 2021
(Figure S3) as can be observed in the decrease in turbidity retrievals on the western side
(Figure S4). However, the Albujon continued to discharge to the western section of the
lagoon, indicating increased surface runoff and rising turbidity levels, and a plume was
always close to this area. In addition, chl-a concentration gradually reached normal values
<3 mg/m? in some areas in September 2021, although on 7 and 12 September 2021 high
chl-a concentrations of ~4-5 mg/m? persisted not only in the center and south but also in
the northern and eastern sections of the lagoon (Figure S5). A minor “Cold Drop” occurred
on 20-21 September 2021, but the cloud and haze coverage remained very high during the
consecutive days, as can be observed on 22 and 27 September 2021.
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Figure 10. Turbidity (FNU) from Sentinel-2 and Landsat-8 acquired on (a) 9 June 2021, (b) 24 June
2021, (c) 2 July 2021, (d) 14 July 2021, (e) 18 July 2021, and (f) 29 July 2021.
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Figure 11. Chlorophyll-a concentration (Chl-a, mg/m?) from Sentinel-2 and Landsat-8 acquired on
(@) 9 June 2021, (b) 24 June 2021, (c) 2 July 2021, (d) 14 July 2021, (e) 18 July 2021, and (f) 29 July 2021.
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Time-consuming and costly on-site measurements are regularly carried out to de-
termine the water quality status in the lagoon; nevertheless, these observations are not
able to address the heterogeneity and complexity of the spatial distribution within Mar
Menor. In fact, in situ data might lack samples from the peak of the bloom or high turbidity
levels due to the sparsely distributed single sampling sites. Field campaigns may not have
adequately retrieved maximum concentration in chl-a if in situ measurements were not
correctly spotted in Mar Menor [35]. The combined satellite data series characterized the
dynamic nearshore patterns and fine-scale bio-optical gradients across this complex coastal
interface. Satellite maps offered a synoptic perspective of the entire lagoon, detecting
higher and lower turbidity and chl-a concentration over the study area. Interestingly, while
maximum turbidity levels across the study site were typically located in the western section
associated with the drainage of the Albujon, highlighting the impact of hydrological inputs
and discharge from this canal, minimum levels were observed on the eastern, northern, and
southern sides and along the barrier beach “La Manga”. Our results also present the highest
chl-a concentrations along the western coastline, detecting a change due to a proliferation
of phytoplankton in early August 2021. The IEO-CSIC suggested that this eutrophication
event was due to an excess of nutrient availability flowing from the Albujon [21]. There-
fore, the abrupt deterioration of the water quality in Mar Menor reached a stage of severe
eutrophication that resulted in an ecological collapse in mid-August, showing a gradual
recovery during September 2021 before the minor “Cold Drop” event on 20 September 2021.
Among all the wadis transporting materials, water, and nutrients from agricultural run-off,
the Albujon is the principal collector of the Campo de Cartagena drainage basin, subjecting
the lagoon to nutrient and sediment runoff from the agricultural landscape [11,12,15,16].
These results sustain that in order to remedy the ecological collapse of the lagoon, it is
crucial to design and implement environmental strategies and policies [22], in particular
those that focus on limiting the suspended material discharged from the Albujon to regulate
the massive proliferation of phytoplankton and the eutrophication pressure favored by
agricultural dumping [25,61].

3.4. An Early Warning Tool with High Spatial Resolution

The complex distribution and variability of the lagoon can be observed in detail in all
the satellite-derived products presented in this study, in particular for the turbid plume
located in the western part. These turbid features are usually small in dimension; therefore,
detecting them by means of traditional ocean color sensors at lower spatial resolution
can be challenging. We recommend using Landsat-8 and Sentinel-2 missions in tandem
to improve the monitoring and control of Mar Menor. The multisensor methodology
might enhance previous studies that attempted to map water quality using coarser spatial
resolution imagery at 300-1000 m [24-26]. Additional evaluation of previous months in
March 2021 also highlighted the importance of our methodology for studying the impact of
weather events on the coastal lagoon. Figures S6 and S7 show the RGB composite images
and turbidity levels on 11 and 12 March 2021 and on 21 and 28 March 2021, before and
after a severe winter storm, respectively. The maps corresponding to 11 and 12 March
2021 presented minimum turbidity levels (<4 FNU) in front of the Albujon. This cycle
was occasionally disrupted by the intense winter storm resulting in increased inputs of
terrestrial discharges into the entire lagoon. The high resuspension of materials can be
observed in both the RGB and turbidity maps after the storm, in particular on 21 March
2021 along the western coastal region with turbidity >50 FNU. A zoom on 21 March 2021
corresponding to the southeastern shore of Mar Menor showed the high variability of
the turbidity patterns (Figure S8). Turbidity generally decreases seaward in the lagoon
and extreme events, such as storms, can increase turbidity 5-to-10-fold, altering the water
quality distribution in the system. In particular, “Cold Drop” events can dramatically alter
the ecological status of the lagoon with turbidity levels increasing by more than a factor of
five [13]. Previous studies have already indicated that finer spatial resolution is needed to
comprehensively determine these complex spatial and temporal features [62].
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With three-to-four-day revisits allowed by combined Landsat-8 and Sentinel-2 datasets,
the managers, end users, and coastal science community will take advantage of these
synoptic, improved, consistent, and high-quality products. This information may be
critical for operational purposes in the context of the EU WFD [32], from which early
warning systems can be implemented. Although work remains to be performed towards
improving and developing advanced sunglint, atmospheric, and bio-optical algorithms for
both Sentinel-2 and Landsat-8, it is the ideal moment to examine, exploit, and maximize
these merged datasets in Mar Menor. Particularly during ecological crises, such as the
one explored in this study, this information is crucial to assess appropriate measures to be
taken in coastal and inland water ecosystems. However, research must continue to enable
retrievals in extremely contaminated sunglint scenes during eutrophic/turbid conditions
in summer periods, as demonstrated in this study (Figure 6), as well as the analysis of other
biogeochemical variables, such as Colored Dissolved Organic Matter (CDOM). In addition,
as shown in recent research by Wojcik-Diugoborska [63], turbidity measurements in the
field may differ from those taken in the laboratory and thus provide different correlations
between reflectance and the true value of turbidity. Therefore, we intend to focus additional
research on this aspect during the coming field campaigns. Future studies will also be
carried out to evaluate the entire Sentinel-2 and Landsat-8 series to assess the seasonality
of these events and to identify possible common factors, which can be monitored or used
as warning systems in the future. The improved resolution afforded by the combined
time-series products offers additional insights into processes over weekly or subweekly
timescales; nevertheless, these results emphasized the need for enhanced temporal coverage
space-based datasets in dynamic coastal environments. With these three satellites now
operating, Landsat-9 already in orbit, planned missions launching shortly (e.g., Sentinel-
2C/D), and continuously improving atmospheric and sunglint correction techniques, the
accessible record of high-to-moderate spatial resolution imagery will provide even more
robust water quality monitoring in complex inland and coastal environments.

4. Conclusions

Eutrophication in areas where agricultural and industrial wastewater runoff feeds
excessive loads of nutrients into coastal regions can foster algal blooms and undermine
the health of these ecosystems. In this study, both Landsat-8 and Sentinel-2 satellites were
jointly merged as a constellation to estimate indicators of the water quality in the highly
unstable and vulnerable Mar Menor coastal lagoon. The validation of satellite biogeo-
chemical parameters, both turbidity and chl-a, retrieved good performance for ranges
of 0.5-6 FNU and 0.5-5 mg/m?, respectively. The atmospheric and sunglint correction
using the ACOLITE software showed consistent performance for both satellites; therefore,
using them in tandem can improve mapping strategies, highlighting the importance of
the preprocessing scheme. The results demonstrate the suitability and consistency of the
methodology to reliably capture the detailed spatiotemporal distribution of turbidity and
chl-a, where satellite imagery was capable of early detection of chl-a levels above 3 mg/m?,
which generally triggered the subsequent blooms during recent years. Although neither
of the satellite missions have been designed to characterize coastal seawater quality, our
approach demonstrated their capacity to provide appropriate information at 10-30 m spa-
tial resolution on a systematic basis and in a cost-effective way. Multitemporal maps were
produced, and an analysis of all images showed that the highest turbidity and chl-a levels
were always located in the western section. In particular, turbidity and chl-a concentration
at the mouth of the draining Albujon watercourse were consistently two times higher than
in the northern and eastern sections of the lagoon. The influence of the highly dynamic
plume from the Albujon extended over the entire lagoon, yet the strongest gradients typi-
cally occur within the first nearshore 1-2 km. Therefore, observing these gradients, their
variability, and the impact of land-water exchanges on nearshore dynamics under varying
environmental conditions from space requires higher spatial resolution. Imagery from both
satellites offered snapshots of water quality patterns that are difficult to map with in situ

111



Remote Sens. 2022, 14, 2744

References

technologies in such heterogeneous environments. These innovative tools can support de-
cision makers in the implementation of a joint monitoring strategy, better characterization
of the water quality distribution, and timely assistance to society during these ecological
disasters, thus preventing detrimental conditions in the lagoon. Furthermore, the powerful
multisensor system can be used as guidance to complement the ongoing in situ techniques
carried out by the local and regional authorities to select relevant areas for data sampling.
This information could advance mapping of water quality and bio-optical properties in
terrestrial-aquatic environments as an important tool for managers and stakeholders, as
well as for the tourism and fishing industry. A new era has begun with the use of the
Sentinel-2 and Landsat-8 missions as a virtual constellation, with significant opportunities
for monitoring the heterogeneous spatiotemporal patterns of inland and nearshore coastal
waters at resolutions certainly not observed previously.
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Abstract: Water resources provide indispensable ecosystem services, which are related to human well-
being and sustainable social development. Accurately measuring the water ecosystem services value
(WESV), and then grasping its changing characteristics, is particularly important for solving water
problems. In this study, the typical area of the central Loess Plateau location is taken as the research
area. Based on remote sensing images and statistical data, the direct market method combined with
the equivalent factor method was used to calculate the WESV including groundwater and surface
water, which is of greatest originality. The temporal and spatial variation characteristics in 2010, 2015
and 2020 were analyzed. Then, four WESV driving factors including per capita GDP, population
density, proportion of water areas, and water consumption were selected, and the geographically
weighted regression (GWR) model was used to analyze the spatial distribution pattern and temporal
variation of WESV’s response to the influencing factors. The results showed that WESV experienced
a process of first decreasing and then increasing, which was mainly caused by Yulin. For the
composition of WESV, the proportion of provisioning services value has increased, which caused the
proportion of regulating services value to decrease. The correlations between four factors and WESV
were different. The distribution pattern of the influences was spatially heterogeneous, which showed
regular variations over time. These results indicate the necessity of WESV’s independent research
and provide a realistic basis for ecological compensation in the Yellow River Basin.

Keywords: water resources; ecological services value; influencing factors; geographically weighted
regression (GWR); space-time change; the Loess Plateau

1. Introduction

Ecosystems provide basic and necessary services for human survival and social func-
tioning, namely ecosystem services (ESs). ESs are the continuous provision of ecosystem
goods and services by ecosystems and their ecological processes [1]. However, factors such
as population growth, industrialization and urbanization have led to a rapid increase in the
demand for ESs, and ecosystems are facing unprecedented pressure [2]. A comprehensive
and reasonable quantitative assessment of ecosystem services value (ESV) is necessary to
alleviate the contradiction between supply and demand of ESs, manage effectively and
formulate relevant policies. Water resources are an essential part of ecosystems. Whereas,
due to the existence of water pollution, waste of water resources and climate change, the
water ecosystem is facing greater pressure than other types of ecosystems. Therefore, it is
crucial to study the water ecosystem services value (WESV) and the various factors that
affect WESV.

Monetization of ecosystem service value is the most recognized and practical form of
ESV, and the calculation methods can be divided into two categories. One is to adopt the
relevant methods of traditional ecological economics or environmental economics. Most of
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these methods obtain the output of physical quantity based on statistical data or ecological
model, and then they calculate the value of ecosystem services by combining the market
value method, willingness survey method (CV) and revealed preference method. This
kind of method has high requirements on data, parameters, model accuracy and method
applicability, etc. Specific to the value of water resources ecosystem services, this kind of
method is suitable for calculating the value of water resources with commodity attributes.
The other is the equivalence factor method, which constructs the economic value equivalent
per unit area of different ecosystems based on the division of ecosystem service functions
and quantifies ESV in combination with the distribution of ecosystems. Compared with
traditional methods, the equivalence factor method requires relatively fewer data, and the
evaluation of ESVs is more comprehensive. Costanza et al. divided the global ESs into
17 species and calculated that the ESV of 16 biomes in the world was US$33 trillion per
year [3], and rivers or lakes were one of the 16 biomes. Meanwhile, another contribution of
this study is to provide the equivalent table of services value per unit area of 17 ecosystems
in each biome at the global scale, which provides a reference for future research. In 2003,
the Millennium Ecosystem Assessment (MA) conducted by the United Nations classified
global ESs into four primary categories, namely Provisioning Services, Regulating Services,
Supporting Services, and Cultural Services [4]. At the regional scale, Xie et al. improved
Costanza’s research and obtained the equivalent factor of ecosystem service value suitable
for China. Then, the ESV can be calculated combined with the area of each ecosystem. This
study was accepted by a large number of Chinese scholars [5,6]. Whether it is a global
scale or a regional scale, in the study of using the equivalent factor method to evaluate
ecosystems, most of the rivers/lakes or waters are divided into one type of ecosystem
for discussion. However, this method does not clarify the service value of groundwater,
which is an important component of water resources. The most direct service value of
groundwater is that it provides a part of water for production and domestic use, accounting
for only 70% of the total global water use for agriculture, and 40% of agricultural water
comes from groundwater [7]. Therefore, it is more comprehensive and accurate to combine
the two methods to assess the WESV including surface water and groundwater.

It is not the ultimate goal of scholars to study the value of WESV; the more important
goal is to study the relationship between WESV and the interaction of various factors. In
order to deal with more severe water and environmental problems, exploring the influence
of various factors on WESV has gradually become one of the research hotspots. Due to
the social nature of water resources, social and economic factors have become one of the
components that affect WESV. The characteristics of cities, populations, communities, and
cultures [8] all have an impact on water resources and water ecology [9,10]. The urban-
ization level is a concentrated expression of the social and economic development degree,
which profoundly affects the spatial distribution and potential functions of ecosystem
services [11]. Many researchers have conducted related research in North China [12,13],
Yangtze River Delta [14], Pearl River Delta [15], Southwest Mountainous [16,17] and North-
west arid regions of China [18,19]. WESV also has a significant response to changes in
natural factors. Climate conditions [20-22], ecosystem types [23], and environmental qual-
ity [24] are the main influencing factors. Meanwhile, the coupling of many factors, such as
nature, social economy and human activities, has a more realistic impact on WESV [25,26].
Many of the above studies have fully considered various factors and provided important
references for explaining the changes caused by EVS or WESV. Unfortunately, the collinear-
ity among some influencing factors and the nonstationarity in space have not attracted
enough attention.

However, EVS exhibit spatial heterogeneity and spatial dependence with changes in
geographic space due to differences in the socioeconomic development degree, natural
resources, and geographic environment. Thus, incorporating geospatial aspects into the
research scope is the key to addressing spatial heterogeneity. Geographically Weighted
Regression (GWR) model is an effective tool for dealing with spatial heterogeneity, which
is improved on the basis of ordinary least square [27]. The model incorporates the spatial
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location information as a coefficient into the regression equation and explores to eliminate
the nonstationarity caused by spatial changes based on the fitted values of geographic
element parameters [28]. The GWR model has been widely used in the fields of natural
resources and ecological environment [29]. The water footprint has been extensively
researched, including concepts, methods and applications, for better management of water
resources and water ecology [30,31]. With the deterioration of ecological environment
problems, it is necessary to analyze the evolution of ecological footprint and the spatial
differences of influencing factors from the perspective of spatial heterogeneity [29]. In
the related research on land use variation and ESV, the GWR model is used to solve the
problem of spatial heterogeneity and compare with the OLS model [32]. In coastal counties
of Mississippi and Alabama (U.S.), GWR was used in the estimation of the monetary value
of distance to different waterfront types, in the extension to a traditional hedonic pricing
method, and in analyzing the value of ecosystem services associated with waterfronts
differed geospatially [33]. However, few researches utilize the GWR model to study WESV,
which becomes the main content of this study.

In arid and semi-arid regions, water resources are very precious, which means that
the ecological services provided by water resources play a vital role. Therefore, on the
basis of accurately measuring the value of water resources ecosystem services, analyzing
the impact of various factors on WESV is of great significance to effectively manage water
resources and alleviate the contradiction between supply and demand of water resources
ecosystem services.

Many studies have been conducted on the value of ecological services and their
influencing factors. However, this study is more relevant. Specifically, the ecological service
value of water resources is the object of this study. In addition, the scope of water resources
is broader to include groundwater and surface water. This study serves the ecological
compensation policy in China.

In this study, the typical area in the central Loess Plateau of China was taken as the
research object, and the evaluation of water resources ecosystem service value and the
analysis of the temporal and spatial changes of the influencing factors were carried out.
The main works are as follows:

(1) Combining the environmental economics method and the equivalent factor method,
the WESVs of 25 counties (districts) in the study area including groundwater and sur-
face water in 2010, 2015 and 2020 were calculated, and the distribution characteristics
were analyzed;

(2)  Selecting the representative factors of nature, economy and society, and the applicabil-
ity of OLS model and GWR model in studying the impact of each indicator on WESV
was analyzed;

(3) Using the more applicable GWR model, the spatial heterogeneity and spatial and
temporal distribution of the effects of various factors on WESV were shown.

2. Materials and Methods
2.1. Study Area

The Loess Plateau (33°43'-41°160" N, 100°54’~114°33' E) covers an area of 640,000 km?
in the upper and middle reaches of China’s Yellow River (Figure 1a) [34,35]. Most areas of
the Loess Plateau belong to arid and semi-arid areas, with fragile environment, scarcity of
water resources and serious soil erosion [36,37]. The study area of this paper is Yulin and
Yan’an Cities (Figure 1b), with an area of about 79,957 km?, accounting for 12.49% of the
area of the Loess Plateau. In terms of location, the study area is located in the middle of
the Loess Plateau, which is a representative area in the middle of the Loess Plateau. From
the perspective of administrative division, the study area belongs to the north of Shaanxi
Province. The study area includes 25 county-level administrative units (Figure 1c). The
study area with large topographic relief and hilly gully, is the core area for controlling soil
and water loss in the Yellow River Basin. The annual average temperature of Yulin City
in the north of the study area is about 10.5 °C, and the average annual precipitation is
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about 400.00 mm. From north to south, the landform gradually transits from sandy land
to gullies and hills [38,39]. It is an important energy and chemical base in China. Yan’an
City in the south of the study area belongs to the hilly area of the Loess Plateau, which is
high in the northwest and low in the southeast. The annual average temperature is about
7.70~10.60 °C, and the annual average precipitation is about 500.00 mm [40-42].

——
0 1000

Yellow River

Loess Plateau

(b)

prefecture city
Study area

Boundary of

108° E 109° E 10° E 11°E
i 'l 1 L
()
*  Prefecture city resident
%Z\ - Boundary of county or district L :’
| ———— Boundary of prefecture city -
z z
W o || :
N
. A A
Z A
&~ &
- L)
i
4 z
o B
| Elevation(m) o
P High : 1911
K [ == =
e Low : 385 e s
L] L] L] ¥
"_=m;'“ 108° E 109° E 110° E 111°E

Figure 1. Location and administrative division of the study area: (a) Loess Plateau location; (b) study
area location; (c) administrative division of the study area and DEM.

2.2. Data Sources

The data involved in this study include economic indicators, social indicators, and
natural indicators of Yulin and Yan’an Cities in 2010, 2015 and 2020. It should be noted that
due to the impact of COVID-19, some economic and social indicators in 2020 are replaced
by data from 2019, including population, population density, urbanization rate, per capital
GDP, and gross product of primary industry.

The water consumption comes from the water resources bulletin of Yulin and Yan’an
Cities (2010, 2015 and 2020). Through reclassification, water consumption is divided
into three categories: agricultural water consumption, residential water consumption and
nonresidential water consumption. The price of water is obtained from the research of the
water supply department.

GDP, GDP per capita, population, population density and urbanization rate are from
the statistical yearbooks of Yulin and Yan’an (2010, 2015 and 2019).

The water area and the proportion of water area are calculated through the statistical
calculation of the spatial distribution data of the national land use type remote sensing
monitoring provided by the Resource and Environmental Science and Data Center, Chinese
Academy of Sciences (http://www.resdc.cn/, accessed on 2 July 2018). The resolution of
the data is 30 m x 30 m, which is generated by manual visual interpretation using the
remote sensing images of Landsat TM of various phases of the US Landsat as the main
data source.
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2.3. Methods
2.3.1. Classification and Calculation Method of WESV

According to the classification of ESs by the Millennium Ecosystem Assessment
(MA 2005) carried out by the United Nations [4], combined with the research practice
in China [43] and the practicability of ecological compensation in the study area, this
study divided WESV into three categories. The reason why the cultural services value
was not considered is that at this stage, ecological compensation in China rarely involves
such services value. Considering the ways of WES and the availability of data, the three
categories were subdivided into 9 specific services (Table 1). The calculation method of
WESV can be expressed formally as follows:

9
V=Y Vu @)
n=1

where Vy, is the value of WESV; V,, is the n-th sub-category of WESV; n=1,2,...,9.

Table 1. Classification of WESV.

Categories of WESV Work Mode Content Symbol

Direct supply Water supply Vi
Provisioning Services Value Aquatic product Vo

Indirect supply
Material Vs
Hydrological regulation Vy

Direct regulation R
Water purification Vs
Regulating Services Value
Climate regulation Ve
Indirect regulation

Air regulation Vy
Soil conservation Vg

Supporting Services Value Indirect support
Biodiversity Vo

2.3.2. Market Value Method

Whether groundwater or surface water, the most direct and important service is water
supply for living and production. The value of water services is reflected in the water
price [44]. Therefore, this study adopts the market value method to calculate the water
supply services value of water resources. According to the type of water price, water is
divided into agricultural water, residential water and nonresidential water, among which
nonresidential water mainly refers to industrial, business service water, administrative
institution water, municipal water, etc. The formula for calculation is as follows:

3
Vi=) QjxP, 2
=

where V7 is the value of water supply services; Q; and P; are the water consumption and
water price of the j-th type of water; j =1, 2, 3 represent agricultural water, residential water
and nonresidential water, respectively.

The market value method is also used to calculate the indirect supply value of aquatic
products provided by water resources. Due to the variety of aquatic products and the
different prices, this study uses the fishery output value in the statistical yearbook [45-48]
as the value V; of aquatic product supply services, and the calculation method also adopts
the market value method.
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2.3.3. Equivalent Factor Method

Water resources are the most basic elements to maintain the normal operation of
ecosystems and social systems, and most of its ecosystem services cannot be measured by
market value. The ESV equivalent factor method is obtained from the study of Xie G. [5] by
calculating the ecological service value per unit area of each ecosystem in China, which has
been widely recognized and applied [49]. The equivalence factor is defined as a relative
quantity, which represents a relative value of ecosystem services relative to the economic
value of grain output in that year. In the case of the study area, due to the difference
in planting structure, the economic value of grain output will change accordingly. The
ecological service value of the study area can be calculated by the follows:

y (Y1 ><P1+Y2><P2), 3)

1
Vier =3 A1+ Ay

where V), is the value of ESs per unit area; corn and potato are mainly planted in the study
area, Y7 and Y; are the yield of corn and potato, respectively, which comes from “Shaanxi
Statistical Yearbook” [45-48]; Py and P; are the corresponding grain prices, which comes
from “Compilation of National Agricultural Product Cost and Benefit Data” [50-52]; A;
and Aj are the planting area of corresponding grain; 1/7 is the ratio of the economic value
provided by natural ecosystems without artificial inputs to the economic value provided
by existing farmland. The calculated values of ESs per unit area in 2010, 2015 and 2020
were 1457.16 CNY/hm?, 1318.81 CNY/hm? and 1199.63 CNY/hm?, respectively.

The equivalence factor adopts the corresponding part of the water ecosystem in
the equivalence coefficient table of ecosystem service value per unit area calculated by
Xie G. [43] (Table 2). At the same time, the value of WESV per unit area in 2010, 2015 and
2020 was calculated (Table 2).

Then, the value of services other than Water supply and Aquatic product could be
calculated as follows:

Vi = Vper X Aw X Ep, “)

where m =3, 4,5, ...,9; Vy, is the value of other services besides Water supply and
Aquatic product; Ay, represents the watershed area for the study year; E;, is the equivalent
coefficient of different service in Table 2.

Table 2. Equivalent coefficients of WESV, and the WESV per unit area in different years.

Provisioning . . .
Services Regulating Services Supporting SERVICES
. Hydrological Water Climate Air Soil c . .
Material Regulation Purification Regulation Regulation Conservation Biodiversity
Equivalent 0.231 102.241 5551 2291 0.771 0931 2551
coefficient (E;;)
2010 WESV per 335.15 148,979.93 8087.23 3336.89 1122.01 1355.16 3715.76
unit area
2015 WESV per 1055.04 303.33 134,834.65 7319.37 3020.06 1015.48 1226.49
unit area
2020 WESV per 275.92 122,650.62 6657.97 2747.16 923.72 1115.66 3059.07
unit area

1 The equivalent coefficient was quoted from Ref. [43].

2.3.4. Geographically Weighted Regression

The first law of spatial geography shows that the correlation between ground objects
gradually increases as the distance decreases [53,54]. Inevitably, spatial correlation and
spatial heterogeneity coexist. GWR achieves better results when using local smoothing to
deal with the problem of spatial heterogeneity [55,56]. GWR was based on kernel-weighted
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regression. Instead of estimating global values for regression parameters, GWR allows these
parameters to be derived for each location separately [57]. The model can be expressed as

vi = Bo(pivi) + Y Bre(pir vi)xix + i, ®)
%

where y; is the explained variable; (y1;, v;) are the coordinates of the target area i; By (y;, v;) is
the intercept; x;  is the value of the explanatory variable x; on the target area 7; the value of
the function By (u;, v;) at geographic location 7 is By (y;, v;); k is the number of explanatory
variables; ¢; is the random disturbance term, i.e., the error. The coefficient of each sample
point is a parameter estimate obtained by weighting the adjacent observations [58], and the
expression is as follows:

B(u;, Uz') = (XTW(M,', ’U,‘)X)ilXTW(u,‘, U[)Y, (6)

where B(u;, v;) is the parameter estimate of the local coefficient of the i-th sample with
coordinates (j;, v;); X and Y are the vectors of the explanatory and the dependent variables;
W (u;, v;) is the weight matrix, which is usually calculated by the Gaussian function of the
distance decay function (kernel function).

ArcGIS software has developed the related functions of OLS and GWR into convenient
tools. Therefore, this study uses ArcGIS 10.4 to perform related calculations.

3. Results
3.1. WESVs and Characteristics in 2010-2020
3.1.1. Temporal and Spatial Variation Analysis of WESV

Taking the county-level administrative region as the minimum calculation unit, and
adopting appropriate methods according to different service types, the WESVs of typical
areas in the middle of the Loess Plateau in 2010, 2015 and 2020 were calculated (Table 3).
The changes in counties among the three years have also been shown (Figure 2). Overall,
the WESV in the study area showed a trend of first decreasing and then increasing. The
WESV decreased from 12,370.42 million CNY in 2010 to 11,746.86 million CNY in 2015,
which showed a drop range of 5.04%. Then, it increased to 13,379.48 million CNY in 2020.
The increasing range was 13.90% from 2015 to 2020, and 8.16% during the entire study
period of 2010-2020.

It can be seen from Table 4 that, from 2010 to 2020, some districts and counties in
Yan’an City in the southern part of the study area experienced a decrease in WESV, but the
trend was rising, with a rate of 3.96%. The leading area that led to the decreasing trend in
2015 was Yulin City. From 2010 to 2015, the WESV in Yulin City decreased by 7.84%, which
was significantly greater than the entire study area decreasing rate. Only four counties of
Yuyang, Hengshan, Mizhi and Zizhou showed an increase in WESV, and the remaining
two-thirds of the counties presented a decreasing trend; the decreasing degree in Fugu
reached the highest 30.46%. These phenomena indicated that the ecological service function
provided by water resources in Yulin City was in the stage of degradation from 2010 to
2015, which also indirectly reflected the trend of ecological environment deterioration.

From 2015 to 2020, WESV in Yan’an City was still in a growth trend as a whole, and
the growth rate increased to 8.56%. Only Yanchang, Ansai and Ganquan experienced
negative growth. During the same period, WESV in Yulin City increased rapidly, with an
overall increasing rate of 15.77%, and 75% of the counties in the jurisdiction were on the
rise, mainly due to the low value of WESV in 2015, which showed that the water ecosystem
and its service functions in Yulin City were in a significant recovery situation in 2015-2020.

From the whole study period, the increasing rate of WESV in the southern part of
the study area was significantly greater than that in the northern part. In 2020, WESV in
Yan’an increased by 12.86% compared with 2010, while Yulin increased by only 6.69% in
this decade.
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Figure 2. Changes of WESV among the three years in different regions.

Table 3. WESV of the typical area in the central Loess Plateau. unit: million CNY.

City County 2010 2015 2020
Yuyang 866.28 1071.75 1386.48
Shenmu 3336.85 2765.08 3237.86
Fugu 1294.82 900.46 1194.77

Hengshan 589.99 686.95 811.72
Jingbian 1086.09 1070.41 1133.69
Dingbian 918.33 905.37 1036.14

Yulin Suide 264.05 249.26 235.08
Mizhi 114.52 119.55 125.89

Jiaxian 404.83 401.90 363.29

Wubu 161.24 147.49 143.38

Qingjian 340.77 309.77 317.19

Zizhou 54.41 64.33 77.94

Subtotal 9432.18 8692.32 10,063.43

Baota 352.40 366.65 427.71

Yanchang 215.76 333.62 302.61

Yanchuan 324.42 228.90 233.01

Zichang 92.63 101.52 117.77

Ansai 126.53 161.89 152.78

Zhidan 23491 251.12 270.24

Yan’an Wugqi 281.47 319.77 345.85
Ganquan 213.12 202.37 183.24

Fuxian 507.99 468.73 542.46

Luochuan 221.64 221.65 274.95

Yichuan 96.23 96.43 129.86

Huanglong 15.50 21.05 24.65

Huangling 255.62 280.84 31091
Subtotal 2938.22 3054.54 3316.04

Total 12,370.42 11,746.86 13,379.48
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Table 4. Structural of WESV in 2010, 2015, 2020.

2010 2015 2020
WESVs Content
WESVs Proportion WESVs Proportion WESVs Proportion

Provisioni Water supply 1260.94 10.19% 1963.99 16.72% 3729.11 27.87%
rgV‘SIF’“I“g Aquatic production 45.08 0.36% 122.14 1.04% 188.06 1.41%
ervices Materials 2221 0.18% 19.40 0.17% 19.00 0.14%
Hydrological regulation ~ 9874.52 79.83% 8621.80 73.40% 8444.72 63.12%

Regulating Water Purification 536.03 4.33% 468.03 3.98% 458.41 3.43%
Services Climate Regulation 221.17 1.79% 193.11 1.64% 189.15 1.41%
Air Regulation 74.37 0.60% 64.93 0.55% 63.60 0.48%

Supporting Soil Conservation 89.82 0.73% 78.43 0.67% 76.82 0.57%
Services Biodiversity 246.28 1.99% 215.04 1.83% 210.62 1.57%

3.1.2. Variation Analysis of WESV Structural Characteristics

Table 4 and Figure 3 exhibited the changes in the value and proportion of nine subser-
vices that comprise WESV from 2010 to 2020. Among the three first-level classifications
of WESV, Regulating Services accounted for the largest proportion, but the proportion
gradually decreased from 86.55% in 2010 to 68.44% in 2020. The Provisioning Services
proportion has increased year-by-year, from 10.73% to 29.42% in the past decade.
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Figure 3. Structural changes of WESV in the typical area of the central Loess Plateau: (a) the propor-

tion of various WESV in 2010; (b) the proportion of various WESV in 2015 and (c) the proportion of
various WESV in 2020.

The Supporting Services proportion has decreased steadily, from 2.72% in 2010 to
2.14% in 2020.

In the subcategories, only the proportions of Water Supply and Food Production
have increased year-by-year, and the proportions of other ESV have decreased to varying
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degrees, which showed that the development of economy and society has caused a sharp
increase in the demand for water resources and aquatic products, and at the same time, the
regulating function of water resources has gradually weakened.

3.2. Analysis of Spatial Heterogeneity Characteristics of Each Impact Factor
3.2.1. Identification of Influencing Factors

This paper selected 12 influencing factors from two aspects of society-economy, and
natural environment. The values of NDVI, Forest and grass area, Forest and grass coverage
ratio, and Proportion of water area were directly or indirectly obtained from the Resource
and Environmental Science and Data Center, Chinese Academy of Sciences (http://www.
resdc.cn/, accessed on 2 July 2018). All other influence factors were obtained from the
statistical yearbook [45-48]. For the three different years of 2010, 2015 and 2020, the
collinearity investigation of influencing factors and the significance test between them and
the explained variables were carried out respectively, which is the first step in building a
model. The specific work was to construct models for different parameter combinations
by the OLS model in Arcgis 10.4. Then, parameters, that did not meet the criteria for
variance inflation factor (VIF) and significance tests were excluded one by one gradually.
The results (Table 5) showed that in the three years, only four influencing factors satisfy the
two conditions of being VIF < 7.5 and significant at the same time. Therefore, we selected
per capita GDP, population density, the proportion of water areas, and water consumption
as the research objects.

Table 5. Statistical test results and the selection of influencing factors.

Classification Influence Factor Unit Statistical Test Results
Population 10* VIF > 7.5
Population density person/ km? VIF < 7.5, significant
Social and economy Urbanization rate % VIF < 7.5, no significant
Per capital GDP yuan VIF < 7.5, significant
Gross product of primary industry yuan VIF >7.5
Water consumption 10* m? VIF < 7.5, significant
Rainfall mm VIF > 7.5
NDVI / VIF >7.5
. Forest and grass area hm? VIF >7.5
Natural environment Forest and grass coverage ratio % VIF < 7.5, no significant
Proportion of water area 960 VIF < 7.5, significant
Area of soil erosion control hm? VIF < 7.5, no significant

3.2.2. Effect of the GWR Model

In order to illustrate the applicability of GWR, this study first used the OLS model to
simulate. As shown in (Table 6), the R? and Adjusted R? of the GWR model in the three
years are larger than those of the OLS model, indicating that the simulation effect is more
accurate and representative. Meanwhile, the AICc of the GWR model is smaller than that
of the OLS model, and the difference is greater than 3.0, which demonstrated that the
GWR model is more applicable. Therefore, the GWR model can accurately explain the
relationship between WESV and each explanatory variable and the spatial heterogeneity.

Table 6. Statistical test of OLS and GWR in 2010, 2015, and 2020.

2010 2015 2020
OLS GWR OLS GWR OLS GWR
R? 0.758 0.856 0.792 0.953 0.850 0.906
Adjusted R? 0.709 0.789 0.751 0.915 0.820 0.865
AlCc 377.181 373.591 364.539 351.095 365.338 362.201
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3.2.3. Per Capita GDP

Figure 4 displayed the spatiotemporal distribution of the per capita GDP impact on
WESV. The darker the color, the greater the positive effect. In 2010 (Figure 4a) and 2020
(Figure 4c), WESV and Per Capita GDP were positively correlated. The magnitude of
the coefficient indicated that, in general, the 2020 Per Capita GDP had a stronger impact
on WESV. In 2010, the correlation relationship gradually increased from west to east,
with Huanglong, Huangling and Yanchang in the southeast, Wubao in the east and Fugu
in the northeast being the most influential. In 2020, the impact of Per Capita GDP on
WESV gradually increased from southwest to northeast, and WESV in Fugu, Shenmu and
Jia County was more sensitive to Per Capita GDP. Because Yulin is the base of energy
and chemical industry in China, the economy had developed rapidly after 2008, and the
demand for water had increased. The combined effect of the two led to changes in the
spatial distribution from 2010 to 2020. Nevertheless, in 2015 (Figure 4b), the WESV of
11 districts and counties in the northern and central parts of the study area showed a
negative correlation with Per Capita GDP, and the negative correlation effect was strongest
in the northeast. This illustrated that during the period from 2010 to 2015, the protection
of water resources and water environment in the northern region was neglected due to
the great economic development, which was consistent with the reality of the reduction of
the water area in this region. It also showed that from 2015 to 2020, the water resources
condition in the northern part of the study area and the ecological services provided had
been greatly restored.
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Figure 4. Temporal and spatial distribution of the impact of Per Capita GDP on WESV in different
years: (a) 2010; (b) 2015; and (c) 2020.

3.2.4. Population Density

In a certain area, population density determines the demand for WES. Figure 5 dis-
played the spatiotemporal distribution of WESV response to Population Density. Through-
out the study period, WESV exhibited a negative correlation with population density,
and the negative correlation gradually weakened with time. From 2010 to 2015, the more
northerly the geographical location is, the more sensitive WESV is to changes in population
density. Compared with Figure 5a,b, although the overall negative correlation was slightly
enhanced, the area of region with the lowest level of negative correlation was increased. As
shown in Figure 5¢, the spatial distribution pattern of the impact of population density on
WESV had fundamentally changed in 2020, and the coefficient increased from the southeast
to the outside. The larger the coefficient, the weaker the negative correlation.
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Figure 5. Temporal and spatial distribution of the impact of Population Density on WESV in different
years: (a) 2010; (b) 2015 and (c) 2020.

3.2.5. Proportion of Water Areas

WESV is largely determined by the water areas. The spatial distribution pattern of
the proportion of water areas affecting WESV and the temporal change of this distribution
pattern were analyzed (Figure 6). Looking at the entire study area, although the pattern
distribution has changed, all coefficients showed that the proportion of water area has a
positive impact on WESV. As shown in Figure 6¢, the impact pattern in 2010 is that the
degree of impact decreased from north to south. In 2015, the impact pattern evolved into
that population density had the lowest impact on the southeastern region, and gradually
increased in the west and north directions. In 2020, the gravity center of the impact
continued to shift eastward, showing the phenomenon that the west was large and the east
was small. The two counties with the least impact appeared in Shenmu and Fugu in the
northeast, and these two districts and counties belonged to the most affected areas in 2010
and 2015.

(6) 2015
N

A

Figure 6. Temporal and spatial distribution of the impact of Proportion of Water Areas on WESV in
different years: (a) 2010; (b) 2015 and (c) 2020.
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3.2.6. Water Consumption

Water consumption is a key factor affecting the service value of Water Supply, and
it is also the most direct manifestation of the ecological service value of water resources.
Figure 7 exhibited the change in the spatiotemporal distribution of water consumption
affecting the degree of WESV and showed that there is a positive correlation between
water consumption and WESV. In 2010, the correlation coefficient between WESV and
water consumption in the study area showed an increasing state from west to east. In
2015, the degree of influence showed a circular increase from the western to the eastern
region (Figure 7b). The increase in the value range of the coefficient indicated that the
differences between districts and counties were expanding. WESV in the southern region
was gradually affected by changes in water consumption. With the passage of time, in 2020
(Figure 7c), the spatial distribution of WESV affected by water consumption had a strong
regularity, decreasing in a stepwise manner from south to north. However, the coefficient
ranges were less discrete.
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Figure 7. Temporal and spatial distribution of the impact of Water Consumption on WESV in different
years: (a) 2010; (b) 2015 and (c) 2020.

4. Discussion
4.1. Necessity to Assessing WESV

The significance of evaluating the value of ecosystem services is to better manage
the ecological environment and natural resources to achieve sustainable development.
The water issue is prominent today, so it is more practical to discuss the value of water
resources ecosystem services. In China, the value of ecosystem services is always in the
form of the upper limit of the ecological protection compensation standard. The water
ecosystem services value is often calculated as part of a comprehensive ecosystem service
value and is rarely discussed in isolation. Even in the basin ecological compensation, only
the fluctuation of the direct use value caused by the change of water quantity is calculated,
and how the ecosystem service value of water resources including groundwater changes is
not fully explored. In 2019, the ecological protection and high-quality development of the
Yellow River Basin was established as one of China’s major national strategies. Ecological
compensation is one of the key tasks of the strategy. The Loess Plateau, located in the
middle reaches of the Yellow River, is the main source of sediment in the Yellow River. The
region has scarce water resources, a large population, and an urgent need for development.
Hence, from the perspective of the integrity of water resources, this study selects typical
regions to assess WESV and analyzes the temporal and spatial variation characteristics of
WESYV, which can provide a basis for the ecological compensation development.
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4.2. The Spatiotemporal Distribution of WESV Response to Different Influencing Factors

Previous studies have shown that the value of water resources is affected by multiple
factors, such as water quantity, water quality, use of water resources, economic develop-
ment, and educational level of residents [59,60].

With the deepening of relevant research, the water resources value has been extended
to the value of ecosystem services that water resources can provide for human well-being.
Correspondingly, WSVE is also affected by economic, social, natural and cultural factors.
Many researches have explored the mechanism by which ESV is affected by various driving
factors, including land use change, socioeconomic development indicators, and human
acceptance willingness. Furthermore, the distribution characteristics of the sensitivity of
ESV to various influencing factors at different temporal and spatial scales were obtained.
WESYV is an important part of ESV and is also affected by various factors. As mentioned
above, the extent to which WESV is affected by external factors should be studied separately.

With the rapid economic development and the sharp expansion of cities, the differences
between different regions in natural resources, economy, society and culture are gradually
increasing. In this study, the central part of the Loess Plateau was selected as the research
area, and four main influencing factors were selected. The GWR model was used to analyze
the influence of per capita GDP, population density, the proportion of water areas, and
water consumption on WESV in different regions.

Per Capita GDP is an important parameter to measure the development degree of
a region. The rise in prices and the massive consumption of water resources brought
about by economic development will lead to an increase in WESV. Meanwhile, WESV will
greatly decreased because of the ecological degradation caused by development, that is,
the reduction in water area. Therefore, the relationship between water conservation and
economic development should be balanced. The effect of per capita GDP on ESV was
confirmed by Song F. [61] in a study on the value of wetland ecosystem services. Dai X.
concluded that per capita GDP was negatively correlated with ESV in Chengdu [62]. As
can be seen from Figure 4, per capita GDP showed time instability. The study area has
undergone a process of environmental damage and recovery during a 10-year development
period, which is consistent with the process in China. During 2015-2020, the construction of
ecological civilization has been raised to a new level. At last, a pattern in which the degree
of economic development roughly matches WESV is formed. Many studies have found
that per capita GDP has an unstable impact on ESV, by influencing the level of awareness,
willingness to protect the environment, and investment in environmental protection [63-65].

It is generally believed that the increase in population density is accompanied by the
expansion of human activity areas, which will encroach on other land-use types. The water
area is also experiencing depletion of rivers and lakes due to the massive depletion of
surface water while the water area was occupied. Under the dual effect of the two, WESV is
bound to decrease, which also explains the negative correlation between population density
and WESV. It was confirmed in Chen Y.’s study of the relationship between population
density and agro-ecosystem services [66]. Jiang Z. also obtained a consistent conclusion in
his study of the South Four Lakes that population density was negatively correlated with
Esv [67]. In recent years, the population growth rate in the study area has slowed down as
in the whole country. WESV is less sensitive to population density.

In the same region, WESV will increase with the increase in water area, which can
also be explained by the calculation method adopted in this study. The equivalent factor
method is to calculate the corresponding ESV according to the type of land use. Figure 6
showed that the proportion of water area has the greatest influence on WESV. During
the initial stage of the study, the drier regions in the north were more sensitive. With the
comprehensive management of the Mu Us Desert, the environment in the northern region
has been gradually improved, and the scarcity of water resources and the vulnerability of
the water environment have been alleviated. The center of influence then transferred to the
west, where the pace of governance was relatively slow.
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In 2010 and 2015, the impact of water consumption on WESV had a certain regularity
in space, but the spatial instability that occurs cannot be ignored. Figure 7a,b can well
demonstrate this phenomenon. From 2015 to 2020, the state strictly controlled the regional
water consumption, and the strictest water resources management system was success-
fully implemented locally [68], which well explained the phenomenon that the spatial
distribution pattern in 2020 was more regular.

There is spatial heterogeneity in the sensitivity of WESV to explanatory variables.
Using the GWR model can more clearly show the spatial pattern of the influence degree
and its evolution trend over time.

4.3. Limitations

Based on the water area obtained from remote sensing image statistics and the water
consumption obtained from statistical data, this study proposed a method to quickly calcu-
late WESV and analyze the temporal and spatial distribution of driving factors. However,
the impact of water quality on WESV does not depend on water consumption or water
area. Deterioration of water quality not only reduces the quality of services provided by the
water resource but also incurs additional remediation costs [69]. This study did not include
water quality as the basic data in the WESV assessment for three reasons. First, different
types of WESVs have different sensitivity to water quality, and its mechanism of action and
degree of influence are not clear, which will cause uncertainty in the calculation of WESV.
Second, the equivalent factor method used in this paper is calculated from the ecological
service value and the economic value of grain, and the output of grain is affected by water
quality. That is to say, this study considered the impact of water quality on WESV to a
certain extent. Third, the spatial and temporal scales of this study determined that water
quality will not have an essential impact on WESV. In space, the county-level administrative
region is the smallest research unit; in terms of time, a year is the minimum span of time.
From this point of view, the water quality in the region is relatively stable, and this is also
verified by the water quality data released by the environmental department. Therefore,
the WESV calculated in this study is still representative and reliable without considering
water quality.

5. Conclusions

In this study, taking a typical area in the central Loess Plateau as the study area,
WESV was explored and assessed, and the spatiotemporal relationship between WESV and
driving factors was analyzed. The conclusions obtained are as follows:

(1) Considering surface water and groundwater as a whole, a WESV calculation method
based on multi-method fusion of multiple data sources such as remote sensing images
is proposed.

(2) Intotal, the WESV in 2020 is 8.16% higher than that in 2010. However, during the study
period, the WESV in the typical area of the central Loess Plateau experienced a process
of first decreasing and then increasing. The main factor leading to this phenomenon
was that the WESV of Yulin City in the north of the study area decreased by 7.84% in
2015 compared with 2010. From the perspective of the WESV composition structure,
the proportion of regulating services has decreased by 18.11% in the past 10 years, but
its proportion is still the largest; the proportion of provisioning services has increased
year by year to 29.42%,; the proportion of supporting services has decreased steadily,
from 2.72% in 2010 to 2.14% in 2020.

(3) Considering the spatial heterogeneity, the GWR model has better applicability. Among
the four influencing factors, the proportion of water area and water consumption
showed a positive correlation with WESV throughout the study period. Population
density is negatively correlated with WESV. Per capita GDP was positively correlated
with WESV in both 2010 and 2020. In 2015, there was a negative correlation between
per capita GDP and WESV in the northern and western districts and counties of the
study area.
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(4) With the passage of time, the spatial distribution pattern of the influence of the four
factors on WESV has changed, and the evolution directions are different. The response
degree of WESV to per capita GDP has evolved gradually from low in the west and
high in the east to low in the southwest and high in the northeast, and the laddering
nature is stronger. The water area plays a leading role in the size of WESV, and the
center of gravity of the influence of the water area proportion shifts from the north
to the west, with a strong decreasing law. The distribution of the influence of water
consumption on WESV has experienced three evolutionary stages: small in the west
and large in the east, increases in a circular shape from the west to the outside, small
in the north and large in the south.
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Abstract: Research on the Yellow River Basin’s virtual water is not only beneficial for rational water
resource regulation and allocation, but it is also a crucial means of relieving the pressures of a shortage
of water resources. The water stress index and pull coefficient have been introduced to calculate
the implied virtual water from intraregional and interregional trade in the Yellow River Basin on
the basis of a multi-regional input-output model; a systematic study of virtual water flow has been
conducted. The analysis illustrated that: (1) Agriculture is the leading sector in terms of virtual
water input and output among all provinces in the Yellow River Basin, which explains the high
usage. Therefore, it is important to note that the agricultural sector needs to improve its water
efficiency. In addition to agriculture, virtual water is mainly exported through supply companies in
the upper reaches; the middle reaches mainly output services and the transportation industry, and the
lower reaches mainly output to the manufacturing industry. Significant differences exist in the pull
coefficients of the same sectors in different provinces (regions). The average pull coefficients of the
manufacturing, mining, and construction industries are large, so it is necessary to formulate stricter
water use policies. (2) The whole basin is in a state of virtual net water input, that is, throughout
the region. The Henan, Shandong, Shanxi, Shaanxi, and Qinghai Provinces, which are relatively
short of water, import virtual water to relieve local water pressures. However, in the Gansu Province
and the Ningxia Autonomous Region, where water resources are not abundant, continuous virtual
water output will exacerbate the local resource shortage. (3) The Yellow River Basin’s virtual water
resources have obvious geographical distribution characteristics. The cross-provincial trade volume
in the downstream area is high; the virtual water trade volume in the upstream area is low, as it
is in the midstream and downstream areas; the trade relationship is insufficient. The Henan and
Shandong Provinces are located in the dominant flow direction of Yellow River Basin’s virtual water,
while Gansu and Inner Mongolia are at the major water sources. Trade exchanges between the
midstream and downstream and the upstream should be strengthened. Therefore, the utilization of
water resources should be planned nationwide to reduce water pressures, and policymakers should
improve the performance of agricultural water use within the Yellow River Basin and change the
main trade industries according to the resource advantages and water resources situation of each
of them.

Keywords: virtual water flow; multiregional input-output model; pull index; water stress index;
Yellow River Basin

1. Introduction

Water is not only a necessary and irreplaceable resource for social and economic devel-
opment [1-3], but it is also a vital element of the environment, essential for global sustain-
able development [4-6]. Water resources mainly refer to freshwater resources on land [5,7],
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with the total amount of freshwater available for human use accounting for only 0.3%
of all freshwater. Since the 1990s, global water resources have been deteriorating [8-10].
About 1.5 billion people, accounting for 40% of the global population, in 80 countries and
regions are suffering from a shortage of freshwater [11,12], and about 300 million from
26 countries are in an extreme water-shortage state [13-15]. Agricultural development
will be especially hindered, and world food security will be compromised as a result of
water shortages [16,17]. Globally, industrial water consumes approximately 20% of the
total freshwater [18]; the shortage of water resources may lead to industrial shutdowns and
limit production [19]. In addition, the destruction of ecosystems and biodiversity due to
the water crisis will pose serious threats to human survival [20-22].

In terms of countries with water shortages, China is one of them [23,24]. Currently,
China only possesses 6% of the global water resources [25], followed by Brazil, Russia, and
Canada [26]. Nevertheless, China has a per capita water resource of only 2300 m? [27],
making it one of the most water-scarce countries in the world [28,29]. The unbalanced
distribution of water resources is currently one of the biggest obstacles to promoting sus-
tainable development in China [23,24]. There are significant differences in the distribution
of water resources between North and South China [30-32]. For example, the Yellow River
Basin covers an area of 795,000 km? [33], accounting for only 44.2% of the Yangtze River
Basin [27]. At present, the per capita water resources of 6 provinces (regions) in China are
less than 500 m3, and water from the Yellow River Basin serves two-thirds of these provinces
(regions) (Ningxia Autonomous Region, Henan Province, Shanxi Province, and Shandong
Province) [34]; the shortage of water resources has become a major restricting factor for the
Yellow River Basin’s high-quality development [35,36], posing quite a severe challenge to
the construction of an ecological civilization and regional sustainable development [37,38].
The Yellow River Basin provides important water-resource support for China’s granary
and national energy security, and it is tasked with supplying water to Hebei, Tianjin, the
Jiaodong Peninsula, and other basins. The Yellow River Basin, which accounts for 2% of
the river runoff in China, supports the water demands of 12% of the population and 17%
of the arable land in China, and it plays a decisive role in the overall economic and social
development. Therefore, quantifying the flow laws and operation trends of water resources
used in economy and trade will have important theoretical value, and enhancing the Yellow
River Basin’s intensive water usage is of practical significance [39-41], as is promoting its
high-quality development in consideration of the water-resources carrying volume [42,43].

To better broaden the field of water research and find solutions for water scarcity
in arid regions, Allen [44] proposed the concept of virtual water in 1993. The concept of
virtual water illustrates that water resources, as a whole, required in various productions
reflect the real quantity of resources in various economic production activities [44]. Virtual
water has become one of the major methods for investigating regional water-resource
issues [45]. Currently, the main method for studying virtual water is the input—output
method, which can analyze trade and flows in a wide range of industries, and it is widely
used by researchers globally [46—48]. Research on virtual water has multiple scales. First,
the calculation model of trade and usage is established through the method of input and
output, and then the volume of virtual water in any industrial sector is calculated [49,50].
Cegar [51] utilized the model discussed in this research to find both the indirect and the
direct volumes of virtual water in the economy of Croatia; the water volume mainly relies
on the processes of power generation and the utilization of the power processing output,
along with the chemical and petroleum sectors. Gkatsikos and Mattas [52] analyzed water
scarcity in Mediterranean countries and found that the agricultural sector dominated the
regional virtual water flux. By analyzing the water usage of each link in commodity supply
in China, Houyin et al. [53] found that the industrial sector was the core of indirect water
usage. In regard to the continuous input and output table of Liaoning Province from 2012
to 2018, Zhang et al. [54] illustrated that the outflow sector of virtual water in Liaoning
Province was mainly concentrated on primary and tertiary employment. Yang et al. [55]
and Fu et al. [56] utilized this model to investigate the virtual water trade between the
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Tarim River Basin and Hubei Province in China, finding that the volume used of virtual
water in the primary industry is much higher [32]. Zhang et al. [57] calculated both the
direct and total water input coefficients in Inner Mongolia in 2007, 2012, and 2015. The
research concluded that the direct and primary, secondary and tertiary total water input
coefficients of the industries show a downward trend, indicating that the tertiary industry’s
efficiency is constantly improving. Second, with the help of an input-output multi-regional
model, the virtual water flux is combined with the economic relations among regions, so
as to calculate the flow direction and usage of virtual water throughout all the regions.
Islam et al. [58] conducted a multi-regional input and output analysis of virtual and direct
water in 5 Australian capital cities and their surrounding areas, showing that the virtual
part from outside the Australian cities boundary was nearly 20 times that from inside
the urban boundary. Qasemipour et al. [59] assessed Iran’s virtual water flux via a multi-
regional input-output framework (MRIO). The results showed that there was no shortage
of water resources in the northern countries, and virtual water is imported through the
trade in various products, while areas with serious water shortages are net exporters of
virtual water. As pointed out by Dong et al. [60], Chen et al. [61], and Wang and Chen [62],
virtual water in China presents a flow pattern from the inland to the coastal areas, as
well as from the underdeveloped to the developed areas. Based on the analysis of water
trade between provinces and interprovincial flows in Northeast China, Zhang et al. [63]
suggested that Liaoning and Jilin Provinces have almost scarce water resources, and other
regions have the highest cumulative risk scores of virtual water-trade spillovers compared
with Liaoning Province. Third, with the increasing frequency of economic activities, virtual
water flow also has had a certain impact on the utilization of water resources. Some
scholars combine virtual water with water-resource utilization to study virtual water.
Wang et al. [64] assessed the water security in five countries in Central Asia, finding that
Tajikistan and Kyrgyzstan are relatively safe in terms of quantitative water-resource security,
while Uzbekistan is at risk. Zhang et al. [65] analyzed and calculated water-resource usage
efficiency in the Aral Sea region from 2000 to 2014. The results demonstrated that the Aral
Sea’s water region dropped by 60.28% from the original 28,119 m? over those 15 years.
Through the accounting of virtual water in some areas of China, Zheng et al. [66] and
Wang et al. [67] found that the utilization structure of water resources in the study area
was unreasonable, and the utilization efficiency of water resources needed to be improved.
Other scholars have also conducted investigations from the perspective of water resource
pressures. For example, Rosales-Asensio E. et al. [68] noted the fact that the restrictions on
water resources in the Canary Islands of Spain led to the over-exploitation of aquifers and
wells, leading to the deterioration of water resources and the environment. De O et al. [9]
found that, due to the expansion of irrigation areas and urban populations in the Rio Verde
Grande Basin, Brazil, the availability of water resources was low, causing water-resource
conflicts to be triggered. Gohar A. et al. [69] studied the groundwater resources in Barbados
and concluded that, in order to protect the sustainability of aquifers, it was necessary
to formulate policies to restrict pumping, while economic welfare would be reduced
by a certain amount in a short time. The Chinese mainland, as the research area, was
comprehensively evaluated for its regional water-resource pressures using virtual water
flow by Sun et al. [70]. The results showed that the northeast and the Huang-Huai-Hai
regions in China are the largest producers of food and the biggest exporters of virtual water,
and the pressure of resource shortages is generally serious. Liu et al. [71] analyzed a water
pressure index of 11 administrative regions from 2000 to 2013, including Hebei Province,
China, where the demand and supply are in serious conflict. The results show that water
stress is mainly manifested at three levels: high, medium, and low. The aforementioned
studies generally argue that the shortage of water resources has become the main problem
affecting regional sustainable development.

According to the analysis above, it can be seen that: (1) With regard to virtual water, the
majority of the calculations focus on the use of a single regional or interprovincial industrial
sector, while flows are less often studied from a regional or industrial-sector perspective;
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(2) Some studies focus on the fair distribution of water resources across regions, but they fail
to fully combine the flow of virtual water with water resource management; (3) The research
on key economic regions is not deep enough, especially those with serious shortages. Most
studies focus on the virtual water in a single province in a basin; however, only a few
studies have investigated the flow of virtual water within and between the Yellow River’s
regions. The Belt and Road, the important node and the trade link between the Yellow
River and China, is gradually strengthening under the current situation of double-cycle
development in China. It is of great significance for water resource management strategy
to analyze and study the virtual flow pattern implied by the Yellow River Basin’s internal
and external trade.

To sum up, this paper takes the Yellow River regions as the object of this research,
along with the interregional input and output data of a total of 31 provinces (municipalities
and autonomous regions) domestically in 2015 and the water-usage data of 42 industrial
sectors, constructs a multi-regional input-output accounting framework of the Yellow River
Basin, and calculates the volume of virtual water trade within and between regions of the
Yellow River Basin, respectively. Moreover, the pull coefficient and water stress index are
introduced to further explore the coordination between the virtual water trade volume
and local resource carrying capacity in the Yellow River region, as well as providing more-
feasible policy suggestions for the management of the Yellow River region’s water resources.

In contrast to previous studies, the innovations of this paper are as follows: (1) Virtual
water flow is discussed from the perspective of internal and external regions and sectors,
which presents a theoretical basis for the formulation of systematic and rational regional
trade policies and industrial water policies; (2) The introduction of the water stress index
and pull coefficient to further investigate the dependence of the studied subject implied by
regional trade on water resources locally and the tie between various sectors have practical
significance for regions and sectors to formulate reasonable water-resource policies. This
study provides a systematic and reasonable industrial and trade policy framework for
optimizing the Yellow River region’s water resource allocations, promoting the protection
of the aquatic ecological environment and alleviating its resource pressures.

The rest of the article is structured as follows: Section 2 introduces the research field,
including the results and a virtual water analysis of an accounting framework regarding
multi-regional input—output data and data sources pertaining to the Yellow River Basin.
Section 3 presents the results and analysis. Section 4 puts forward a discussion, and
suggestions are made in the conclusion.

2. Methodology and Materials
2.1. Study Region

The Yellow River region covers seven provinces and two autonomous regions, includ-
ing the Shandong, Henan, Qinghai, Gansu, Sichuan, Shanxi, and Shaanxi Provinces, as well
as the Ningxia and Inner Mongolia Autonomous Regions. It is one of the largest economic
comprehensive zones in northern China [72,73]. According to the characteristics of the
Yellow River Basin, the nine provinces are divided into three regions: upstream, midstream,
and downstream [36,38,39] (Figure 1).

A total of 18.63% of the total domestic water resources came from the Yellow River
Basin in 2019, and China’s Yellow River Basin GDP accounted for 25.08% nationally. The
total quantity of water resources is basically balanced with the level of economic devel-
opment (Table 1). Yet, economic development and water resources in the Yellow River
Basin lack coordination. Upstream resources account for 82.32% of the basin’s total, while
the GDP accounts for only 32.04%; the total quantity of downstream water-resource usage
accounts for 6.72% of the Yellow River Basin, but it brings more than 50% of the GDP of
the whole basin. In terms of total water usage, excepting Sichuan Province, the provinces
(regions) located in the Yellow River Basin’s upper and middle reaches do not exceed
20 billion m3, and the downstream is much lower than the upstream. Therefore, encour-
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aging the rational movement of water between the Yellow River Basin and the rest of the
world is of paramount importance.
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Figure 1. Locations of the upper, middle, and lower reaches of the Yellow River Basin (source:

Authors” own calculation/conception, using ArcGIS 10.7 software (Environmental Systems Research
Institute, Inc., Taiyuan, China)).

Table 1. Water Resources and economic development of the Yellow River Basin in 2019 (source: China
Statistical Yearbook (2020) and China Water Resources Bulletin (2020).

Province (Region) Total Water Total Water GDP/100 Million
ovince {Reglo Resources/100 Million m®*  Consumption/100 Million m? Yuan
Qinghai 919.30 26.20 2965.95
Gansu 325.90 110.00 8718.30
Upper reaches Ningxia 12.60 69.90 3748.48
Sichuan 2748.90 252.40 46,615.82
Inner Mongolia 447.90 190.90 17,212.53
. Shanxi 97.30 76.00 17,026.68
Middle reaches Shaanxi 495.30 92,60 25,793.17
L h Shandong 195.20 225.30 71,067.53
ower reaches Henan 168.60 237.80 54,259.20
The Yellow River Basin 5411.00 1281.10 247,407.66
Whole country 29,041.00 6021.20 986,515.20
Percentage qf Yell.ow River Basin 18.63% 21.28% 25.08%
in China
Percentage of upper reac.hes in the 82.30% 50.69% 32.04%
Yellow River Basin
Percentage of mlc.ldle reac.hes in the 10.95% 13.16% 17.31%
Yellow River Basin
Percentage of lower reaches in the 6.72% 36.15% 50.66%

Yellow River Basin

2.2. Multi-Regional Input—Output Virtual Water Accounting Framework of the Yellow River Basin
2.2.1. Single-Region Input-Output Model

Since Leontief [74] proposed the input—output method, scholars globally have widely
used this method due to its ability to analyze the direct and indirect usage of virtual water
in various industrial sectors and regions. This chart illustrates the direct and indirect
relationships between different regions and industries [75-77]. According to the input—
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output method, there is a balance between the output and usage of an economic system
as follows:

x1 Z11 Z1i2 v Zi | [1 f
X2 Zp1 zm v Zog| |1 fa

=1 . ) NN 1)
Xn Znl Zn2 ot Zna] |1 n

where x{ is the total output of sector i in region r, z;; is the intermediate input provided by
sector i to sector j, and f; is the final use of sector i.

The direct input coefficient a;; reflects the number of products and/or services directly
consumed by each product per unit of complete output in the process and operation process
of a product sector. Its calculation formula is:

ajj = zjj/x; 2

where x; is the total output of sector j.
Therefore, Equation (1) can be rewritten as:

x1 air A ... A (% f
X2 ax1 axp ... A | | X2 f

= N 3
Xn apl Ap2 - Aunl | Xn n

2.2.2. Modeling of Yellow River Basin Inputs and Outputs on a Multi-Regional Scale

As is known to all, the multi-regional input-output method is able to connect the
economies inside and outside a region with virtual water flow [49]. Therefore, in this
paper, the calculation of provinces” water usage was performed based on a multi-regional
input-output method of analysis (regions) in the Yellow River region. According to the flow
direction and geographical location characteristics of the Yellow River region, this paper
defines the Yellow River region’s 9 provinces (regions) as local and the other 22 provinces
(areas and cities) in China as foreign, leading to the construction of a multi-regional input-
output table of the Yellow River Basin in 2015 (Table 2), which includes 10 regions and
42 industrial sectors in each region. Figure 2 is the input-output flow chart of this study.

Table 2 shows the multi-regional inputs and outputs of the Yellow River Basin; the
balance of Regional 7 economic activities is:

10 42 10
M=y Yy e 4)
s=1j=1 s=1

where x7 is the total output of sector i in region r, a{f is the direct input coefficient, which
indicates the direct input of sector i in region r to the production unit product of sector s in
region j. f/® is the input of sector i in region r to the final demand of region s, and ¢ is the
export volume of sector i in region r.

Equation (4) is expressed by the matrix as:

XV — AVS +FVS +EV (5)

Additionally, Equation (5) is appropriately reformed to obtain the multi-regional
input-output model of the Yellow River Basin:

X' — (I_ArS)fl(F‘rs + E‘r) _ L(Frs +Er) (6)
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Among them,

11 12 . 1,10
21 22 2,10

L=yt |1 T T @)
qlo,l qIO,Z qlo,lo

where X" is the total output matrix, I represents the identity matrix, and A" means the
direct input coefficient matrix. F'® and E" mean the end-use matrix and export matrix,
respectively. L = (I — A’s)_1 is the Leontief inverse matrix, and the element li’j-s in the
matrix donates the total output per unit product provided by sector 7 in region  to sector j
in region s, where the regional direct water uses coefficient matrix Y, expressed as:

Y — []/1/]/2, o /ylo] ®)

The complete water usage coefficient matrix Q is:

11 12 . 1,10

21 22 2,10
Q=vL=v(-at=|T T T )

qlo,l q10,2 q10,10

where the element 4° is the total usage of r area consumed by each sector in s area.
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| I diate output =i diate input, | |

| Final output = initial input; | |

indirect water use;

4. Water consumption
coefficient

| Direct water consumption coefficient: R
direct water consumption / total output;

|  Fullwater consumption coefficient:

| direct water consumption coefficient x full

L demand coefficient

|
|
|
|
J

3. Full demand coefficient

[ —————————— -
|

: Full d. d coefficient=mi (unit |
matrix - direct consumption coefficient |

: matrix) |
1 i e e e H |

5. Department consolidation I

| The 42 departments in the input-output |
| table are merged into 7 departments

6. Virtual water calculation

s
E
§
5
Z
£
g
2

Figure 2. Model structure of virtual-flow-driving mechanism in the Yellow River Basin.
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Table 2. Summary table of multi-regional input-output in the Yellow River Basin.

Intermediate Use Final Demand
. . Other
Qinghai . Henan Regions Total
Item & Qinghai Other Export Output
Sectorl Sectorl Sectorl cee Regions
Henan
Sectord2 Sectord2  Sectord2
1,1 1,9 1,10 1
11 21 E2K) fia 110 . .
Sectorl . 1 e X
. : 1,1 1,9 1,10 9
Qinghai g 24 24 fia
In.termedlate 11 19 110 11
input Zpa Zpa 21 4 110 1 |
Sector42 .. S . .. ... 5 [0y X
L1 ,1.9 ,1,10 1,9
42,42 42,42 42,42 42
91 299 2910 9,1
1,1 11 1,1 1 910 5 9
Sectorl 1 e X7
91 9,9 9,10 9,9
Henan 2142 2142 2142 1
9,1 9,9 1,10 9,1
2121 211 201 42 910 5 0
Sector42 5 €1 Xp
291 299 29,10 9,9
42,42 42,42 42,42 4

2.2.3. Estimation of Virtual Water Trade Flow

According to the multi-regional input—output model of the Yellow River Basin, the
virtual water trade flow among the nine provinces (regions) can be calculated as follows:

9 . .
VW L .Zlquls (10)
i=

The virtual water trade flow between the 9 provinces (regions) in the Yellow River
region and other places is:

10 o
VW = 3 q'%f" (11)
=

o 10 ri 1,10
VWO" = 42‘.151 f (12)
i=

where VIWT™ is the virtual water trade flow from region r to region s in the Yellow River
region, VWT? is the virtual water input from other regions from the provinces in this region,
and VWO is the virtual water output of provinces in this region to other regions.

2.2.4. Water Stress Index and Pull Coefficient

This study aims to determine the relationship between virtual water implied by
regional trade and local water-resource carrying capacity in the Yellow River region. Based
on the research results of Pfister et al. [78], this paper introduces the water stress index,
indicating the shortage of water resources in this region, and then analyzes the external
dependence of virtual water in each region. Synchronously, this research incorporated the
research of Hong et al. [79] and Boero R. et al. [80], using the pull coefficient to explain the
influence of the increase of water usage in a single sector on the water usage among all
sectors to reveal the virtual water flow law among all sectors in various regions.

The water stress index (WSI) is derived from the ratio of total freshwater extraction
to total available freshwater in this region annually [78,81]. This index can measure the

142



Int. J. Environ. Res. Public Health 2022, 19, 7345

degree of the lack of water in a region, thus measuring the external dependence of water
usage in the region [37,78,81]. The calculation formula is:

1

WSI = 1+ ¢ G&WTA((1/001)-1)

(13)

The annual freshwater extraction is measured by the ratio of the WTA to the annual
freshwater supply of different types of users (industry, agriculture, and households) in the
region. It can be seen that WSI = [0, 1]. Referring to the research results of Pfister et al. [80],
when WSI is 0, it means there is no water stress, which indicates that water resources are
abundant; when WSI is 1, that is, the maximum water stress, it means that there is a serious
shortage of water resources. A water stress threshold of 0.5 is considered to be moderate.

The pull coefficient p; refers to the increased degree of water usage by all sectors when
the unit water usage of an industrial sector increases, which can be employed to reflect the
contribution degree of the water usage of a sector to the increase in the water usage of the
whole society. The calculation is as follows:

pi =a;/v; (14)

where, p} represents the pull coefficient of i industrial sector in region r, g7, and y} represents
the coefficient of total water usage and direct water usage coefficient of i industrial sector in
region 7, respectively. It can be seen that, when p! > 1, the closer the economic ties between
sectors are, and the closer the pull coefficient is to 1, and vice versa, the greater the pull
coefficient is.

2.3. Data Source and Processing

The input-output data of the Yellow River Basin applied in this paper are drawn from
the interregional input and output tables (42 sectors) of a total of 31 provinces (autonomous
regions and municipalities) domestically in 2015, as compiled by China Carbon Emission
Database [82]. The entire water usage dataset, GDP data, and the actual water usage of the
agricultural sector of each province (region) are all taken from China Statistical Yearbook.
The actual usage data of the industrial sector comes from the 2008 China Economic Census
Yearbook. Due to the age of the data, this paper takes the GDP growth rate from 2008
to 2015 as the growth rate of actual water usage, and obtains the water usage reported
in the China Statistical Yearbook in 2016. Considering the total industrial water usage of
each province (region), the total industrial water usage of each province (region) in 2015
was calculated [83-86].

In terms of the provincial (regional) water-resources bulletin, the actual water usage
of the service industry is the urban public water usage in each province. The water usage
of each subdivided service-industry sector is based on a proportion of output value along
with the domestic water usage of the residents [87,88]. According to the water usage data
of the actual industrial sectors of each province (region) in the Yellow River region and the
attributes of every industrial sector, and referring to the sector consolidation methods of
scholars such as Shi et al. [89] and Chen et al. [90], the 42 sectors in the input-output table
have been consolidated into 7 sectors (Table 3).

Table 3. Input-output table: Detailed list of 42 combined sectors.

Combined 7 Sectors Department Abbreviation
Agriculture AG
Mining MI
Water supply WA
Electricity and gas supply EL
Manufacturing MA
Construction cOo
Services and transport ST
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3. Results and Analysis
3.1. Virtual Water Usage of Different Sectors in the Yellow River Basin
3.1.1. Analysis of Sectoral Water Usage Coefficient

Figure 3 shows the composition of the complete water usage coefficient of 7 industrial
sectors in the lower, middle, and upper reaches of the Yellow River. Within the Yellow
River Basin, it can be seen that certain differences exist in the total water usage coefficients
of a variety of industrial sectors. The total water usage coefficient is the largest in the
upstream area and the smallest in the downstream area. The combined upstream, middle,
and downstream water usage coefficient of the water supply industry turns out to be the
highest, followed by that of agriculture. Specifically, the complete water usage coefficient
of the water supply in the upper reach’s industry is more than 1800 m3/10,000 RMB,
while that of agriculture in the upper and middle reaches is less than 1/5 of the water
supply industry. The complete water usage coefficient of other industrial sectors is small,
not exceeding 150 m3/10,000 RMB. In the upper reaches, the agricultural water usage
coefficient is the highest, close to 400 m?3/10,000 RMB, while those of the middle and lower
reaches are less than 100 m? /10,000 RMB, indicating that in the industrial structure of the
Yellow River Basin, the upper reaches pay more attention to agricultural development than
the middle and lower reaches.

Water consumption coefficient m*/104 yuan
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M Indirect water consumption coefficient
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Figure 3. Water consumption coefficient in upper, middle, and lower reaches.

3.1.2. Volume of Trade in the Sector of Virtual Water

In all provinces (regions) of the Yellow River region, the virtual water input and
output of the industrial sectors was calculated (Figures 4 and 5), and the water flow varied
greatly among sectors. First of all, a substantial amount of virtual water is input into and
output from agricultural production within the region. It is the largest industrial sector in
input and output, accounting for more than 46%, which also determines that the Yellow
River Basin is in a state of serious water usage and low regional GDP. The virtual water
inputs of the manufacturing, electrical supply, water supply, construction, and service and
transportation sectors also account for a large proportion.

Nevertheless, except for manufacturing and service and transportation, there is no
corresponding virtual water volume output, indicating that the utilization ratio of virtual
water in these sectors is low and the utilization structure of water resources is unreasonable.
Secondly, the proportion of the mining industry sector in virtual water input and output is
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not high, which is related to the concept of ecological protection and transformation and
development strongly advocated by the state in recent years.
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Figure 5. Pull Coefficient of different industrial sectors in different regions.

In terms of regions, in the upstream region, Sichuan Province is the only province
whose agricultural virtual water output accounts for less than 70%, only 48.10% of the
total, and water resources can be efficiently utilized under favorable circumstances. The
virtual water output of the service and transportation and mining industry sectors in
Sichuan Province accounts for 19.43%, which is the highest level in the Yellow River Basin,
indicating that the tertiary industry in Sichuan Province has frequent foreign exchanges.
This phenomenon is also one of the reasons for the high GDP and abundant water re-
sources in Sichuan Province. Gansu Province is the province with the largest proportion of
agricultural output, accounting for 88.14%.

However, the high water stress index in Gansu indicates that there is extreme water
scarcity in the area. Continuing to export a large number of water-intensive products will
make water resources in Gansu even more scarce. In addition to the agricultural sector, the
virtual water input sector in Qinghai Province is mainly concentrated on the electric power,
water supply, and service and transportation industries. The total proportion of virtual
water input in these 3 sectors is 48.65%, which is slightly higher than that in the agricultural
sector. Nonetheless, the GDP of Qinghai Province is not high, demonstrating that these
sectors have an insufficient utilization of virtual water. In the middle reaches, the province
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with the largest input of virtual water in the manufacturing industry is Shanxi Province,
but its sectoral virtual water output is less than the input, showing that Shanxi Province
has not effectively utilized virtual water input to develop the manufacturing industry.
Simultaneously, the virtual water output of the service and transportation industries in
Shanxi Province account for a large proportion, which can continue to develop. Shaanxi’s
agricultural virtual water output also accounts for a large proportion, second only to Gansu
Province. However, Shaanxi Province has less rain and more sunshine, poor vegetation
distribution, and a poor agricultural development environment.

A large proportion of agricultural virtual water output will aggravate the lack of water
resources in Shaanxi Province, as well as destroy the ecology’s overall coordination. In
the lower reaches, Shandong Province possess the leading input of agricultural virtual
water, which is also the province with the largest input of virtual water in the agricultural
sector of the whole Yellow River Basin, indicating that most of the input virtual water in
Shandong Province is used for agriculture, which is not conducive to the development of
other sectors. However, the output of virtual water in the manufacturing and service and
transportation sectors in Shandong Province accounts for 33.17%, making it quite easy to
create a higher GDP.

3.1.3. Pull Coefficient Analysis

The pull coefficient is used to further analyze the contribution of the virtual water
of various sectors in the Yellow River region to the virtual water of the whole sector, and
subsequently evaluate the degree of connection between various sectors of the Yellow
River region’s virtual water. The pull coefficient of each industrial sector in every province
(region) of the Yellow River Basin is calculated through Formula (14) (Figure 5). As can be
seen, the agriculture and water supply sectors have the lowest pull coefficients among all of
the provinces (regions) in the Yellow River Basin, with values lower than 1.5, indicating that
the economic relationship between these sectors and other sectors is not close. The average
pull coefficients of the manufacturing, mining, and construction sectors is obviously greater
than that of other sectors, demonstrating that these three sectors have strong economic ties
with other sectors, and the increase of unit output in these sectors will require a great deal
of virtual water. From the perspective of regional differences, the pull coefficient of the
same sector in different provinces (regions) is also quite different. The pull coefficient of
the mining, manufacturing, and construction sectors in Inner Mongolia is the largest in
the whole Yellow River Basin, which is related to the coal-rich areas of Inner Mongolia.
In the future, it will be necessary to speed up the transformation of Inner Mongolia’s
resource-based economy, develop a green mining industry, and pay attention to ecological
and environmental protection. To alleviate the water shortage in this region, policymakers
ought to enhance the water efficiency of the mining industry and strengthen the virtual
water input of the manufacturing and construction industries. The pull coefficient of the
manufacturing industry in Sichuan, Shandong and Henan Provinces is also large because
these provinces mainly rely on the manufacturing industry to drive the rapid growth of the
GDP. At the same time, these provinces are virtual water export areas of the manufacturing
industry, thus the high value-added manufacturing industry should be developed. The pull
coefficient of the manufacturing industry in Ningxia and Qinghai Provinces is also relatively
large, but their GDPs lag far behind that of Shandong and Henan Provinces, indicating that
a large number of water resources are wasted in the manufacturing sectors in the Ningxia
Region and Qinghai Province. Therefore, the differences in the pull coefficients of all the
sectors in the same province (region) can be explained by the difference in the number of
employees in those sectors in terms of raw material input and production technology level.
When a sector operates in two different provinces (regions), its pull coefficient differs due
to the differences in water-use efficiency between the local and intermediate rivers.
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3.2. Regional Virtual Flow Pattern in the Yellow River Basin
3.2.1. Trade Volume of Virtual Water

The trade volume of each province (region) in the Yellow River region is calculated ac-
cording to the input-output multi-regional model of the Yellow River Basin (Figures 6-9). It
can be seen that the total input and output of virtual water in this region are 27.45 billion m?
and 18.64 billion m?, respectively, which are in a virtual water net input state, with a total
net input of 8.81 billion m®. The input of virtual water from the outside of this region is
2.61 times that of the local input, while the external virtual water flow is 1.45 times that of
this region, which leads to prominent conflicts between the demand and supply of water
resources, and that is not conducive to regional ecological balance. In general, the net
input areas importing from other places are mainly concentrated in the midstream and
downstream, and the net input virtual water accounts for 96.22% of the total net input of
virtual water, reflecting the lack of rationality of water-resource utilization in the region.
Among them, Ningxia, Gansu and Inner Mongolia are in the area of virtual water net
outflux, and the rest belong to the area of virtual water net influx.
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Figure 6. Total virtual water flow of each province in the Yellow River Basin. Note: This figure only

shows the flow direction of virtual water trade flow greater than 10* m3.
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Figure 7. Virtual water inflow of each province in the Yellow River Basin: (a) inflow from provinces
outside the Yellow River Basin; (b) inflow within the Yellow River Basin.
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Figure 8. Virtual water outflow of each province in the Yellow River Basin: (a) outflow into provinces
outside the Yellow River Basin; (b) outflow into the Yellow River Basin.
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Figure 9. Virtual water trade of each province in the Yellow River Basin: (a) the total outflow of
virtual water; (b) the total inflow of virtual water.

3.2.2. Analysis of Virtual Water and Water-Resource Carrying Capacity

According to Formula (13), it is possible to calculate the water stress index of each
province (region) in this area. Except for Sichuan Province, which has a of WSI = 0.1, which
belongs to a region rich in water resources, the WSI of the other 8 provinces (regions) in this
region are between 0.6-1, which corresponds to regions that are seriously short of water
(Figure 10). Specifically, the WSI of Shandong and Shanxi Provinces are the maximum value
of 1, showing that the water shortage is serious, and a large amount of virtual water must
be input to alleviate the local water pressures, among which the net input of virtual water
in Shandong Province accounts for the largest proportion, and the external dependence
of virtual water is about 1/4. The WSI of Gansu and Ningxia Provinces are close to 1,
indicating that water resources are not abundant, but they output virtual water. The serious
disharmony between WSI and the virtual water trade will aggravate the shortage of local
water and further worsen the ecology. In regions with severe water stress, the lowest WSI
value is the 0.61 of Henan Province, but the net input of virtual water is second only to
Shandong Province, meaning that water resources are not fully utilized, and a large number
of water resources are wasted. There is little difference in the WSI of Inner Mongolia and
Shaanxi Province. However, Shaanxi Province is a virtual water net inflow area, which
can alleviate the pressure of insufficient local water resources. In the meanwhile, the Inner
Mongolian region should speed up its trade links with other regions to alleviate the water
pressure in this region, which would have vital practical significance for the sustainable
development of water resources and ecological protection. Sichuan Province is the only
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region in this region where the WSI is lower than 0.5, at only 0.10. Water resources in
Sichuan Province are quite abundant, but the net input virtual water accounts for 0.28%
of the virtual water. Therefore, the directors of Sichuan Province should appropriately
increase the output of virtual water, and increase trade links within and outside the region,
which is conducive to improving the water ecological balance in the region.
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0.6
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input virtual water volume /%
>4
T
1
Water stress index WSI
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Figure 10. Virtual water external dependence and water stress index.

3.3. Virtual Flow Pattern in the Yellow River Basin

From the virtual water flow table of the Yellow River Basin (Figure 11), it can be seen
that the virtual water trade flow in the Yellow River Basin is closely related to geographical
location. In the upstream area, with the exception of Qingdao Province, the virtual water
output from other provinces in the Yellow River Basin is greater than the virtual water
input, which is in the net outflow area of internal virtual water. Among them, Gansu and
Inner Mongolia are the provinces with the largest net output of virtual water, and they
are the two major sources of virtual water in other provinces (regions) within the Yellow
River Basin. However, it should be noted that the WSI in Gansu Province is too high, and it
is easy to cause a water shortage and damage the ecological environment by excessively
providing virtual water to other provinces. The middle and lower reaches are virtual water
net input regions, and the virtual water net input of Shandong and Henan Provinces in the
lower reaches ranks among the top two in the region, which is consistent with the level of
economic development.

Virtual water trade between provinces in the upper reaches is not frequent, and
the province with the largest trade flow is Sichuan Province, which is conducive to its
good economic development. In the middle reaches, the trade volume of virtual water in
Shanxi and Shaanxi Provinces is less than 70 million m?, so the trade exchange needs to
be strengthened. The interprovincial virtual water-trade flow in the downstream region is
large, which is conducive to the common economic development of Shandong and Henan
Provinces. In addition to strong trade exchanges between the upper region of Sichuan and
Inner Mongolia, as well as the midstream and the upstream, the virtual water-trade flow
between other provinces in the upper reaches and the Shaanxi and Shanxi Provinces is
small, which is inconducive to economic exchanges and development.

The virtual water trade between the upstream and downstream areas mainly comes
from the virtual water output from Gansu and Inner Mongolia to Henan and Shandong
Provinces, of which the virtual water output from Gansu Province to the downstream
accounts for 63.2% of its total output. The virtual water trade exchanges in the middle and
lower reaches are also more frequent, and the virtual water flow basically flows from the
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middle reaches to the lower reaches. Therefore, it is necessary to strengthen the virtual
water trade exchange between the upper, middle, and lower reaches, and make use of the
downstream economy to drive the coordinated economic development of Qinghai, Ningxia,
Gansu, and Inner Mongolia, so as to achieve the aim of the rational utilization and common
development of water resources in all the regions and provinces of the Yellow River Basin.
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Figure 11. Virtual water flow in the Yellow River Basin (100 million m?).

4. Discussion

Virtual water trade can promote economic ties between regions because the importa-
tion of virtual water will depend on the water resource endowment of export regions. With
increasingly greater implementation of the virtual water strategy, each region becomes in-
creasingly dependent on water resources in other regions [91,92]. Virtual water net import
is obviously affected by water resource endowment, and regions with good water resource
conditions tend to export virtual water to other regions [30,85]; this is also in line with the
theory of comparative advantage in trade. Our results show that the Yellow River Basin is a
virtual water net import region because the Yellow River Basin faces serious water shortage,
which also confirms that regions with poor water resources usually import virtual water to
relieve local water pressures [31]. From within the Yellow River Basin, the export status
of virtual water in Gansu Province and Ningxia Autonomous Region is in contradiction
with local water resource endowment. However, relevant studies [31,92-94] have also
shown that northern China, which is seriously short of water, still exports virtual water to
southern China through the grain trade, resulting in northern China becoming the main
export area of virtual water [95]. Therefore, the method of coordinating the management of
water resources in water-shortage areas is still an important research topic for the future.
Therefore, this paper puts forward measures for pricing and managing the water resources
in water-shortage areas, so as to stimulate the importation of water-intensive commodities
and reduce the pressures on local water resources.

The results of this study show that the unreasonable industrial structure in the Yellow
River Basin has led to the transfer of local water resources, and the agricultural sector
is the largest water-resource import and export sector (Figure 3), which is consistent
with the conclusions of relevant studies [96,97]. On the one hand, agriculture is a high
water-consumption industry [98], which consumes a lot of blue and green water resources
in the process of crop evapotranspiration [99]. Secondly, the Yellow River Basin is an
important grain production base in China. In 2020, the total grain output of the Yellow
River Basin reached 239 million tons, accounting for 35.6% of the total grain output in
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China. Farmland irrigation water consumption alone will reach about two-thirds of the
water consumption. The backwardness and lack of agricultural irrigation facilities will
further increase the consumption and waste of water resources [100]. In addition, the water
demands of various departments in a region often compete with one another, forming the
characteristics of virtual water trade between regions [72]. For example, the competition
between industrial water, service water, ecological environmental water, and agricultural
water is more prominent in the Yellow River basin where water resources are scarce. The
proportion of agriculture and water-intensive industries in the Yellow River Basin is very
high, and the phenomenon of “competing for water” between economic development
and ecological protection is very prominent, which is also consistent with the relevant
research conclusions [33,35,101]. On the other hand, from the perspective of external factors,
climate change may affect agricultural water use in various ways, especially through the
changes in temperature and precipitation and the intensification of the frequency and
degree of extreme climate events, which will significantly affect the available amount
and quality of agricultural water and thus crop-water demand. As a result, agriculture
is highly vulnerable to climatic conditions and natural disasters (such as droughts and
floods), which inevitably affect interregional food-trade and water-use plans [30,102].
Climate change will not only exacerbate water shortages, but also reduce crop yields,
thereby increasing the water footprint [103,104]. Therefore, in terms of agricultural water-
use performance management in the Yellow River Basin, combined with high standard
farmland construction, promoting large- and medium-sized irrigation areas, building
modern irrigation facilities and developing water-saving agricultural technology will
reduce water resource consumption. In addition, our recommendations include: optimizing
and adjusting the crop planting structures, determining the agricultural industrial structure
and planting structure according to local conditions, strictly controlling the planting area
of high water-consumption crops, expanding the planting proportion of water-saving and
drought-tolerant crops, selecting and promoting new varieties of drought tolerant crops,
appropriately implementing rotation fallow, actively developing rainwater harvesting and
irrigation, enhancing the capacity of water storage and moisture conservation, improving
water-use efficiency, and reducing waste.

In addition, related studies have shown that virtual water flow is closely related to
geographic distribution and economic development [105-107], which is also confirmed by
our study. The virtual water trade volume of Shandong and Henan in the lower reaches of
the Yellow River Basin is large, followed by Shanxi and Shaanxi in the middle reaches, and
the virtual water trade volume of Qinghai and Ningxia in the lower reaches is the smallest.
The advantages of opening to the outside world and strong agricultural development make
the virtual water trade volume of Shandong and Henan higher. Qinghai and Ningxia
in the downstream region are not only geographically remote, which is not conducive
to economic ties, but they also have no obvious industrial advantages. Therefore, the
momentum of cross-provincial virtual water flow between products is small. The study
also found that the virtual water trade volume of the manufacturing, electrical supply,
water supply, construction, and service and transportation industries is high, while the
virtual water trade volume of mining is low, which is closely related to the ecological
protection and “double carbon” strategic measures proposed by China in recent years.
Relevant studies also show that water for power generation is increasing year by year, and
the impact on scarce water resources in the basin is becoming more and more serious. In
addition, the manufacturing sector [78], construction sector, [108] and service sector [109]
are also key industries in the water-saving sector. Therefore, from the perspective of the
Yellow River Basin as a whole, strengthening trade links between economies can improve
water-use efficiency and optimize the water-use structure of key industries, which will be
an important way to alleviate the contradiction between the supply and demand of the
water resources of the Yellow River.

Distinguishing and calculating the virtual water flow of green water, blue water, and
gray water is helpful for accurately implementing management policy regarding water
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resources. Because calculating virtual water in this paper involves various industrial sectors
in nine regions or provinces of this region, considering the limitation of data acquisition and
the inconsistency of differential calculations, only the virtual water flow of blue water has
been calculated. The research results are important for formulating water resource policies,
but they still need to be further deepened. In addition, because the input—output table is
“competitive”, the distinction between domestic and international intermediate inputs is not
considered. Constructing a more accurate, interregional input—output table and considering
virtual water cross-border transfer in the region is the direction of further research.

5. Conclusions
5.1. Conclusions

The efficient and rational utilization of water resources is an essential part of protection
ecologically. Studying the virtual water usage and flow in water shortage areas is helpful
to obtaining an ideal water-resource allocation [110]. By constructing a multi-regional
input-output model of the Yellow River Basin, this paper calculates and analyzes the
virtual water trade and flow pattern of interregional and intraregional industrial sectors in
this region in 2015, and draws the following conclusions:

(1) The whole Yellow River region is in a net input state of virtual water. Among them,
the upstream areas—Gansu, Inner Mongolia, and Ningxia Province—are in the net
output provinces (regions), while the other six provinces belong to the virtual water
net input regions. Gansu’s virtual water input and output state is the most seri-
ously incompatible with the local water-resource carrying capacity among all the
provinces discussed.

(2) Agriculture is the largest import and export sector of all regions. In addition to
agriculture, the upstream region is sufficient in water resources. The main export
sector of virtual water is the water supply industry, and those for the middle- and
downstream regions are the services and transportation and manufacturing industries,
respectively. Obvious differences exist in the pull coefficients of the same sectors in
various provinces (regions). On the whole, the average pull coefficients of mining,
manufacturing, and construction are large. The water management of these sectors is
conducive to rapid water-resource regulation and rational utilization in this region.

(3) The virtual flow of the Yellow River Basin has obvious geographical distribution
characteristics. The trade volume of virtual water in the downstream region is large.
The volume of virtual water trade within the upper reaches is low, and the trade links
with the middle and lower reaches are insufficient. Henan and Shandong Provinces
are the main flow directions in the Yellow River Basin, and Gansu and Inner Mongolia
are the dominant virtual water sources.

5.2. Suggestions

From the perspective of planning the utilization of water resources nationwide, the
research findings suggest reducing water pressures and virtual water-flow imbalances. The
nationwide allocation of water resources and the rational use of precipitation in the territory
can not only prevent floods and droughts, but also bring a sufficient water supply to China’s
industrial and agricultural development and residents’ lives. It also has a certain value in
transportation and power generation. There is little difference between the topography of
North and South China, and water resources can be mobilized from north to south. The
Beijing-Hangzhou canal and the middle route of the South-to-North Water Transfer Project
are examples of the North-South distribution of water resources in China. In addition to
these two major projects, China can also carry out the large-scale networking of rivers,
lakes, and other water areas across the country to make them interconnected. In the case of
a flood in a certain place, the excess water could be transferred to another area with fewer
water resources. In the case of a drought in a certain place, the water resources of other
areas could be mobilized to supplement it, so as to avoid the waste of water resources and
maximize the utilization of water resources. According to the decision-making process and
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the deployment of water-resource management in China, the multi-functional properties
of water resources could be fully accomplished in the near future. Under the overall
framework of the distribution scheme of the available water supply of the Yellow River,
taking into account the ecological water demand, sediment transport volume, external
water transfer volume, and water-use structure of provinces along the Yellow River Basin,
a joint water-supply pattern of the Yangtze River and the Yellow River will be formed,
a dynamic water-distribution scheme of the Yellow River Basin will be constructed, the
water-right transfer and compensation system will be gradually improved, and the linkage
mechanism between water-use indicators and land indicators will be explored. This will
result in comprehensively coordinating the relationship between water, energy, and food;
limiting water use for fossil energy development; improving the utilization efficiency of
agricultural water resources; building a wind—-water complementary power generation
system, and implementing the transmission, storage, and utilization of hydrogen energy
at normal temperatures and pressures. Ideally, water-scarce regions will import water-
intensive products to meet the production and consumption of the region, rather than
relying on local production, so as to protect the domestic water resources. In this case,
the water resources required by the whole production chain actually come from export to
import regions through interregional trade.

According to the research results mentioned above, this paper puts forward the
following suggestions in order to achieve the rational allocation of water resources:

(1) China should vigorously implement the ecological compensation policy of water
usage. Although the region is in the virtual water net input area as a whole, the
WSI of Gansu and Ningxia is high, which is seriously inconsistent with the virtual
water net output state. The utilization of water resources should be distributed
comprehensively throughout the country. By reducing the virtual water flow in
Gansu and Ningxia, the local ecological development and water resource allocation
balance can be protected. China should also appropriately increase the output of
virtual water in Sichuan and grasp the advantages of local green water resources.
Meanwhile, we recommend increasing the virtual water output from other surplus
provinces to Henan and Shandong Provinces, reducing the pressures of water outflow,
and ensuring local water safety and ecological security.

(2)  All industry sectors should adhere to the principle of “determining production by
water”. The whole Yellow River Basin should develop water-saving agricultural
techniques, change the traditional mode of agricultural production, strictly control
the total water, and improve water-usage efficiency. The upper reaches of the Yellow
River Basin should enforce the technological innovation investment and water-use
efficiency, and the regional water-shortage situation should be alleviated by importing
water-intensive products to water-rich areas; The middle reaches should speed up
the transformation to a resource-based economy, develop water-saving industries,
and vigorously develop the service and transportation industry; The lower reaches
should speed up the development of high value-added manufacturing industries and
strengthen economic ties inside and outside the region.

(3) China should fully strengthen the exchanges and cooperation between the lower,
middle, and upper reaches, and actively explore the institutional mechanism of water
ecological protection. China should establish an internal, cooperative development
mechanism in this region with the goals of common economic development, water
conservation, and ecological protection. Through trade-oriented interprovincial coop-
eration, China should reduce the intermediate links of ineffective water use, make
the virtual water flow to the most needy regions and sectors, improve water sewage
efficiency, and drive economic development. China should also comprehensively
improve the interprovincial virtual water-trade flow, give full play to the economic
ties between the lower, middle, and upper reaches, and jointly realize the sustainable
development of the economy, as well as the ecological environment.
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Abstract: Climate change is one of the most important problems facing society in the 21st century.
Despite the uncertainty about the behaviour of rainfall due to climate change, what is clear is that
average rainfall has been reduced in the inland areas and headwaters of Spain’s river basins. The
Tagus basin is one of the most affected, with implications for the Jucar and Segura basins. The
working hypothesis is to corroborate with the data collected on the effects of climate change on the
TTS. To this end, the following methodology has been applied: (a) analysis in the headwaters of the
Tagus, using data on precipitation, surface runoff and reservoir water; (b) analysis of the resources of
the Segura basin (supply and demand), based on the basin organisation’s own data; (c) construction
of a water balance adjusted to the Bajo Segura district (Alicante), a user of the water transferred for
agricultural use. Likewise, the data provided by the basin organisation have made it possible to
corroborate the data on consumption and allocation of the corresponding volumes of water. The
results obtained make it possible to put forward a novel proposal in the scientific field related to
hydrological planning based on the principles of sustainability.

Keywords: climate change; Tagus-Segura transfer; sustainable hydrological planning; Bajo Segura

1. Introduction

The sixth report of the Intergovernmental Panel on Climate Change (IPCC) (AR6)
published in 2021 identifies the Mediterranean region (MED) as one of the areas or hotspots
most affected by climate change on a global level [1]. Spain is located in this region. This
country is already suffering from the impacts (social and economic losses) of the effects of
climate change, particularly those related to meteorological phenomena, such as floods,
droughts, heat and cold waves, sea storms and forest fires, among others.

Furthermore, Spain has a wide variety of climates within its territory, which shape
different landscapes, depending on a series of physical elements, such as the geographic
position, altitude, relief, proximity to the sea, the vegetation and fauna and flora of each
territory.

In terms of water resources, this variety of climates implies a structural problem for
Spain, in which two types of area can be distinguished: humid Spain, (the north-east, north
and centre of the peninsula), which receives large annual amounts of precipitation with
surplus water resources; and dry Spain (the east, south-east and south of the peninsula),
where the average annual rainfall is very low, leading to deficits in the availability of water
resources [2]. Paradoxically, some of the optimal lands for growing crops are found in parts
of Spain with a water resource deficit, where the soil is rich and favourable for agricultural
activities and where irrigated crops predominate over rain-fed crops [2].

The most important transfer in Spain constructed in the twentieth century is the Tagus—
Segura Transfer (hereafter, TTS). This is the most important infrastructure given the volume
of water it transfers, the areas it supplies and the political and media repercussions [2,3].
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https:/ /www.mdpi.com/journal /water
159



Water 2022, 14, 2023

The introduction of the TTS has contributed a significant amount of water resources for
both urban supply and for agriculture (irrigation) in south-east Spain. This contribution of
water resources is considerable but insufficient, as it has only fulfilled the transfer volumes
contemplated in the Preliminary Project of the Transfer once (water year 2000/2001) [4-6].

It is worth highlighting that in the 1990s (emergence of climate change hypothesis)
to the present (2022) (complete confidence in climate change), the successive situations of
rainfall droughts that affected the centre and south-east of the peninsula revealed that the
TTS was vulnerable to extreme weather situations. In other words, the absence of rainfall in
the Tagus headwaters for prolonged periods of time has a serious impact on the TTS [4-6].
Some authors calculated a period of NO transfers of water resources for approximately
15 months. Furthermore, these authors point out that by applying the same methodology,
it could be said that the TTS would have been inoperative for a total of 59 months (5 years),
from the hydrological year 2004 /2005 to 2017/2018 [4].

As noted above, the TTS is vulnerable to extreme atmospheric situations (droughts).
This problem is negatively aggravated considering the climate scenarios of emissions and
effects on temperatures and precipitation in Spain [2,3,7-9], and, in specific terms, in the
south-east peninsular region [10-12], from 2020 to 2050 and from 2015 to 2100, especially in
river basins such as the Tagus and Segura.

Therefore, the relationship between the effects of climate change and water resources
deserves special attention, given that the variations in climate that are occurring on a
global scale are generating a series of effects in the Spanish territory, which is supported by
rigorous scientific data. Some of the most concerning effects are the variation in atmospheric
dynamics [12]; the increase in temperatures and the variations in rainfall [7,10-13]; the
increase in temperature and the increase in sea level [14-18].

All of this has direct repercussions on water planning, given that the headwaters and
resources in the basins are highly important for the development of agricultural activity, as
they favour the accumulation of water resources in reservoirs and aquifers. Future water
plans (third water planning period (2022-2027) and those of the following decades) should
simultaneously contemplate solutions to address the reduction in the volumes of useful
rainwater and the occurrence (ever more frequent) of intense or torrential rains leading to
floods that cause increasing economic damage [10].

Within this context, one of the principal ways to obtain water resources which are
not subject to climate variations is by increasing the so-called non-conventional sources,
particularly wastewater treatment and desalination.

The former is subject to the water consumption of the population in a year. In this
respect, there is a directly proportional relationship: the more water consumed by the
population, the greater the availability of treated water, and vice versa. Regenerated wa-
ter undoubtedly constitutes a buffer for the water resources of the basin and has been
incorporated in the current water plan, acting as a complementary source to the resources
of the TTS. However, from the end of the twentieth century and the beginning of the
twenty-first century, the need to reuse treated water has arisen, giving rise to the passing
of Royal Decree 1620/2007 of 7 December, establishing the legal framework for the reuse
of treated wastewater, thereby promoting the development of the reuse of treated water
and incorporating it into the water resources plan, provided that public health and envi-
ronmental protection can be guaranteed and establishing the necessary requirements to
enable or prohibit the use of treated or regenerated water, according to the afore-mentioned
regulation [19,20].

Similarly to treated wastewater, desalinated water does not depend on climate vari-
ation. It only depends on its own daily and annual production capacity. Desalination is
playing an increasingly prominent role in the hydrological planning of the basins. In Spain,
the promotion of desalination began with the repeal of the Ebro Transfer project, through
the passing of Royal Decree Law 2/2004 of 18 June, which modified Law 10/2001 of 5 July
of the National Hydrological Plan and the implementation of the A.G.U.A. Programme,
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and subsequently with the passing of Law 11/2005 of 22 June which modified Law 10/2001
of 5 July of the National Hydrological Plan [4,21].

This led to the planning and construction of large desalination plants along the Spanish
Mediterranean coast. The largest desalination plant is that of Torrevieja. It has a current
capacity of 80 hm?/ year and is managed by a state entity (ACUAMED). It has the largest
capacity in Spain and one of the largest in Europe [22].

Desalination is characterised by being a strategic source and has been used in sit-
uations of severe drought in Spain, cushioning the effects of drought and providing a
complementary water resource to the water of the TTS [4,5]. In fact, in situations of severe
drought and when no transfers have been carried out, the desalination plant of Torrevieja
has operated at full capacity, substituting the role of the transfer, for urban supply and
irrigation [4,5].

While the rest of Europe uses desalinated water basically for urban supply, Spain is
the pioneer in the use of desalinated water for agriculture and irrigation, given the water
scarcity of the region [8,22].

Desalination in Spain has emerged in response to the transfer policy promoted by the
former hydrological policy [5,6], which does not meet today’s sustainability objectives. The
desalination is accepted (socially) by the different economic sectors, and in many territories
of the Spanish Mediterranean coast it has become a principal resource.

In short, the commitment to managing demand and the use of resources in a way
that does not generate a situation in which territories are eternally dependent in terms of
water is an essential and irreversible process [23]. It is necessary to break away from the
traditional paradigm, based on the continuous supply of resources, which has no place in a
scenario of climate change with less rainfall and a reduction in groundwater resources [23].
The growing use of “non-conventional” water resources will become a need in the coming
decades on the Spanish Mediterranean coast, within the paradigm of demand and the
sustainable use of water [23] (Figure 1).

Planning from supply Planning from demand ‘

4

-Priority of surface water resources

-Lack of control in the development of new
irrigation and urban growth

-Transfers of water between water basins as the -Temperature rise
main piece to cover existing water demands

-Conflicts between territories in relation to
water control

-Effective management of existing resources in a
territory

-Incorporation of non-conventional water resources
(wastewater treated resources and desalination)

-Reduced dependency on water transfers

-High evaporation : )
e P -Control of expansion projects for new uses

(agricultural and urban) in relation to available water

-Rainfall changes
resources

-N i i f cli hi ff |
© consideration of climate change effects Runoff decrease -Consideration of climate change effects
UNSUSTAINABLE TERRITORIAL SUSTAINABLE TERRITORIAL
DEVELOPMENT
Old hydrological paradigm New hydrological paradigm

Figure 1. Scheme of the old and new paradigm in water planning in study area. Source: own elaboration.

The working hypothesis of the research is because the Tagus—-Segura water transfer is
being affected by the effects of climate change, especially regarding the quantity of water
resources. To verify this hypothesis, a series of secondary objectives were set to corroborate
this approach:
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(a) To ascertain the water situation in the headwaters of the Tagus basin.

(b) To analyse the water balance and relevance of the TTS and non-conventional sources
in the Segura basin, and their effect on the Lower Segura region.

(c) Todrawup a water balance adjusted to the Bajo Segura region to identify the agricul-
tural areas with the greatest water demands.

(d) To propose the basis for a new sustainable hydrological plan based on demand
management and the use of own resources that are compromised by the foreseeable
effects of climate change in terms of precipitation [24].

2. Materials and Methods
2.1. Background to the Tagus—Segura Transfer (TTS)

Beforehand, it should be put into context that the origin of the Tagus—-Segura Transfer
project dates back to the First National Hydraulic Works Plan (1933), which basically sought
to correct the imbalances between the Atlantic and Mediterranean coasts which, through
the so-called “Plan de Mejora y Ampliacion de los Riegos de Levante” (Extension and
Improvement Irrigation Plan in Spanish Levante region), was based on the transformation
of a total area of 338,000 hectares, over the provinces of Murcia, Valencia, Alicante, Almeria,
Albacete and Cuenca [25].

After the severe drought of 1967, the TTS project was approved in 1969, the works
were completed, and the diversion started operating in 1979. The diversion is a canal
with a length of 286 km and a flow rate of 33 m3/s. It links the Bolarque reservoir, in
the Tagus basin, with the Talave reservoir, on the river Mundo, the main tributary of the
Segura [25]. The cost of the construction of the diversion and post-transfer systems was
estimated at ESP 90,000 million (La Verdad newspaper, 18 February 1998), equivalent to
EUR 540,910,984 today.

According to the General Proposal for the Joint Management of the Water Resources
of Central and South-eastern Spain, Tajo-Segura System, the final objective was to transfer
an annual volume of 1000 hm?®. Of this, 640 hm3/year would be used for irrigation. This
objective would be met in two phases: a first phase, with a transfer of 600 hm?, and a second
phase, with a transfer of 40 hm?. With these estimated volumes, it was expected to transform
a total of 90,000 new hectares and complete the allocations of 46,816 existing deficit hectares.
The latter were already under cultivation but did not have sufficient volumes of water for
optimal irrigation. This was to be solved with the arrival of transferred water.

These planned volumes of water generated a great expectation that led to the trans-
formation of rain-fed crops into irrigated crops (new irrigation), and the area benefited
increased to 135,361 hectares. The area contemplated in the TTS project was 136,816, so
that some authors indicate that “miraculously, it seemed that the objectives outlined in the
preliminary draft had been achieved” [25]. However, the expansion of the surface area oc-
curred during the years of construction of the TTS. Therefore, the increase in irrigated area
was only justified using groundwater (indigenous resources) of the territories [25]. This
implies that, for example, as in the case of the Vega Baja del Segura, most of the aquifers
are overexploited. Consequently, the exploitation of the groundwater resources of the
region, which are protected by the official basin organisation (Demarcacion Hidrografica
del Segura), is currently prohibited.

Furthermore, this explains why the water from the aqueduct has been insufficient
to supply the demand of the Segura basin, as indicated in the respective hydrological
plans (2015-2021) and (2022-2027) [26,27], as the water from the aqueduct has been able
to maintain, as far as possible, part of the transformed areas. Moreover, to make the best
possible use of the water received from the aqueduct for new irrigation, modern irrigation
techniques have been introduced, such as drip irrigation.

An interesting point in the Preliminary Project of the Tagus-Segura Transfer is that
the demand in the Tagus basin was 1447 hm?/year and the own adjustable resources
amounted to 8152 hm®/year, while the demand in the Segura basin was 1045 hm?/year
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and the available resources (basin) amounted to 820 hm?/year, revealing the deficit of
the basin.

With the construction of the aqueduct, demand in the Tagus basin would be main-
tained, although the basin’s resources would decrease by 1000 hm®/year due to the transfer
of water from one basin to another, estimated at 7152 hm®/year. As for the Segura basin,
demand would remain the same, but the available basin resources would increase thanks to
the volumes of water transferred amounting to 2120 hm3/year (offer in the Segura basin).
These figures have never been reached, as the Preliminary Project did not contemplate the
possibility of an increase in demand in both basins (Tagus and Segura) or the absence of
some transfers, for months or even years. In fact, the values estimated in the Preliminary
Project have never been obtained with the transferred water.

2.2. Area of Study

Given that the research is focused on the Tagus-Segura water transfer, the chosen
study area is divided into three parts. These three parts coincide with the presentation of
the sections in the Results section (Figure 2).

Study area: Upper Tagus; Segura
Hidrographic Basin and Bajo Segura
region (Alicante).

Legend

[ ATS Reservoirs
@ ATS Channel
&= Post-Transfer Channel
== Mundo River

— Segura River
77 Study Area
[ Study Area C - Bajo Segura

‘Scale: 1:2,000,000

ource: Valencian Cartographic Institute
(ICV) and Ministry of Ecological Transition
and Demographic Challenge (MITERD).

| Reference Coordenate Systems (SCR):
ETRS-89
Proyection: UTM Zone 30 N - EPSG: 25830

Figure 2. Study area: (A) Upper Tagus; (B) Segura Hidrological Basin; and (C) Bajo Segura Region
(Alicante). Source: Valencian Cartographic Institute (ICV) and Demarcaciéon Hidrograficadel Tajo
(DHT) and Segura (DHS). Own elaboration.

The first area of analysis focuses on the river Tagus basin, specifically in the headwaters
of the river Tagus, belonging to the sub-basin known as the Upper Tagus. The source of
the river Tagus, the presence of two large reservoirs (Entrepefias and Buendia) and the
beginning of the hydraulic infrastructure of the Tagus-Segura Transfer are in this area
(Figure 2). The effects of climate change calculated and estimated by the official basin
organisation itself are also considered, in order to indicate the behaviour or trend in
this sector.
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The second zone corresponds to the Segura catchment area. The aspects analysed are
those corresponding to the water balance (supply and demand) to ascertain whether the
water transfer has made it possible to eliminate the existing deficit in the Segura basin, as
was proposed in the Preliminary Project for the water transfer. Once the water balance is
known, special attention is paid to the area corresponding to the province of Alicante. To
this end, the UDAs (Agricultural Demand Units) corresponding to this region were selected.
The purpose of this analysis is to find out the amount of existing gross or irrigable surface
area, and to compare it with the net or irrigated surface area in this region, according
to the data provided by the new Hydrological Planning Cycle of the Segura River Basin
(2022-2027).The gross and net demand of the previously selected UDAs is analysed below.
Gross and net demand is directly related to gross and net surface areas. Therefore, the
demand makes it possible to know the volume of water necessary to supply these areas to
obtain an optimal irrigation for the crops (calculated by the official basin organisation).

Lastly, the effects of climate change in the Segura basin are analysed, calculated by the
basin organisation with respect to rainfall, evapotranspiration, surface runoff and aquifer
recharge; this provides information on the water future of the Segura basin (which is
structurally deficient).

The third area of analysis is centred on the province of Alicante (Valencian Commu-
nity), specifically in the region known as Bajo Segura or Vega Baja del Segura. The choice of
this area is justified by the fact that it is a region directly dependent on the water resources
of the Tagus-Segura water transfer.

In this respect, when the water from the aqueduct reaches the Ojds reservoir, three
water diversion channels start from this reservoir, which correspond to the so-called “Post-
Transfer Infrastructure”. These three channels take different directions. The first heads
towards the province of Alicante, passing through the north of the district of Vega Baja del
Segura, as far as the Crevillente reservoir (BajoVinalop¢ district and the Jucar basin). The
second channel heads towards the Pedrera reservoir (Bajo Segura district). From this point,
another canal splits into two branches: one heading north-east towards the town of Los
Montesinos; and another heading south, passing through towns such as San Miguel de
Salinas, Orihuela and Pilar de la Horadada (Bajo Segura district). This channel ends when it
reaches the municipality of Cartagena (Murcia). The third canal heads southwards, crossing
the Murcia Huerta, Algeciras, among other localities; it ends in Almeria (Andalusia).

Given the great length of the water transfer and its implications for large areas of land,
it has been decided to limit the analysis to the province of Alicante, specifically to the Bajo
Segura or Vega Baja del Segura region (made up of 27 municipalities).

The territory of the district of Vega Baja is included within the Segura basin in terms
of hydrological planning but is influenced by the Tagus basin as it receives resources from
it through the Tagus-Segura Transfer. This reveals the need to analyse the current situation
of each basin in relation to the effects of climate change that are visible in Spain, and their
impact on the available water resources.

Along these lines, the district of Vega Baja del Segura implements a multi-source
system in water management: surface water (River Segura), groundwater, the Tagus—
Segura Transfer, the post-transfer, the reuse of treated wastewater and desalination. This
situation is ideal in areas with a natural scarcity of water resources [24]. However, the
system is vulnerable to the effects of climate change, due to the reduction in surface water
resources predicted for this part of Spain. Therefore, it is necessary to reflect on possible
future solutions to guarantee supply in this territory with natural rainfall scarcity.

2.3. Data Source and Analysis

This article analyses the deficiencies of the Tajo-Segura Transfer and its implications in
the Segura River basin, and, especially, in the region of Bajo Segura or Vega Baja del Segura,
motivated by the effects of climate change.

The methodology applied is based on the hypothetical-deductive model. The hypothetical-
deductive method is one of the most accepted methods currently in the scientific field,
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especially applied to social sciences such as geography, the approach given in this article.
The method consists of a working hypothesis that, based on the analysis of a series of
available data, allows the hypothesis to be corroborated or not. The steps of the hypothetical-
deductive method are: (1) data collection; (2) data evaluation; (3) hypothesis generation;
(4) diagnosis; and (5) final conclusion and/or proposal.

The working hypothesis of the research is based on the fact that the Tagus-Segura
water transfer is being affected by the effects of climate change, especially with regard to
the quantity of water resources. In order to confirm these aspects, information and data
have been compiled from the institutions, bodies and official associations (Figure 3).

I Hypothesis and study objectives statement |
1 STEP | Data collection (plans and official reports) |
ANALYSIS
| Q-gis cartographic database design |
2 STEP | Field work in study area |
| Verification of water consumption data |
‘ DIAGNOSIS
3 STEP
Incorporation of official climate change
projections in study area
4 STEP Development of the sustainable water PROPOSAL
managment proposal

Figure 3. Diagram/outline of the methodological steps in this paper.Source: own elaboration. The
innovative contributions of this paper are shown in the shaded areas.

First, the Hydrological Plan of the Tagus Basin (2022-2027) was consulted to compile
information regarding the available water resources of the basin. Particular focus was
placed on precipitation, surface runoff and the volume of water stored in the Entrepenas
and Buendia reservoirs. The predicted effects of climate change on the Tagus basin were
also identified, specifically in the headwaters or sub-basin of the Tagus.

To obtain the data of the volumes of water stored in the Entrepefias and Buendia
reservoirs individually and jointly, the website of the Ministry for the Ecological Transition
and the Demographic Challenge (MITERD) through the Centre for Public Works Studies
and Experimentation (CEDEX) was consulted. This organisation has all the yearbooks of
the volumes of all the basins in Spain, by day and month, depending on the time series
chosen. In this way, the years of operation of the TTS have been established as a time series
(1979-2021). The principal element in the search was to identify the reserve figure in hm?
at the beginning of each month in order to analyse the evolution of the water stored in each
reservoir or jointly (Entrepefias-Buendia), so as to establish whether there are currently
sufficient volumes of water to transfer via the TTS to the irrigated lands of south-east Spain,
and whether these volumes are similar to the theoretical transfer volumes established in
the Preliminary Project of the TTS.

After ascertaining the situation in the Tagus headwaters with respect to the precip-
itation, surface runoff and volume of reservoir-stored water, information and data were
collected regarding the Hydrological Plan of the Segura Basin (1st Cycle 2015-2021) and
the Hydrological Plan of the Segura Basin (2nd Cycle, 2022-2027).

In the case of wastewater treatment, the data were provided by the Regional Depart-
ment of Agriculture, Rural Development, Climate Emergency and Energy Transition based
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on the data of the Entidad Publica de Saneamiento de Aguas Residuales (Public Wastew-
ater Treatment Entity) (EPSAR) of the Region of Valencia, which refer to the wastewater
treatment plants (EDARs) installed in the district, their daily production capacity, their
annual production capacity, the water treated and the water regenerated, among other
information of interest.

With respect to desalination, data on production capacity and the water produced
over the last four to five years were provided by the Torrevieja desalination plant. The
public entity ACUAMED provided the data on the Torrevieja desalination plant and the
cost of production, the energy cost and the future expansion projects contemplated for the
desalination plant.

The different declarations of drought and the adaptation mechanisms adopted were
also consulted for the period 2015-2018 to determine how the price of desalinated water
produced by the Torrevieja plant was established at EUR 0.30 m? and the measures adopted
by the basin in response to an extreme atmospheric event.

An analysis of these statements reveals a fundamental aspect that is significant for the
future of TTS and traditional irrigation models in relation to water sources and extreme
events. Therefore, it appears that HTM-dependent irrigation models enter a situation of
pre-warning of drought long before the traditional irrigation models that use the basin’s
resources. In addition, traditional irrigation models do not enter a drought early warning
situation until rainfalls fall to half of the drought early warning values in TTS crops. This
justifies greater adaptation to extreme weather phenomena, such as droughts, and therefore
resource-dependent irrigated crops.

Finally, in relation to the TTS and the volumes of water assigned and consumed in each
irrigation community, the study establishes whether with this volume of water profits have
increased or decreased, depending on the greater or lesser amount of available water. To do
this, four key socio-economic indicators were taken into account: the area of production, the
average budget per inhabitant, recruitment in agriculture and unemployment in agriculture
for the district of Vega Baja del Segura.

In this respect, the volumes of water transferred in 2011, 2015 and 2019 were also in-
cluded, together with the desalinated water produced by the Torrevieja plant (ACUAMED)
to establish a relationship between the availability of water and the previously mentioned
socio-economic indicators.

A geographical information system called QGIS was used for the cartographic part.
The layers used to elaborate the location map of the area of study were downloaded in
shape (shp.) format from the Valencian Cartographic Institute (ICV), the National Geo-
graphic Institute (IGN), the Demarcacion Hidrografica del Segura (DHS), the Demarcacién
Hidrografica del Tagus (DHT) and the Demarcacion Hidrogréfica del Jicar (DH]J) (Table 1).

This analysis seeks to determine the water balance and to estimate the deficit that exists.
It also proposes alternative measures to increase the water supply and a new hydraulic
plan for the hydrographic basins of Spain.

Table 1. Sources and official documents consulted.

Source Documents Consulted Information Used

- Iberian Climate Atlas (2011)

- https:/ /www.aemet.es/ - Monthly and annual
Spanish documentos/es/conocermas/ rainfall cartographic
Meteorological recursos_en_linea/publicaciones_ data of the study area
Agency (AEMET) y_estudios/publicaciones/Atlas- (Tagus basin and Upper
climatologico/Atlas.pdf (accessed Tagus sub-basin).
on 13 June 2022)
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Table 1. Cont.

Source

Documents Consulted

Information Used

Tagus
Hidrografica
Demarcacion

Hydrological Plan for the Tagus
River Basin (2009-2015).

https:/ /www.chtajo.es/LaCuenca/
Planes /PlanHidrologico/Planif_20
09-2015/Paginas/default.aspx
(accessed on 13 June 2022)
Hydrological Plan for the Tagus
River Basin (2015-2021).

http:/ /www.chtajo.es/LaCuenca/
Planes/PlanHidrologico/Planif_20
15-2021/Paginas/Plan_2015-2021.
aspx (accessed on 13 June 2022)
Hydrological Plan for the Tagus
River Basin (2022-2027).

http:/ /www.chtajo.es/LaCuenca/
Planes/PlanHidrologico/Planif 20
21-2027 /Paginas/BorradorPHT_20
21-2027.aspx (accessed on 13 June
2022)

Average precipitation in
the Upper Tagus
sub-basin.

Average runoff in the
Upper Tagus sub-basin.

Ministerio para la
Transicion
Ecologica y Reto
Demografico
(MITERD)

Yearbooks of gauges in Spain
(1979-2021)

https:/ /ceh.cedex.es/
anuarioaforos/afo/embalse-datos.
asp?ref_ceh=3006 (accessed on

13 June 2022)

Water stored in
Entrepefias and Buendia,
and all of it, from 1979 to
2021.

Demarcacion
Hidrografica del
Segura

Hydrological Plan for the Segura
River Basin (2015-2021).

https:
//www.chsegura.es/es/cuenca/
planificacion/ planificacion-2015-2
021/plan-hidrologico-2015-2021/
(accessed on 13 June 2022)
Hydrological Plan for the Segura
River Basin (2022-2027).

https:

/ /www.chsegura.es/es/cuenca/
planificacion/planificacion-2022-2
027/ el-proceso-de-elaboracion/
(accessed on 13 June 2022)

Actual consumption of the
irrigation communities dependent
on the TTS (2020) (data provided by
CHS).

Water balance (supply
and demand).

Supply resources.
Resource demand.
Urban demand.
Agriculturaldemand.

Climatechangescenarios.

Sindicato
Central de
Regantes del
Acueducto Tajo
Segura (SCRATS)

Volumes of water transferred for
irrigation in the Segura basin.
https:/ /www.scrats.es/ (accessed
on 13 June 2020)

Water volumes corresponding to
Alicante of the water transferred for
irrigation in the basin (data
provided by SCRATS).

Volumes of water
transferred for irrigation
in the Segura basin.
Volumes of water
corresponding to
Alicante of the water
transferred for irrigation
in the basin.
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Table 1. Cont.

Source Documents Consulted Information Used
Number of WWTPs
installed in the Vega Baja
del Segura.

Number of WWTPs in
- Information on the existing operation in the Vega
wastewater treatment plants Baja del Segura.
Public Entity for (EDARSs) in the region of Vega Baja Design production
Wastewater del Segura. capacity.
Sanitation - https:/ /www.epsar.gva.es/ Flows treated per day
(EPSAR) estaciones-depuradoras (accessed (m3/s).
on 13 June 2020) Flows treated per year
(hm3/ year).

- Flows treated and
regenerated.

- Discharge points.

- Maximum desalination
capacity at the Torrevieja
plant.

- Energy cost of

- Current data from the Torrevieja ﬂeszlma.tlon. ¢
Mediterraneanba- plant _ dz(;aﬁlﬁ:ggf osto
sinwaters - (daa provideq by AC.UAMED)' - Final cost of production
(ACUAMED) - Future expansion projects

and delivery.

- Environmental costs.

- Future planning
(expansion of
production capacity by
80> 120 > 160 hm? /year).

- (data provided by SCRATS).

Source: own elaboration.

The scientific contribution of this article is based on the analysis of the most current
data offered by basin organisms, the effects of climate change and its involvement in water
resources. First, it is shown that the current water situation at the head of the Tagus is
not the same as in 1969. This implies a reduction in water resources in the Tagus basin
and, consequently, lower volumes of water transferred. These data are demonstrated by
the analysis of a short series of precipitation and runoff (1940-1979 and 1980-2018). To
complete this analysis, we obtained the existing data of water embalmed in Entrepefias and
Buendia (separately) of the series of operation of the Tajo-Segura Transfer (1979-2020). In
order to proceed with a transfer, it is necessary that the volume of water in the reservoirs of
Entrepefias-Buendia (as a whole) exceeds a certain amount at the beginning of each month.

The analysis of the water volumes packed in these reservoirs, both individually and
separately, shows a significant reduction in the water resources stored, caused by the effects
of climate change due to the lack of rainfall in the headwaters or the volume of rainfall.
One of the effects demonstrated by the climate change that occurs in Spain is based on the
reduction in rainfall in inland areas as opposed to large discharges that occur on the coast.
This has a serious impact on the basins’ water resources, since if it does not rain at the head
of the rivers, the basins” water resources are diminished.

The analysis of the data from the Segura basin has allowed us to know the water
balance (offer and demand) and the existing deficit, despite the water contributions of
the Tajo-Segura Transfer. The data obtained have allowed us to know the situation in the
province of Alicante, adjusting it to the region of Bajo Segura.
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Another new aspect of the work corresponds to the construction of a water balance
(supply and demand) and its water deficit, adjusted to the region of Bajo Segura in Alicante.
The data show that the existing deficit is not as high as the above claims and that there is
water for irrigation in the region. In addition, a table was prepared to estimate the situation
for future scenarios in the Vega Baja of the Segura River (2030 and 2050). This table has
been compiled as follows: the calculation of these quantities was established on the basis
of the following method of analysis: (1) analysis of the official water demand and supply
data calculated by the CHS; (2) analysis of the official data on the effect of the decrease in
rainfall on water resources (AEMET, CEDEX) in the study area, especially of the resources
coming from surface water (Segura River and Tajo-Segura water transfer); (3) knowledge
of the territorial dynamics of the study area (for calculating future demands of the different
water uses), which is what the field work was used for; (4) calculation of substitution flows
for surface water and water transfer with non-conventional water (reuse and desalination),
knowing that the reuse of wastewater has a ceiling (depending on the recent evolution of
treated flows and total urban expenditure) and that the great asset is desalination for urban
and agricultural use. Furthermore, in the current energy transfer process, it is estimated
that the final cost of desalinated water will decrease in the coming years, depending on the
installation of solar energy sources to feed the Torrevieja plant.

The most relevant of this analysis are two specific issues: (a) it is identified that the
highest amount of water demand for irrigation cultivation corresponds to the trans-formed
areas from rain-fed to irrigated and is dependent on the waters of the Tagus-Segura Transfer.
It is also observed that irrigated crops dependent on basin water resources have a greater
resistance to extreme weather (droughts) than those dependent on the transfer. In addition,
it has been shown on numerous occasions that the transfer is an infrastructure vulnerable to
such situations. (b) The data provided by the basin body include the volume of concessional
water allocated to each irrigation community dependent on TTS water in the province of
Alicante. However, actual consumption data by irrigation communities are much lower
than the volume of water allocated in 1969.

The fact that they do not receive the amounts of water allocated in 1969 is justified by
the reduction in water available at the head of the Tagus, hence the importance of having
made its analysis earlier. The data show that these irrigation communities will never receive
such volumes of water allocated in 1969, when the climate and water reality was quite
different from the current one (2022).

However, farmers in the region continue to think that they do not receive such amounts
of water for political-social reasons, forming the so-called “water wars”. Examples of this
are exaggerated claims that it is “the end of Europe’s market garden”, “without water there
is not agriculture” or “that there is a deficit of 1000 hm? /year in the Segura basin”. Farmers
are therefore still waiting for water that they will never receive again, hence the importance
of this article to demonstrate the real situation with rigorous scientific data.

The last aspect to be highlighted is that the deficit in the region of Bajo Segura can
be solved by increasing the volume of water from wastewater treatment and desalination,
increasing its annual production capacity, as proposed by the basin body. There are also
other methods of reducing the deficit, such as the use of modern irrigation systems or the
reduction in less productive, if extremist, cultivated land.

All these issues justify the scientific and novel contributions of the article.

3. Results
3.1. The Effects of Climate Change in the Headwaters of the Tagus (Upper Tagus)

According to the Hydrological Plan of the Tagus Basin (2022-2027), the current average
rainfall in all Spanish areas of Tagus basin is 594 mm (1980-2018 series). These data
are something different in the Upper-Tagus sub-basin, where the great reservoirs that
regulate the Tagus—-Segura Transfer are located and have experienced a decrease between
the 1940-79series (655 mm.) and the 1980-2018 series (568.5 mm.).Therefore, now the
average rainfall is lower than the average rainfall for the entire Tagus basin.
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Many studies highlight the reduction in rainfall in the headwaters of the Tagus basin,
calculated at a decrease of 12% in the period 1980-2018 [8,9]. This justifies the Tagus
basin plan with the rainfall data (average and maximum) and surface runoff (average and
maximum) for the sub-basin of the Upper Tagus, the headwaters of the Tagus and the
beginning of the Tagus-Segura Transfer [28].

It should first be clarified that there are three series in the Hydrological Plan of the
Tagus Basin: 1940-2018 (long series), 1940-1980 (old short series) and 1980-2018 (current
short series). Only the last two short series were considered, using the mean values.
The headwater rainfall was calculated from the SIMPA model, which is the hydrological
reference model for the calculation of water resources in the hydrological plans. For the
calculation of rainfall, the model establishes average data for each planning area within
the basin, and when there are no long series in the meteorological observatories of the
area, it fills in data from the longest series corresponding to observatories close to the
planning area.

The results clearly show the effects of climate change in the headwaters of the Tagus
basin in relation to precipitation. Although in some months there is an increase, the
general monthly trend corresponds to a considerable decrease. In general terms, it can be
observed that the mean obtained in the short series (1940-1979) was 655 mm and in the
most recent short series (1980-2018) the mean drops sharply to 568.5 mm of precipitation
in the headwaters of the Tagus. This represents a decrease of -86.5 mm of precipitation,
which represents a decrease of 13.2%, at present (Table 2). Consequently, these means are
substantially different, which implies evidence of the impact of climate change in the Tagus
headwaters [28].

Table 2. Calculations of average monthly/annual precipitation decrease and percentages in the
Upper Tagus (series 1940-1979 and 1980-2018).

Series 1940-1979 Series 1980-2018 Reduced Percentage
(mm) (mm) Quantity (mm) Reduction (%)

October 29.2 30.3 +1.1 +3.8
November 31.3 323 +1 +3.2
December 47 53.2 +6.2 +13
January 80.1 67.6 —12.5 —15.6
February 90.4 64 —26.4 —29
March 91.2 68.2 —23 —25
April 79.7 68.8 —10.9 —14
May 68.1 61.2 —6.9 —10
June 45.1 444 —0.7 —1.6
July 36.5 319 —4.6 —13
August 27.6 247 —2.9 —11
September 28.8 21.9 —6.9 —24

Total 655 568.5 —86.5 —13.2

Source: Hydrological Plans for the Tagus Basin (2022-2027; 2015-2021; 2009-15). Monthly collated data Iberian
Climate Atlas (AEMET, 2011). Own elaboration. Color: Identify decreases (red and negative) and increases (green
and positive).

Meanwhile, the Hydrological Plan of the Tagus Basin (2022-2027) also reports a series
of data related to surface runoff. In this respect, the reduction in rainfall has a direct effect
on the surface runoff of the Tagus Basin. These volumes of surface water are used for
the transfer.

Therefore, surface runoff functions as an indicator of the impact of climate change, in
relation to the reduction in mean precipitation in the headwaters of the Tagus. Adding the
monthly averages of surface runoff for the short series (1940-1979) gives a total surface
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runoff of 657.4 hm? for the 30-year series. For its part, the sum of the monthly averages
of surface runoff for the short series (1980-2018) gives a total result of 380.8 hm? in the
30-year series. This implies the reduction of a total of 276.6 hm? in thirty years, which is a
percentage reduction of 42.1% (Table 3) [28].

Table 3. Calculations of average monthly /annual runoff decrease and percentages in the Upper
Tagus (series 1940-1979 and 1980-2018).

Series 1940-1979 Series 1980-2018 Reduced Quantity Percentage
(Hm?) (Hm?) (Hm®) Reduction (%)

October 30.9 249 —6 —19.4
November 443 30.6 —13.7 —31
December 55.9 58.4 +2.5 +4
January 84.1 48.4 —35.7 —42.4
February 130 45.8 —84.2 —65
March 157 71.7 —85.3 —55
April 79.6 499 —29.7 —37.3
May 50.3 35.8 —14.5 —28.8
June 11.0 11.7 +0.7 +6
July 1.0 0.4 —0.6 —60
August 0.5 0.5 0 0
September 12.8 2.6 —10.2 —80

Total 657.4 380.8 —276.6 —42.1

Source: Hydrological Plan for the Tagus Basin (2022-2027). Own elaboration.

Another aspect that highlights the decrease in rainfall and surface runoff in the Upper
Tagus due to climate change is the volume of water stored in the Entrepefas and Buendia
reservoirs, particularly when analysing the historical series of 1979-2020, coinciding with
the years of the operation of the TTS.

In the water year 1979-1980, the volume of water stored in the Entrepefias reservoir
reached a value of 6308 hm?/year. This figure had fallen to 4083 hm?/year in the water
year 2019-2020. Meanwhile, in the Buendia reservoir, in the year 1979-1980, there was a
total volume of 14,268 hm3/ year, and in the water year 2019-2020 this figure had fallen
sharply to 3613 hm?/year. However, it should be remembered that the volume of water
authorised for transfer depends on the sum of the two reservoirs (Entrepefas and Buendia).
In this respect, and following the same line of analysis as in the individual cases, the total
joint volume of water of the Entrepetias and Buendia reservoirs in water year 1979-1980
amounted to 20,576 hm®/year, with 7696hm? /year in water year 2019-2020, representing a
decrease of 63% (Table 4, Figure 4).

Moreover, it should be noted that in the years of severe drought, as a whole, values
of between 5000 and 9000 hm3/year have been reached, revealing their vulnerability to
extreme atmospheric events.

Therefore, two conclusions may be drawn: (a) the impact of the effects of climate
change on the headwaters of the Tagus is inevitable, as a reduction in rainfall directly
affects the surface runoff and the volumes of water stored in reservoirs; and (b) the TTS is
adversely affected in this respect, given that the theoretical volumes calculated to transfer
to south-east Spain correspond to volumes of water that existed in and prior to 1979-1980,
which are not attainable in the present day. This implies the need to carry out a review of
the calculations made in the Preliminary Project of the Transfer with current data, given
that it is inconceivable that the theoretical water allocations can continue to be planned
based on calculations made over forty years ago, when the climate reality was completely
different to that of today.
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Table 4. Comparison between water stored in the Entrepefias—Buendia reservoir and volumes of
water transferred by the Tagus-Segura Aqueduct.

Hidrologycal Year ~ Vol. Water (hm3/year) ~ Vol. of Water Transferred (hm>/year)

1979-1980 20,576 36
1980-1981 15,308 463.9
1981-1982 9648 287.9
1982-1983 5853 287.9
1983-1984 5142 287.9
1984-1985 9674 373.6
1985-1986 10,431 386.4
1986-1987 10,129 307.2
1987-1988 10,574 436.9
1988-1989 11,086 438.6
1989-1990 9679 287.9
1990-1991 8628 287.9
1991-1992 6646 287.9
1992-1993 5307 287.9
1993-1994 5025 255.1
1994-1995 3321 150.8
1995-1996 5383 361.1
1996-1997 11,882 457
1997-1998 15,964 302.5
1998-1999 14,229 287.9
1999-2000 9945 287.9
2000-2001 11,798 373.6
2001-2002 10,090 287.9
2002-2003 9276 312.9
2003-2004 9486 382.7
2004-2005 7673 287.9
2005-2006 3635 287.9
2006-2007 4139 253.3
2007-2008 3918 138.7
2008-2009 5298 199.2
2009-2010 9818 259.2
2010-2011 14,202 287.8
2011-2012 11,169 287.8
2012-2013 8926 287.8
2013-2014 9048 287.8
2014-2015 6236 281.2
2015-2016 5396 231.8
2016-2017 4637 127.3
2017-2018 5224 156.6
2018-2019 7297 313.6
2019-2020 7696 210

Source: yearbooks of gauges in Spain. Own elaboration.
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Figure 4. Graph comparison between water stored in the Entrepefas-Buendia reservoir and vol-
umes of water transferred by the Tagus-Segura aqueduct. (a) Evolution of water reservoirs in the
Entrepenas—Buendia reservoir (1979-2018); (b) evolution of volumes of water transferred by the
Tagus-Segura aqueduct (1979-2018). Source: yearbooks of gauges in Spain. Own elaboration.

Finally, the PHCT (2022-2027) reports the percentage of change in the quarterly runoff,
calculated in average (RCP 4.5) and high (RCP 8.5) climate change scenarios for the Upper
Tagus. For the months of October to December, a reduction of 14% is calculated in an
RCP 4.5 scenario and 20% in an RCP 8.5 scenario, coinciding with the months of most
rainfall [28]. This implies that the rainfall trend, the surface runoff and the volumes of
reservoir-stored water in the Upper Tagus are in continuous decline, constituting a serious
problem for those dependent on the water from the TTS.

3.2. The Water Balance in the Segura Basin: Supply and Demand in Vega Baja

According to the Hydrological Plan of the Segura Basin (2015-2021), the total available
resources of the basin (including the TTS) amounted to 1511Thm?/year, and the total demand
of the basin reached a volume of 1841 hm?/year. Given that the demand is higher than the
available resources, the water deficit calculated for the whole of the Segura basin for this
time horizon was 330 hm?/ year [26].

Meanwhile, the recent Hydrological Plan of the Segura Basin (2022-2027) indicates
that the total available resources in the basin (including the TTS) amount to 1571 hm?/year,
which implies an increase in water resources in the basin. The total demand of the basin,
meanwhile, amounts to a volume of 1831 hm? /year, representing a decrease in demand with
respect to the previous time horizon, which is justified by the increase in water resources
from non-conventional sources. This is whythe deficit has reduced to 260 hm?/year
(Table 5) [27].

Considering the scenarios contemplated for 2027 and 2039 in the PHCS (2022-2027),
two different trends may be identified: the first is the continued increase in water resources
using non-conventional sources, such as those obtained through wastewater treatment
and desalination in the Segura basin for 2027 and 2039. The second trend is related to the
Segura basin’s own water resources, such as surface and groundwater, which are set to
decrease in terms of total annual volume. Furthermore, the plan considers that less sea
discharges will take place in 2027 and 2039, which suggests an advance in the use and
management of water.

A rising trend can be observed in the urban demand in the Segura basin. This coin-
cides with the increase in agricultural demand for the 2027 and 2039 horizons [27]. This
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constitutes a serious problem for agriculture, given that the Water Law 29-1985 and the
subsequent Law of the National Hydrological Plan 2001 and Law 11/2005, which modifies
the previously mentioned law, indicate urban supply as the priority use. This implies that
in situations of extreme atmospheric events (droughts), priority is given to urban supply
above other uses (ecological, irrigation and agricultural uses, industrial, etc.). Therefore, in
the case of need, water will be extracted from the water allocations assigned to irrigation
and agricultural users, thereby aggravating the consequences for irrigated crops.

Table 5. Segura River basin water balance (2022-2027).

Average
Resources (hm®/year)
Horizon
(2022-2027)

Segura River Basin Water Balance

Surface water 704
Groundwater 66
Available Non-draining surface resources to the Segura 15
Resources Returns to the system 268
Desalination 223
TTS 295
TOTAL AVAILABLE RESOURCES 1571
Urban demand 250
Demand Environmental demand 39
Agricultural demand 1522
Other demands (industrial, golf, etc/. 20
TOTAL BASIN DEMAND 1831
BASIN DEFICIT —260

Source: Hydrological Plan for the Segura River Basin (2022-2027).

With respect to the urban demand of the basin, the calculation of urban demand
conducted by the CHS in the district of Vega Baja del Segura was performed. In 2021,
urban demand was recorded at 39.2 hm?3/ year, and it is estimated that by 2039 it will
have increased to 43.5 hm®/ year [27]. It is interesting to note that the urban demand
corresponding to the district of Vega Baja only represents 16% of the total demand of the
Segura basin.

It is more interesting to analyse the agricultural demand of the district of Vega Baja
del Segura, according to the data included in the PHCS. To achieve this, the gross or usable
agricultural land and the net areas or those cultivated by UDAs (Units of Agricultural
Demand) corresponding to the district of Vega Baja del Segura were chosen (Table 6).

As we can observe in Table 5, the PHCS shows that there is a gross or usable agricul-
tural area of 65,411 hectares, of which 47,636 hectares are cultivated, representing 72.8% [27].
In the afore-mentioned plan, the total gross and net demands per crop and the total demand
for per UDA are reported.

Table 5 shows the UDAs that depend on the waters of the Tajo-Segura Transfer are
52, 53, 56 and 72. This gives a total of 27,837hectares and an annual water demand of
117.9 hm3/ year, while the UDAs that depend on available basin resources (46, 48, 51 and
55) add up to a total of 19,799 hectares and an annual water demand of 76,5 hm? /year. These
data show that the UDAs that were rain-fed crops and were transformed into irrigated
crops (new irrigation), because of the Tajo—Segura Transfer project, are the areas with the
highest water demand and, consequently, the causes of the water deficit in the region of
Bajo Segura.
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Table 6. Area (gross and net) and demand (gross and net) by UDAs belonging to the region of Bajo

Segura (Alicante).
Gross Area Gross Net Area Net
(ha) Demand (ha) Demand
(hm3/year) (hm?3/year)
UDA Denomination Horizon 2022-2027 Horizon 2022-2027
46 Traditional Vega Baja 23,780 100.1 15,469 58
48 Vega Baja post Al33y ampl. 3067 12.3 1913 8.2
del 53
Mixed irrigation of aquifers and
51 wastewater treatment plants 4538 9.9 1634 7.5
south of Alicante
52 Riegos Levante Right Bank 3439 15.9 2886 11.9
Riegos Redotados del TTS de
53 RLML-Segura 11,046 52.4 8713 36.1
55 Crevillente Aquifer 1306 3.2 783 2.8
56 La .Ped.rera ZRT TTS Redotados 10,563 525 9411 414
Irrigations
Re-dedicated irrigated lands of
72 the Vega Baja TTS, left bank 7672 40 6827 285
TOTAL 65,411 286.3 47,636 194.4

Source: PHCS (2022-2027).

It is evident that climate change has a significant impact on water, which obliges the
organisations of the basin to take it into account in hydrological planning. In this respect,
the CHS establishes three future periods of 30 years, called impact periods (IP). These
impact periods are IP1 (2010-2040), IP2 (2040-2070) and IP3 (2070-2100), reflecting the
impact in the short, medium, and long term, in accordance with the medium (RCP 4.5) and
high (RCP 8.5) climate scenarios (Table 7) [27].

Table 7. Effect of climate change with respect to an unaffected situation on hydrological variables in

the DHS.

Med RCP 4.5 Med RCP 8.5

PI (2010-2040) —2% —5%

Precipitation PI (2040-2070) —4% —10%

PI (2070-2100) —8% —14%

PI (2010-2040) —2% —5%

Real evapotranspiration PI (2040-2070) —4% —9%

PI (2070-2100) —6% —11%

PI (2010-2040) —7% —10%

Recharge PI (2040-2070) —12% —23%

PI (2070-2100) —20% —36%

PI (2010-2040) —7% —9%

Runoff PI (2040-2070) —11% —23%

PI (2070-2100) —20% —38%

Source: PHCS (2022-2027).

In fact, the short-, medium- and long-term impacts of climate change related to water
resources reveal a negative scenario for the Segura basin. As we can observe in Table 6,
there will be a reduction in rainfall of between 8% and 14% in the Segura basin by the
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end of the century. The potential and real evapotranspiration translate into negative
effects; the humidity of the soil will also decrease; the aquifer recharge will face serious
problems, oscillating between 20% and 36%; and finally, the surface runoff will decrease
sharply throughout the whole of the Segura basin, with values fluctuating between 20%
and 38% [27].The reason for using the RCP 8.5 scenario, which is characteristic of an
extreme scenario of high emissions, is justified because the trend in emissions is increasing
annually, the effect of climate change on the reduction inwater resources is notorious and,
finally, because it justifies the proposal put forward in this research to carry out sustainable
water planning.

3.3. The Water Balance in the District of Vega Baja del Segura and the TTS

Obtaining data on water resources (supply) in the region of Vega Baja del Segura has
been a complex task. This is because there is no previous study of the water balance in this
region. The data found are only represented in two scales: river basin scale or provincial
scale (+140 municipalities, Alicante).

For this reason, the data that represent the water balance of the region of Bajo Segura
are adjusted to its political limit composed of the 27 municipalities that make up it.In this
sense, the data have been found in different bibliographies of official bodies such as the
Segura River basin or the Diputaciéon de Alicante, among others. All these data have been
adjusted for the regional scale of work (Table 8).

Table 8. Water balance 2021 in the region of Vega Baja del Segura (Alicante).

WaterBalance in the Region of Vega Baja del Segura (Alicante) ResourI:Zser(?fzz' Iyear)
Surface water 40
Groundwater 36
Offer Returns to thesystems 32
TTS 61.1
Wastewater treatment 25
Desalination 48.1
TOTAL DISTRICT RESOURCES 242.2
Urban demand 39.2
Demand Environmental demand 32
Agricultural demand 194.4
Other demands (industrial, golf, etc.) 8
TOTAL DISTRICT DEMAND 273.6
DISTRICT DEFICIT —31.4

Source: own elaboration based on PHCS (2022-2027), SCRATS (2020), EPSAR, ACUAMED, Generalitat Valenciana
and Diputacion de Alicante data.

The estimated deficit in the district of Vega Baja del Segura (Alicante) is 31.4 hm®/year.
It should be noted that urban demand is completely guaranteed by the water resources from
the River Taibilla, the TTS and the desalinated water used by the Mancomunidad de los
Canales del Taibilla, which supply the municipalities of Vega Baja del Segura. Meanwhile,
environmental demand is also guaranteed by the circulating waters of the river Segura and
the returns to the system, which are used as ecological flows in the final section of the river
Segura. The other demands (industrial, golf, etc.) are covered using water purified with a
tertiary or advanced treatment. The problem of the deficit resides in agricultural demand,
particularly in the so-called new irrigated lands, because the waters from the transfer are
insufficient to supply the existing demand (Table 9).
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Table 9. Estimated situation for future scenarios in the Vega Baja of Segura River (2030 and 2050).

Water Resources Vega Baja 2021 2030 2050
Surface water 40 38.7 34
Groundwater 36 30 20
Returns to system 32 33.1 35
TTS 61.1 57.4 52.1
Wastewater treatment 25 26.4 29
* Desalination 48.1 80 120

Total Resources 242.2 265.6 290.1
Urban demand 39.2 414 45
Environmental demand 32 32 32
Agricultural demand 194.4 194.4 176.9
Other demands (industrial, golf, etc.) 8 8 8
Total Demand 273.6 275.8 261.9
Deficit/Surplus Vega Baja —31.4 —10.2 +28.2

* Desalination: by 2030 the Torrevieja desalination plant will be expanded to 120 hm?3/ year, of which 80 hm?3/ year
will be for agricultural use and 40 for urban use. By the year 2050, it is estimated that the production capacity will
be 160 hm? /year, of which 120 hm3/year will be used for irrigation and the remaining 40 hm3/year for urban
use. Source: own elaboration based on the scenarios proposed in the Segura River basin and the medium climate
scenario RCP 4.5.

Of the 194.4 hm3/year of agricultural demand, according to the PHCS (2022-2027),
a total of 160.8 hm?/ year correspond to UDAs 52, 53, 56 and 72, which coincide with the
sectors of the new irrigated land (former rain-fed land transformed into irrigated land);
hence, there is high demand for water for two reasons: (a) the lands were originally dry
and modern irrigation systems allow irrigated crops to be grown on them, and (b) the
farms or plots are large with areas similar to those of latifundios (large estates).Therefore, a
large amount of water is necessary to maintain their productivity and enable these areas to
continue to produce irrigated crops (Table 10).

Table 10. Agricultural demand that takes advantage of the waters of the TTS in the Vega Baja del Segura.

Denomination Agricultural Demand hm?®/year (2021-2027)

UDA—52. Segura RLMD 15

UDA—?53. Segura RLMI 52

UDA—56. Redotated irrigation of the TTS of 5

the La Pedrera ZRT

UDA—72. Vega Baja, left bank redotated 40

irrigation systems

TOTAL 160.8

Source: PHCS (2022-2027). Own elaboration.

In this respect, the Confederacion Hidrografica del Segura provided a series of data
referring to the volume supplied of the transfer water to the 29 irrigation communities in
the water year 2019/2020 (Table 11). This table reflects two relevant aspects: the conces-
sional volume and consumption. The concessional volume refers to the amount of water
assigned to each of the irrigation communities that are beneficiaries of the transfer water,
corresponding to the theoretical values in the Preliminary Project of the Transfer, given that
the total sum of the concessional volumes assigned to each irrigation community amounts
to 123 hm3/year, 30% of which is allocated to the province of Alicante. It would be very
difficult to achieve these theoretical amounts in the current climate and water context and
considering the effects of climate change.
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Table 11. Volume of water supplied by the water transfer to the CC.RR. of Alicante in the hydrological
year 2019-2020.

Transfer Resources

Concesional V;)lume (m®) Consumption (m?)
E (m°)

C.R. Albatera 7,815,324 3,969,496
C.R. Las Cuevas 1,491,100 796,865
T.D. Lo Belmonte 666,925 356,416
T.D. Lo Marques 485,366 259,386
T.D. Las Majadas 767,010 409,903
C.R. San Joaquin 479,950 241,840
C.R. Santo Domingo (Grupo 3.490) 2,276,500 1,216,595
C.R. Lo Reche 1,473,892 731,114
C.R. El Carmen 571,739 305,301
T.D. Manachon Candela 111,000 29,380
C.R. Riegos de Levante (M.I.) 77,512,272 26,213,062
C.R. Riegos de Levante (M.D.) 5,500,000 1,299,612
C.R. La Fuensanta Grupo 2000 1,007,750 206,895
C.R. La Estafeta 55,100 20,963
C.R. Murada Norte 2,001,700 1,069,736
C.R. El Mojon 1,156,641 385,076
C.R. Perpetuo Socorro 1,709,400 816,432
C.R. Las Dehesas 961,350 477,008
C.R. Barranco de Hurchillo 239,250 127,858
C.R. San Onofre y Torremendo 1,715,350 916,708
Agricolas Villamartin 110,200 57,358
C.R. Rio Nacimiento 627,850 335,532
C.R. Mengoloma de Orihuela 208,800 111,795
C.R. Pilar de la Horadada 2,621,600 1,401,019
C.R. San Isidro y Realengo 7,500,000 0
C.R. Campo Salinas 2,122,800 1,041,434
C.R. San Miguel 1,922,700 773,152
C.R. Las Cafiadas 150,800 81,064

TOTAL 123,262,369 43,651,000

Source: DHS (2020).

It is interesting to know the consumption per irrigation community, given that, if the
value of consumption of each irrigation community has allowed sufficient irrigation for the
crops to grow correctly and produce yields that are profitable for the farmer, this implies
that the net agricultural demand of the beneficiaries of the TTS water fluctuates between
the consumption values of 2020, that is, around 44 hm?/year (Table 11).

To corroborate this point, the data regarding the irrigated area of the district of Vega
Baja del Segura provided by the Valencian Institute of Statistics (IVE) of the Regional
Department of Sustainable Economy, Productive Sectors, Trade and Employment were
consulted. These data reveal that there are variations in the size of the cultivated area in
accordance with the droughts occurring and the availability of water resources. In this
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respect, in the years 2014-2016 (years of drought in the Segura Basin), there was an increase
in the irrigated area, with an area of 16,399 hectares recorded in 2014 and 16,955 hectares in
2016. In the following two years of drought (2017-2018), the irrigated area decreased to
values fluctuating between 16,500 and 15,500 hectares. Finally, it should be noted that in
2019, the cultivated area increased again to 16,321 hectares, a value close to that of 2020.

From the data provided by the IVE, it may be concluded that the municipalities with
irrigated crops dependent on the TTS waters (new irrigated land) reduced their cultivated
area in drought situations, as in the case of the municipalities of Orihuela, Albatera, Benferri,
Pilar de la Horadada or San Miguel de Salinas, among others. Meanwhile, the irrigated
crops that depend on the water resources from the Segura basin (Segura River) increase or
maintain the same areas of irrigated crops in drought situations, even in the years of most
severe rainfall and hydrological drought in the basin, as in the case of the years 2012, 2015
and 2018.

The loss of irrigated area dependent on the TTS water resources could have been
even greater in the years 2015-2016 and 2017-2018 (drought in the Tajo, Jicar and Segura
basins, among others), if the desalination plant of Torrevieja had not started operations as a
strategic source to support the TTS in this type of situation [5].

Meanwhile, the data provided on the ARGOS Information Portal of the Regional
Government of Valencia allows the addition of a series of socio-economic indicators that
enable the relationship existing between economic development (agriculture) and the
greater or lesser availability of water to be evaluated (Table 12).

Table 12. Socio-economic indicators in the Vega Baja del Segura in relation to the greater or lesser
availability of water resources.

2011 2015 2019
Regional cultivatedarea 16,425 16,955 16,321
Average budget per EUR74587  EUR 844.30 EUR 938.72
habitant
Registered hiring in agriculture 11.87% 21.83% 28.06%
Unemployment in 4.22% 6.34% 4.59%
agriculture
Annual transfer TTS 85.9 32.8 85.5
Desalination N/D* 30 76.4

*N/D: non data. Source: Valencian Cartographic Institute (ICV) (IVE), ARGOS and ACUAMED.

Thus, with respect to the average budget per inhabitant, a gradual increase from the
year 2011 to 2019 may be observed. It continued to rise until 2021, reaching a value of EUR
1026.35/inhabitant.

Regarding the recruitment recorded in agriculture, in the year 2013-2014 an expo-
nential increase in percentage terms can be observed, reaching a figure of 30.68%. This
value decreased in the following year due to the severe drought (21.83%) and continued to
decrease until 2018. From 2019, a growing trend began in the percentage of recruitment
recorded in agriculture, reaching a value of 35.01% in 2021.

On the other hand, registered unemployment in agriculture displays different be-
haviour. From 2007 to 2016, unemployment in agriculture gradually increased. The highest
values correspond to the drought years of 2015 and 2016, reaching 6.16% and 6.34%, re-
spectively. From 2017 until the present day, the number of unemployed in agriculture has
decreased to a level of 4.59 in the year 2020.

These indicators become more significant when they are examined in relation to the
greater or lesser availability of water from both the TTS and desalination.

In March 2015, a drought situation was declared in the Segura basin, for which
12 exceptional measures were implemented for the management of water resources and
EUR 30 million of extraordinary credit was assigned. In September of the same year, the
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drought continued, and the drought declaration was extended until September 2016. In
addition to the measures already implemented, further action was taken with respect to the
control of the continental waters. In October 2015, for the first time in Spanish history and
in the Segura basin, among the new measures announced by the Ministry was the reduction
in the price of desalinated water produced by the Torrevieja plant to 0.30 EUR/ m3, with
the authorisation of the production of 30 hm3/year and a subsidy of EUR six million to
reduce the cost of production [29].

This highlights that, thanks to the production of desalinated water in the years 2015
and 2016, the area of irrigated crops in the district of Vega Baja del Segura remained the
same. This is also visible in a similar value maintained of total agricultural income in the
Region of Valencia.

In March 2018, Law 1/2018 of 6 March was passed, referring to the adoption of urgent
measures to mitigate the effects generated by the drought in certain hydrographic basins.
Additionally, the Revised Text of the Water Law, approved by Royal Legislative Decree
1/2001 of 20 July was modified, in response to the continued drought situation in a large
part of Spain. This explains the decrease in the cultivated area in the years 2017, 2018 and
2019 in the district of Vega Baja del Segura, together with the reduction in agricultural
income. Another problem that explains this worsened situation is that, from the year
2016-2017, the price of desalinated water increased to 0.60-0.80 EUR/ m3. Farmers could
not afford this price and opted to not cultivate or even abandon their irrigated land due to
the absence of a guarantee of water resources.

However, in the water years 2017-2018, when there was a drought in the headwaters
of the Tagus, the Torrevieja desalination plant reduced the price of its desalinated water (for
the second time) to 0.30 EUR/m?3 for irrigators. This cost was farbelow that of production
costs [5]. This coincided with the months of an absence of transferable resources or “no
transfer”, which obliged the desalination plant of Torrevieja to produce desalinated water
at almost maximum capacity in 2019 [29,30]. The effects for the cultivated land and socio-
economic aspects were positive, thanks to desalination.

4. Discussion

The results reveal a series of problems in hydrological planning in Spain which directly
affect the district of Vega Baja del Segura, in relation to the Tagus-Segura Transfer.

The analysis shows that the volumes of water available in the sub-basin of the Upper
Tagus are not the same as those of fifty years ago, given that the average and maximum
rainfall have reduced, the surface runoff has decreased and the volumes of water inde-
pendently stored in the Entrepefias and Buendia reservoirs have decreased sharply. This
behaviour has also been observed in the joint water resources of Entrepenas-Buendia since
the beginning of operations of the TTS.

The reduction in rainfall recorded in the last period of climate analysis (1980-2018
series) is 15% with respect to the 1940-1979series and is consistent with what the CEDEX
points out in its report on the impact of climate change on water resources in Spain [8]
and with what Marcos and Pulido point out [31]. A decrease in winter and spring rainfall
is also observed, which are the most effective for hydrological planning purposes (urban
tourist and agricultural demands in summer) and a slight increase in autumn rainfall, in
line with what has been pointed out by various authors [32-35] for the eastern sector of the
Iberian Peninsula. Thus, the monthly distribution of precipitation in the headwaters of the
Tagus tends to be “Mediterranean”, with a more prominent participation of autumn rains.

The climate trends and their effects related to water resources in the Tagus basin
(Upper Tagus) with respect to rainfall, surface runoff and the volume of water stored in
reservoirs reveal a progressive reduction in available water resources. Taking into account
the climate change scenarios (RCP 4.5 and RCP 8.5) and even after undertaking adaptation
tasks, the Tagus basin is experiencing serious problems, which are being demonstrated and
tested with scientific data.
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As mentioned above, the Mediterranean region is the planetary zone where the effects
of climate change will be most devastating [1]. In this sense, there are numerous scientific
publications that have analysed this issue for the Mediterranean region. These studies
show that, although the reduction in precipitation is not linear, but rather amplified (due to
the increase in extreme weather events), two types of behaviours have been observed in the
Mediterranean region. The first of these is obviously the reduction in average precipitation
and the form of rainfall [11]. Greater amounts than historical records can now fall in a very
short time. The second is that rainfall tends to concentrate on the Mediterranean coast
and not in inland areas, where the headwaters of Spain’s main rivers (such as the Tagus
and Segura Rivers) are located [33-37]. If there is no rainfall in the headwaters of these
rivers, there will hardly be any water resources in the basin and, consequently, no transfer
from one basin to another will be possible. Therefore, it is considered that the TTS and the
current hydraulic planning is unsustainable in the context of climate change.

The problems of the Upper Tagus directly affect the hydrological planning of the Se-
gura basin, through the Tagus-Segura Transfer. One of the problems identified in the period
of operation of the TTS (1979-2021), except for one year, is that the theoretical volumes
assigned in the Preliminary Project of the Tagus-Segura Transfer have not been achieved,
not even under the initial operating regulations. In fact, with respect to the demand and
available water resources in the Segura basin thanks to the transfer, the Segura basin has
never reached more than 2000 hm3/ year as an available resource, even with the TTS,
wastewater treatment and desalination. Meanwhile, demand has increased exponentially.

This is mainly due to the problems in the headwaters experienced in the Tagus basin
because of climate change. The figure that demonstrates this aspect is the average volume
of water transferred from the origin (208 hm?) and received in the destination (182 hm?),
indicated by the CHS for the period contemplated [27]. Furthermore, the data of the
SCRATS (Central Irrigation Syndicate of the Tagus—-Segura Aqueduct) reveal that, of the
400 hm?3 /year assigned to irrigation in south-east Spain (theoretical), the average volume
of the transfer for the period indicated is 195.6 hm?, that is, less than half of the assigned
amount. Of the 400 hm?/year (theoretical), 30% corresponds to the province of Alicante,
which is 120-125 hm?3/ year (theoretical). However, the reality is very different. Taking the
data of the CHS into account, and particularly that of the SCRATS, the average volume
of water received in the province of Alicante from the TTS is 61.1 hm? in the period of
operation (1979-2021). This implies that the province of Alicante receives half of the
theoretical amount of water assigned to it.

This raises the following questions: Why has no reassessment or review been made
of the operating calculations of the TTS in over 50 years? Why is planning undertaken
with values that do not currently exist, nor will exist in the future? Why do the farmers
denounce and call for volumes of water that they will never receive? The answer is clear:
they are being deceived because they have been given no explanation about the current
situation of the hydrographic basins because of climate change.

Therefore, the TTS displays a series of significant weaknesses subject to the variations
in climate, and the territories which are supplied with its water resources must begin to
adopt measures that do not directly depend on it (self-sufficiency). To obtain a greater
volume of water, desalination and wastewater treatment are being used to contribute to the
supply, enabling the deficit of the basin to be reduced to some extent.

However, the trends in urban and agricultural demand are growing, with the latter
having the highest demand. It should be remembered that in the case of drought or
a shortage of urban water supply, the water used to supply the urban nuclei will be
drawn from other uses, such as ecological flows or those used for agriculture. Therefore,
agriculture is losing water resources, and in the medium to long term, if measures are not
taken to correct these problems, it will be seriously affected.

In this respect, and as a proposal for an empirical and demonstrated adaptation, the
new irrigated lands (dependent on the TTS) enter a situation of pre-alert of drought much
before the traditional irrigated lands. This was evident in the drought of 2015, after the
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passing of RD 356/2015 of 8 May, declaring the situation of drought in the territorial region
of the Confederacién Hidrografica del Segura with the adoption of exceptional measures
for the management of resources, due to the reduction in the interannual contributions
(rainfall) in the headwaters of the Segura and Tagus basins and its successive extensions
(RD 335/2016). In other words, the resources of the Segura basin can supply the traditional
irrigated lands in situations of extreme drought, although not the crops dependent on
external resources. This should constitute an incentive for changing the way hydrological
planning is conducted in the Segura Basin, the Vega Baja district and in the rest of Spain.

With respect to the Alicante district of Vega Baja del Segura, the deficit existing is
due to agricultural demand: principally, the irrigation communities that depend on the
water resources of the transfer. This is because after the TTS project was approved, the
construction of the transfer took 10 years until it began operation. During this period, there
was much speculation in Vega Baja del Segura regarding the water that would be received,
based on the afore-mentioned theoretical volumes. This speculation translated into the
transformation of rain-fed crop land into irrigated land using groundwater. Therefore,
the real use of the TTS has not increased the irrigated areas, but has maintained, as far as
possible, all the transformed areas since then.

The current status of the non-conventional sources allows them to considerably reduce
the deficit existing in Vega Baja del Segura, although this does not mean that there is no
longer a deficit. If the desalination plant of Torrevieja operated at its maximum capacity
(80 hm?3/year), with the support of the treated wastewater (24-25 hm?/year), the deficit
would be reduced to 10.5 hm3/ year. The deficit would be resolved with the extension of
the maximum production capacity of the Torrevieja desalination plant from 80 to 120, and
subsequently to 160 hm3/year. This proposal is contemplated in the PHCS (2022-2027). In
parallel, there would be an increase in the volume of reusable treated wastewater, which
would complement the desalinated water. These two sources would become the principal
water sources of the district of Vega Baja del Segura. The role of the TTS, therefore, would
be a secondary or complementary source to these resources, when needed.

However, this increase in production should be accompanied by mechanisms imposed
by the government based on Law 7/2021 of 2 May regarding climate change and energy
transition, as a framework within which to reduce the cost of production of desalinated
water, based on energy subsidies. In this way, the farmers would be provided with water
for irrigation at a price of 0.20-0.30 EUR/ m3, as in the case of the two occasions when the
TTS failed during situations of extreme drought.

Taking all these issues into account, Spain needs to review and reconsider the current
hydrological policy. To do this, first, it should begin by reviewing the values of the
Preliminary Project of the TTS and adjust them to the volumes of water currently available.
Furthermore, the water contributions assigned to each irrigation community dependent
on the water from the TTS should be reviewed, given that they do not reflect the current
situation. This analysis will reveal the available water resources. Second, after determining
the situation of the water resources related to the TTS, it would be appropriate to increase
the maximum capacity of the Torrevieja desalination plant (ACUAMED) in order to obtain
larger volumes of water resources and maintain the plant in full operation as well as
obtaining a price of desalinated water that is affordable for farmers. Third, agricultural
demand should be reduced using new irrigation systems (drip system), a switch to irrigated
crops that require less water or a radical change from irrigated crops to rain-fed crops and,
as a more extreme measure, the reduction incultivable areas.

The new hydrological policy in Spain should be constructed on sustainability, climate
change scenarios, hydrologic planning and on measures of adapting to climate change in a
horizon of 100 years.

The new sustainable hydrological planning should be based on scenarios of climate change
elaborated by the IPCC in its reports and on its regional effects. Sustainable planning means
that, despite the existing resources, this exercise should be contextualised within the worst
climate scenario possible, that is, in RCP 8.5 scenarios. Planning a climate and water
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resources situation based on the RCP 8.5 severity will enable a management of water
resources able to guarantee the resource for the rest of the twenty-first century in Spain.
If the reality is very different to that contemplated in the plan (due to a limitation of
greenhouse gases, the implementation of measures to adapt to extreme atmospheric events
and the respect and fulfilment of all the treaties and agreements in terms of reducing
emissions), there will be a surplus and more water will be available for the assigned
uses (urban supply, ecological flows, irrigation and agriculture, industry, leisure, tourism,
etc.).On the contrary, if the scenarios contemplated in the RCP 8.5 are fulfilled, a prior
adaptation to this situation will have already been contemplated and planned. Furthermore,
the adoption of this approach would enable measures of adaptation to be developed over
the years.

This new planning proposal will significantly slow down the environmental dete-
rioration and socio-economic losses. If these aspects are not considered from today, the
consequences will be much more severe in the medium and long term, and losses running
to millions of euros will be incurred. It would be particularly severe for those crops depen-
dent on the TTS. The implementation of hasty and drastic measures as the RCP 8.5 climate
scenario approaches will lead to greater economic investments with dubious profitability.
Furthermore, this new policy should be flexible and open to modifications which enable
adaptations and adjustments to be made in accordance with the climate situation and the
future scenarios contemplated.

The new planning and management scenario proposed in this paper is in line with
the proposal in the mentioned Law 7/2021 on climate change in Spain, which advocates
the incorporation of the effects of climate change into hydrological planning (art.19) to
increase the resilience of the different uses of water. In particular, agricultural uses must
adapt the demands to the expected resources to minimise the expected impact on future
climate scenarios. The proposal for sustainable hydraulic planning in our study area is in
correspondence with various authors in Spain who advocate a reduction in agricultural
irrigated surfaces compared to the increase contemplated in various current hydrological
demarcation plans (Guadalquivir, Guadiana, Tajo), or the maintenance of existing ones that
are not sustainable, in present day and in climate change scenarios (Segura, Jucar) [36-38].

Moreover, the new sustainable hydraulic plan should focus on the management of
the demand for water, with a commitment to non-conventional sources, desalination
and wastewater treatment, with the afore-mentioned determinants (increase in capacity,
reduction inthe production costs of desalinated water, mechanisms to reduce the energy
and production costs of desalination, applying tertiary treatment to purified water so
they may be reused for agricultural and other uses). After managing the resources of
non-conventional sources, the water resources of the hydrographic basins should then
be included (surface, groundwater, returns to the system, sea discharges, etc.). Next, the
external water resources from other basins should be incorporated, such as those from the
Tagus—Segura Aqueduct, as a strategic or complementary source which, when necessary,
can transport water to satisfy the demands. Furthermore, it is also necessary to calculate
the water needs per crop in order to determine the amount of water that is required to
produce substantial yields of the crop and its fruit, administrating the necessary volume
of water.

Another aspect that the new plan should contemplate isadaptation measures through
water use agreements, such as those in Marina Baja (Alicante), where the irrigators concede
clean water for urban supply while the regenerated water is used for irrigation in agri-
culture. To achieve this, it is preferable to establish an agreement between the interested
parties (farmer, water company and the EDAR, among others).

After planning all these factors, it is necessary to supply all of the demands existing
in the basin and territory as far as possible. Most likely, in the deficit basins which have
transformed areas of rain-fed land into irrigated land (new irrigated land dependent on the
TTS), different alternatives will have to be sought to satisfy their demand: desalinated water,
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treated wastewater, new irrigation systems, changing to soils and crops that require less
water, or, in the most extreme case, reducing the crop areas in order to bring down demand.

The proposal presented in this study adapts to the objectives established by the Spanish
government for the year 2050 which seek to promote the development of alternative sources
of supply (reuse and desalination based on renewable energy), reduce the water lost in the
sanitation and supply network, increase the quality of the water, “renewable water” and
moderate consumption, among other actions.

The energy consumption of these facilities is currently around 3 Kw/h for each m?
of water produced (generally less than 4 in new facilities including auxiliary systems and
other pumping) and has been reduced from values of over 20 Kw/h/ m? in the 1960s to
current values [39,40].

Values of more than 20 Kw/h/m?3 in the 1960s to have lowered to current values [39,40]
thanks to improvements in the chemistry and configuration of the membranes and in the
systems for recovering residual energy from the brine.

Energy consumption is the largest cost of desalinated water production, so its reduc-
tion is the key factor in reducing the price of desalinated water. The implementation in
Spain of the National Integrated Energy and Climate Plan (2021-2030) and the EU legisla-
tive package “Fitfor 55” responds to the European Commission’s recent commitment to
reduce net greenhouse gas emissions by at least 55% by 2030.

In this context, projects are being developed for the implementation of solar farms
to supply desalination facilities on the Spanish mainland and in the Canary Islands. In
particular, the Torrevieja desalination plant, a key element in the supply of desalinated
water, is developing a project to install an electrical substation, powered by solar energy,
with the aim of obtaining self-consumption of energy. At present, the desalination plant’s
energy consumption is estimated at 264 GWh, which would increase to 400 GWh with the
expansion of its desalination capacity to 120 hm?/year (from the current 80 hm3/year).

As mentioned above, the production capacity of the Torrevieja desalination plant
is currently 80 hm?3/ year, where 40 isfor urban supply and another 40 for irrigation in
the Segura River basin. However, the CHS plans to increase this to 120 in the current
Hydrological Basin Plan (2022-2027). According to information provided by ACUAMED,
the current specific consumption value of the Torrevieja plant varies between 3.25 and
3.65 kWh/m?, depending on the delivery point and the required water quality. It is capable
of producing 1 hm? per day (24 h), obtaining water with a conductivity of 200 uS, i.e.,
with a quality identical to that of mineral water and, therefore, water that can be used for
irrigation. The economic cost of desalination for the years 2019, 2020 and 2021, and the
resulting average tariff over the last years, is approximately 0.45 EUR/m3 (water delivered).

Finally, they are rigorously monitoring the marine ecosystem impact caused by the
discharge of brine or brine overflow. In this case, they ensure that they have zero environ-
mental impact, as before dumping the brine they mix it with seawater and dump it in small
quantities and in different areas to avoid causing damage to the marine environment. The
Torrevieja desalination plant has eight sensors that monitor the salinity level, which have
never once detected an environmental problem.

To achieve these water-related objectives for the year 2050, among the several actions
proposed, the sixth addresses the need to “adjust the management of water resources, preparing
the system that will prevail in a future with a lower availability of water” [41]. Therefore, “a com-
prehensive water management strategy must be designed that promotes reuse and the desalination
of water until its price is competitive, that is, similar to the price of water from traditional sources;
improve the efficiency of the systems of urban supply, agricultural irrigation and the treatment of
drinking water and wastewater, through the modernisation of infrastructures and the introduction
of new technologies; reorder the agricultural and crop uses, acting on the prevailing concessional
regime, prioritising sustainable and socially fair agriculture; increase the resilience of farms to
extreme atmospheric events and the effects of climate change, through the transformation of crops
and production systems, improve training in agricultural management and create adequate financial
and governance mechanisms; and, finally, implement an ambitious strategy for restoring the rivers,
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aquifers and other continental aquatic systems, while strengthening the river reserves and other
protected spaces” [41].

In short, the objectives established for Spain in 2050 are aligned with the proposal of
the new hydraulic planning proposed in this research.

5. Conclusions

The climate and water situation in Spain and its respective hydrographic basins,
particularly the Tagus and Segura basins, is not the same as it was 50 years ago, when the
volumes of water to transfer via the Tagus-Segura Transfer were planned.

The Tagus basin has suffered a significant reduction in rainfall, surface runoff and
volumes of reservoir-stored water in the sub-basin of the Upper Tagus. This is the start-
ing point of the Tagus-Segura Transfer, and the reduction in water resources (surpluses)
available in the Tagus basin has been modified by the effects of climate change. This has
given rise to a serious problem, given that there will be less and less resources available
to transfer. Therefore, the scenario of the Tagus basin will be to plan its own resources in
order to supply the needs of its own basin, without taking into account the Segura basin,
which is dependent on the waters of the TTS.

This implies that the Segura basin and the irrigated lands of south-east Spain will
receive a lower volume of water from the transfer than theycurrently receive, given that
the surplus resources of the Tagus basin are subject to variations in climate, rendering
the transfer an infrastructure vulnerable to the effects of climate change. This is why the
Segura basin should begin to make a firm commitment to using non-conventional sources,
such as treated wastewater and desalinated water, the latter being the most important for
the self-sufficiency of the basin, focusing on three fundamental aspects: (a) increasing the
production capacity, (b) reducing the cost of the desalinated water supplied to the farmers
(0.20-0.30 EUR/m?) and (c) reducing the environmental impacts (brine).

Furthermore, the farmers in south-east Spain, particularly those of the new irrigated
lands dependent on the TTS, should know that they have been deceived with the promise
of water resources assigned through the water contributions for each irrigation community,
when these volumes were calculated more than 50 years ago when the climate reality
was completely different. Furthermore, these volumes are theoretical and have never
been fulfilled, at least in the province of Alicante. The undersupply of the TTS is not
due to a failure to transfer the resources that should be transferred, but because there are
not enough resources in the headwaters of the Tagus that can be transferred to fulfil the
theoretical volumes.

Therefore, in response to the questions posed at the beginning of this article, it is clear
that the Tagus-Segura Transfer is not the only solution for the water future of the district of
Vega Baja del Segura. There are other alternative sources, such as treated wastewater and
desalinated water, which can increase the volume of available resources to supply the urban
and agricultural demands. However, it should be noted that, with the current maximum
capacity for producing desalinated water in the district (80 hm?/year), the demand in
Vega Baja cannot be satisfied. Therefore, it is necessary to extend the desalination plant
of Torrevieja, increasing the production capacity to 120 hm3/ year and complemented by
the regenerated volumes of water. In this respect, it is necessary to extend the treatment
plants of the district of Vega Baja del Segura with tertiary or advanced treatment, given
that most of them only perform secondary treatment and the resulting water cannot be
applied directly to the crops.

Finally, Spain should be more ambitious in terms of hydrological planning. It is
incomprehensible that the plan that is in force with respect to the TTS is based on the
theoretical volumes of a Preliminary Project when the climate situation was very different
to that of the present day. No attempt has been made to reconsider the operating water
volumes for the current scenario taking into account the effects of climate change.
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For this reason, to correct the lack of a coherent and rational water plan that contem-
plates the climate reality and effects of future climate change, this study proposes a new
sustainable hydraulic plan.

This new sustainable plan requires a profound restructuring of hydrologic planning,
based on the worst climate scenario (RCP 8.5), enabling a plan to be elaborated with a
long-term horizon (until the end of the century) and adapted to climate change. This
scenario will lead to significant restrictions with respect to the current water allocations,
whereby the assigned volumes of water will be initially reduced or eliminated. The positive
side of this plan is that if the reality in terms of climate evolves over the years into a scenario
with less emissions and a better adaptation and management of water, the volumes of
water assigned to each use may be increased. This is the main reason why the principal
sources in the sustainable hydraulic plan are treated and desalinated water, with the afore-
mentioned improvements, as these resources do not depend on climate variations. Then,
the basin resources will be included. As observed in the severe droughts occurring in Spain,
the basin resources, and, therefore, the traditional irrigated lands that use this water, are
more resilient and are adapted to extreme atmospheric conditions, giving them a clear
advantage for the effects of climate change. Subsequently, the external water resources will
be included, which, depending on the climate evolution over the coming years, will be
based on the transfer or not of resources from the Tagus basin to the Segura basin. Therefore,
in this proposal, instead of playing a principal role, the TTS is used as a strategic-secondary
source to support the principal sources in the proposed plan. Moreover, the uses, crops,
areas cultivated and water allocations will have to be reordered in order to reduce demand
and, therefore, the deficit existing in the Segura basin in Vega Baja.

The new sustainable hydraulic plan is committed to the self-sufficiency of the territory
and only in case of need would it request external resources. However, for a territory to be
resilient to the future effects of climate change, it is necessary to start acting now with respect
to the afore-mentioned aspects to minimise the socio-economic losses (job positions, crops,
desertification, land, cultivated areas, significant economic losses in terms of production
and agricultural income, among many others). All of this is possible through a logical plan
and coherent actions. A failure to take such measures would result in consequences that
will be catastrophic for south-east Spain and, particularly, for the farmers and their way of
life. This proposal establishes the fundamental pillars for a long-term national strategy for
Spain in the year 2050.
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Abstract: The unequivocal global warming has an explicit impact on the natural water cycle and
resultantly leads to an increasing occurrence of extreme weather events which in turn bring challenges
and unavoidable destruction to the urban water supply system. As such, diversifying water sources
is a key solution to building the resilience of the water supply system. An atmospheric water
harvesting can capture water out of the air and provide a point-of-use water source directly. Currently,
a series of atmospheric water harvesting have been proposed and developed to provide water
sources under various moisture content ranging from 30-80% with a maximum water collection
rate of 200,000 L/day. In comparison to conventional water source alternatives, atmospheric water
harvesting avoids the construction of storage and distribution grey infrastructure. However, the
high price and low water generation rate make this technology unfavorable as a viable alternative to
general potable water sources whereas it has advantages compared with bottled water in both cost
and environmental impacts. Moreover, atmospheric water harvesting can also provide a particular
solution in the agricultural sector in countries with poor irrigation infrastructure but moderate
humidity. Overall, atmospheric water harvesting could provide communities and/or cities with an
indiscriminate solution to enhance water supply resilience. Further research and efforts are needed
to increase the water generation rate and reduce the cost, particularly via leveraging solar energy.

Keywords: water supply resilience; atmospheric water harvesting; fog collection; refrigerated
atmospheric water extraction; climate change

1. Introduction

Promising reliable access to safe water is still a big issue all over the world [1,2]. On
the one hand, at least a billion people globally are suffering from severe water shortages,
particularly those living in developing countries and regions [3]. As such, the 2021 edition
of the United Nations World Water Development Report is rooted in “Valuing Water”
and strengthening the societal awareness of water safety [4]. On the other hand, the
unequivocal climate change and the resultant extreme weather bring new challenges to
water accessibility [5] and explicitly sound alarms to the established water supply system [6].
Currently, surface water is still a principal or sole water source for the water supply systems
in most cities, of which the vulnerability has been completely unmasked and experienced,
such as the Day Zero water crisis in Cape Town [7,8]. A severe and unanticipated reservoir
drought left millions of residents thirsty. As such, increasing reliable access to safe water
plays an important role in the sustainable development of society [9].

From a technical point of view, diversifying water sources besides surface water is a
fundamental and vital approach to increasing urban water reliability [10]. In another word,
this principle is covered by the framework of water supply resilience which highlights the
ability of water supply system to promise residents the accessibility to safe drinking water
under extreme events like drought [11]. In terms of water sources, seawater desalination,
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rainwater harvesting [12,13], sewage reuse [14-16], and inter-basin water transfer [17,18]
can be supplements to surface water and enhance water supply resilience. However, these
approaches have their pros and cons in terms of their applicability. Typically, seawater
desalination and rainwater harvesting, are not suitable for inland cities suffering absolute
water shortages while inter-basin water transfer is facing vulnerability of water quality or
ecological safety [19]. Although sewage reuse is universally applicable enough for cities,
public acceptance has been the most serious hurdle for practicing [20]. Moreover, these
approaches cannot be relied on to go through water supply emergencies under which
bottled water is usually the preferential choice [21-23].

Indeed, there is a kind of water reservation always overlooked, namely atmospheric
water or water in the air [24]. As a key and interchange step of the water cycle from ocean
to land, the atmosphere is a huge renewable water reservoir [25]. Roughly, it contains
12,900 trillion liters of renewable water, which is about equivalent to 10% of surface water
reservation [26]. Even in the arid desert, the moisture content in the air is as abundant as
10g/ m? [27]. As such, atmospheric water harvesting has been proposed and developed to
link the natural water cycle and the urban water cycle [28]. Moreover, water in the air is
distributed everywhere and could be an indiscriminately decentralized water resource [29].
As such, the present study is to introduce and summarize the development of atmospheric
water harvesting in comparison with other water sources. By analyzing the pros and cons
of atmospheric water harvesting in terms of technology, economy, and safety, the role of
atmospheric water harvesting in contributing to water supply resilience is discussed.

2. Characterizing Supplementary Water Sources to Surface Water

Surface water has long been the main water source for potable or non-potable utiliza-
tion [30]. For a long time, surface water has been the only connection point between the
natural water cycle and the urban water cycle as depicted in Figure 1. The water feeding
the cities starts from and wastewater also ends in surface water. In general, the water
bodies receiving wastewater are located downstream. It is the natural water cycle that
refreshes the surface water to meet the demand of human beings [31]. In another word,
the renewal of surface water depends on a whole circle (the blue-lined circle in Figure 1),
that is, evaporation, condensation, and precipitation. Once the water demand outpaces
the renewal capacity of surface water, drought will occur and undermine the safety of the
water supply. As a response, various water sources have been explored to supplement
surface water-based water supply as presented in Figure 1, including seawater desalination,
rainwater harvesting, inter-basin water transfer, and sewage reuse.

As presented in Figure 1, desalination enables seawater to feed the residents by
artificially bypassing the step of water vapor transport. At present, there are about
17,000 desalination plants globally in operation with a total capacity of ~95 million m3/d [32].
Although the accounting percentage of desalination in water supply structures is still very
small, it provides a promising direction to strengthen water supply resilience. However,
desalination is still considered to be an energy and cost-intensive technology and is mainly
implemented by high-income countries and small island countries [33]. As such, geographi-
cal constraints and high capital & operating expense are two hurdles to practicing seawater
desalination [34].

As one of the simplest and oldest water sources, rainwater harvesting can be more
flexible in terms of capacity, sites, and applications [35]. With proper purification treatments,
the rainwater collected can be utilized for potable or non-potable purposes [36]. As such,
rainwater can provide a useful supplementary supply and important backup to the water
supply system. The biggest obstacle to rainwater harvesting is the temporal variation and
geographic locations of rainfall [37]. Although artificial rainfall seems to solve this problem,
this technology is still controversial [38].

Inter-basin water transfer (IBT) is an artificial reallocation of surface water resources
from a donor watershed to a recipient [39]. In other words, IBTs improve the water supply
also by accelerating the water cycle (the blue-line circle) by avoiding evaporation and
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precipitation [40]. However, the solution of IBT to improve the water supply has been
under hesitation and debate since the 1980s [41]. Specifically, hydrological and ecological
risks are associated with the donating and recipient basins [42]. Moreover, the donating
watershed, IBTs” water source, is also subject to uncertainties from climate change.
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Figure 1. Diagram of the water cycle and water sources available for human beings.

Sewage reuse is another long-history-applied approach to conserve water and improve
water supply [43]. Sewage reuse is the one shortening the water cycle most significantly by
bypassing the natural water cycle directly. Compared with the above approaches, one of
the advantages of sewage reuse is its on-site and stable water supply. As such, this feature
endows sewage ruse an indiscriminately applicable solution for cities to enhance water
supply resilience. However, sewage reuse as drinking water is currently unacceptable
to most people, and public attitudes hinder the sewage reuse plans in many developing
countries [20]. Fortunately, aquifer recharge with treated sewage instead of reuse directly
could be a solution to leverage sewage.

These approaches have been applied separately or jointly to enhance water security by
offering more choices and supplements to surface water. According to Figure 1, a common
feature of these water sources is to offer more connection points between the urban water
cycle and the natural water cycle. In other words, these alternatives get the natural water
to the tap of residents (urban water cycle) more quickly [44], which seems to be a principal
justification for whether a supplement is qualified to be an alternative to surface water.
Obviously, atmospheric water owns the potential to be another connection point between
the natural water cycle and the urban water cycle. It means that the water in the air can be
extracted mandatorily (the dotted line) instead of via passive precipitation.
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3. Technologies for Atmospheric Water Harvesting

As depicted in Figure 1, atmospheric water is an indispensable part of the natural
water cycle and is the prerequisite and prior step for precipitation. Via evaporation and
transpiration, a vast quantity of water out of water bodies and plants enters the air and
exists in gaseous water vapor. All this vapor goes up with the rising air currents and
condenses into clouds or fogs in the cooler air [45]. Generally, we can only get access to this
part of water after they drop down on the ground via condensation albeit passively and
intermittently [46]. By contrast, various technologies can be leveraged currently to help
extract water directly and constantly from air depending on relative humidity. According
to Figure 2, the water content capacity in the air (humidity ratio) is positively correlated
with temperature and the isohume curves (100%, 80%, and 30%) separate the area into
four zones. The blue line in Figure 2 represents a constant water quantity in the air termed
g-H,O/kg air [47], however, under each zone, the water is in a specific form. In Zone a,
the relative humidity is higher than 80% and close to 100%, and the water will be in the
form of mist or fog, which could easily be adsorbed and captured via proper materials.
This phenomenon always occurs at high altitudes or on the top of high mountains with a
low temperature and 100% relative humidity [48]. In Zone b, the relative humidity of the
blue line is around 30-80%, the air contains a large amount of water vapor that does not
readily nucleate into water droplets [49]. It needs to be artificially converted into liquid
water first. Most living environments are in this zone. In Zone ¢, the relative humidity is
lower than 30%, which makes the water vapor difficult to transform into liquid droplets
even artificially [50]. The blocks divided by relative humidity and temperature in Figure 2
can help determine the proper method to do atmospheric water harvesting in a specific
area, which will be discussed in detail below.

30

=== 100% Relative humidity
25+ == 80% Relative humidity
30% Relative humidity

20

15

Humidity ratio (g/kg)

10—

0 5 10 15 20 25 30 35 40
Temperature (°C)

Figure 2. Water content in the air against various temperatures.

192



Sustainability 2022, 14, 7783

3.1. Passive Fog Collectors

Passive fog collectors target the fog in the air by mimicking the oldest practice of
collecting drinking water from the leaves in the early morning by our ancestors. From the
relative humidity perspective, Zone a in Figure 2 is the prerequisite condition for scaling
this technology, and such places are usually located in coastal regions and/or mountainous
areas such as Chile, Mexico, Oman, South Africa, and Morocco [51,52]. Generally, a fog
collector is comprised of a flat-panel mesh that is stretched and fixed over a rigid frame.
With wind current, the fog water contacts with and deposits on the surface of the mesh, and
then aggregates into large droplets enough to drain into the container [53,54]. According
to the full-scale project, the water collection rate is in the range of 1.5-12 L/(m?-day) and
can reach 1416 L/(m?-day) with modification (Table S1). On the one hand, passive fog
collectors are energy-free while, on the other hand, their water collection performance
is highly associated with interior and exterior factors. Herein, the key interior factor is
the mesh type including mesh material and weave design. Currently, stainless steel and
plastics are two commonly-used mesh materials in large-scale projects [55]. Stainless
steel is hydrophilic and can resist strong wind loading albeit heavy. The typical plastics
available include polyethylene, polypropylene, and nylon [56]. They usually own the
advantages of hydrophobicity, lightweight, low price, and good anti-aging performance.
The properties of these materials are vitally important as they provide the direct sites
to capture fog water. Besides this, the weave configuration is another principal factor
determining the performance even with the same mesh material. As depicted in Figure 3,
there are three geometric shapes generally adopted in field projects, simply denoted by
triangular mesh, rectangular mesh, and hexagonal mesh [55,57]. Other key variations
associated with performance include the width of mesh wires, pore area, and shading
coefficient. The rectangular mesh is the most simple one made of stainless steel with a pore
area of 0.16 x 0.16 cm? and a shading coefficient of 49%. Raschel mesh [58] is a typical
representative of triangular mesh and is interweaved by doubled layered polypropylene
ribbons with a width of 1-1.6 mm (shading coefficient of 35%). FogHa-Tin mesh is a
proprietary product and is made of 0.13 mm diameter polypropylene thread into a springy
structure with interleaved sets of embedded hexagonal patterns.

@91"""'_@
AVANANAVA NS
-huﬁl"‘J‘

Figure 3. Various weave designs of water collector mesh (a) Raschel mesh (triangular mesh) [59].
(b) stainless-steel mesh (rectangular mesh) [60]. (c) FogHa-Tin mesh (hexagonal mesh) [55,57].

Rivera proposed Equation (1) to calculate the water collection efficiency, which is
determined jointly by aerodynamic collection efficiency, capture efficiency, and draining
efficiency [61]. The pore area or shade coefficient is the key factor influencing aerodynamic
efficiency [62,63]. On the one hand, a large shade coefficient seems to provide more
deposition sites, but a too-large coefficient can divert the wind flow due to resistance and
reduce the water-mesh contact. On the other hand, too small a pore size could cause liquid
film clogging which then jeopardizes the aerodynamic efficiency. In terms of Raschel and
FogHa-Tin mesh (Figure 3a,c), wider ribbons instead of thread and embedded wires in the
pore areas are designed respectively to offset the large pore areas [64]. By contrast, the pore
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size of stainless-steel mesh is too small to easily be clogged. Then, a harp mesh by only
placing wires vertically instead of crossing reduces the adhesion to fog droplets and creates
an unobstructed path for fog droplets to move and fall freely [65]. As a result, the water
collection capacity of the parallel arrangement of wires can be 2-20 times higher than cross
arrangement [66]. In addition, this problem can also be solved by co-knitting or coating with
poly material [55]. Indeed, modification of mesh wires with coating materials can not only
improve the aerodynamic efficiency but also optimize the capture and draining efficiency
(Table S1). Knapczyk-Korczak et al. [64] deposited PVDF fibers on the Raschel mesh and,
as a result, the effective surface area to catch droplets increased without sacrificing wind
permeability. With the optimization of wetting properties and draining efficiency, the water
collection rate increased by 300%.

N = Nace Ncap Ndras 1)

where:

1 represents the overall collection efficiency,

TNace, Neap, Ndra Te€present the aerodynamic collection efficiency, capture efficiency, and
drainage efficiency, respectively.

Another factor that should be taken into consideration is the wind speed [67]. Gener-
ally, the most favorable wind speed for passive water collectors is 4-10 m/s [68]. Notewor-
thy is that the effect of wind speed on the efficiency of fog collection is also related to the
diameter of the droplets and types of mesh. Fernandez et al. [55] evaluated the water col-
lection performance of Raschel mesh, modified stainless steel mesh, and FogHa-Tin mesh.
The results showed that Raschel mesh collected 160% more fog water than FogHa-Tin mesh
at wind speeds less than 1 m/s while 45% less with wind speeds higher than 5 m/s. This is
because the three-dimensional textile mesh will form some sort of a “blockage” at lower
wind speeds while capturing some of the coalesced water droplets that tend to re-entrain
in higher winds. As for modified stainless steel mesh, it collected more water than Raschel
mesh at all wind speeds.

3.2. Refrigerated Atmospheric Water Harvesting

In terms of an environment with a relative humidity of around 30-80%, there are
no readily available water droplets. To capture them, the prior step is to condense the
vapor into droplets artificially [50], which, along with the following capture unit, repre-
sents a typical principle to carry out atmospheric water harvesting in Zone b (Figure 2).
According to Figure 2, lowering the temperature is a simple and direct method to produce
water droplets, by which refrigerated atmospheric water harvesting works [49]. A typical
refrigerated atmospheric water harvesting unit is comprised of four parts, including the
evaporator, condenser, compressor, and throttle valve (Figure 4) [69]. The humid air enters
the evaporator part of the cooling unit, then it is cooled to the dew point temperature and
condensed, purified, and collected on the evaporator coil [70].

The cooling unit (condenser) is the key factor that determines the water extraction
efficiency of refrigerated atmospheric water harvesting. Currently, there are two cool-
ing categories commonly adopted, passive condenser and active condenser. A passive
condenser refers to one operating without any energy input [71]. One such unit is the
radiant condenser, which is commonly used [71,72]. The key function unit in the radiant
condenser is the cooling foil which owns the hydrophilic property and a high emissivity in
the near-infrared. It emits thermal radiation in the wavelength range (8 to 13 pm) where
the atmosphere is transparent and can emit heat radiatively to space [73]. This effect cools
the foil below the dew point temperature of the air, causing water to condense upon it. A
most commonly used cooling foil consists of TiO, and BaSO4 microspheres embedded in a
polyethylene film [74]. At present, this radiant condenser has a low water production rate.
When the relative humidity is greater than 60%, the water production is commonly less
than 0.8 L/(m?-day) [75]. To improve the water yield performance, some new materials
have been explored and evaluated [76]. Raveesh et al. prepared a polystyrene film with
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hydrophilic bumps that secured a water yield of 1.8 L/(m?-day) [76]. Chen et al. used a
wettability and spectral selectivity engineered coating, and the water collection rate even
reached 251.25 L/(m?-day) [77]. Another challenge of the passive radiant condenser is the
low solar absorption and high mid-infrared emissions required to operate during the day.
Additionally, the process is not completely passive and the condensate needs to be manu-
ally removed. Haechler et al. combined a geometrically optimized radiation shield and a
hydrophobic coating to the surface of the selective emitter to promote the condensation
and removal of droplets which enabled dew mass fluxes up to 1.2 L/(m?-day) [74].
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Figure 4. Diagram of refrigerant evaporation—condensation cycle.

In comparison, active condensers exert functions by leveraging external energy to
accelerate the condensation process [78]. Thus, they are working more efficiently than
passive condensers. The two most commonly used cooling methods in refrigerated at-
mospheric water harvesting are vapor compression refrigeration and the thermoelectric
cooling process [79]. The vapor compression refrigeration process is similar to air con-
ditioners and achieves cooling by changing the state of refrigerants such as Freon [80].
By contrast, thermoelectric cooling converts electrical energy into heat energy for cooling
through the Peltier effect and reducing the temperature below the dew point. As such,
thermoelectric cooling could avoid the drawbacks of vapor compression refrigeration
causing ozone layer depletion and global warming problems [81]. However, in terms
of the water yield performance, vapor compression refrigeration owns a higher capacity
and is easy to scale up. With a relative humidity of 90%, vapor compression refrigeration
can produce 22-26 L/day freshwater with energy input around 0.22-0.30 kWh/L [82].
This technology has been applied in the Middle East such as in Iran and Abu Dhabi [83].
Although the cooling capacity of thermoelectric cooling is low [84], it has the advantages
of energy-saving, environmental protection, low maintenance, and high portability [85].
It is applicable and useful for cyclists, hikers, expeditions, and scientific research teams.
In general, with a relative humidity of 60-90% and an input power of 0.8-3.5 kWh/L, the
water production rate of thermoelectric cooling reaches 0.48-0.8 L/day [76].

Indeed, along with the trial to increase the water yield capacity, research effort is
also placed on reducing the energy input associated with refrigerated atmospheric water
harvesting, particularly under a hot environment but with low relative humidity. Precooling
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the inlet air with the cold exit air from the evaporator or providing a preconditioning unit to
improve the psychometric properties of incoming air on the vapor compression system has
become a common way to increase energy efficiency [76]. Ibrahim et al. used condensate
to pre-cool the air entering the condenser, the compressor power input was decreased by
6.1% and the coefficient of performance was improved by 21.4% [86]. In addition, the use
of polymer electrolyte membranes or water vapor selective membranes before the cooling
process to separate water vapor from other molecules in the air can also achieve energy
savings [75]. Roughly, this could reduce energy input by more than 50%. Meanwhile,
this dense polymer membrane can also retain pollutants or pathogens, thereby purifying
water [87]. Moreover, leveraging renewable energy such as solar and wind power could
also be a potential solution to reduce the energy further [88].

3.3. Desiccant-Based Atmospheric Water Harvesting

As discussed above, fog collectors and refrigerated atmospheric water harvesting have
their favorite application environments with a relative humidity higher than 80% and 30%,
respectively. In terms of relative humidity less than 30%, the above processes do not work or
work but with a large quantity of energy input. As such, desiccant-based atmospheric water
harvesting was proposed to extract water from air under low relative humidity (below
15-20%) or low dew point temperature (below 5-10 °C) [89]. In general, desiccant-based
water harvesting works in a batch mode [90]. At the beginning of a cycle, the desiccant
is exposed to the atmosphere and adsorbs water vapor in the air. Once the desiccant is
saturated, the system is closed and the water will be released as vapor out of the desiccant
at a rising temperature of 160 °C (Figure 5). Then, the vapor condenses on the enclosure
walls and can be collected, meanwhile, the reactivated and unsaturated desiccant will be
cooled down for the next water-capture cycle [74].
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Figure 5. Diagram of the desiccant-based atmospheric water harvesting.

One of the key units is the desiccant, which performs the cycle of water vapor adsorp-
tion and water desorption [91,92]. The desiccant not only determines the water collection
rate but also is associated with energy consumption. Currently, a series of single solid
desiccants and composite materials have been developed and studied [93]. Some typical
single solid desiccants include silica gel, activated carbon, and inorganic salts. However,
they need a high temperature to release water after saturation which is energy-intensive
and cannot be completed by conventional solar thermal equipment [94]. By contrast, some
novel composite materials have drawn attention (Table S2). For example, a kind of salt gel
beads made of an alginate-derived matrix with calcium chloride owns a water holding
capacity of 660 kg water/m? and can release water at a temperature of 100 °C [95]. In
addition, some MOF-based desiccants were also explored and presented promising water
adsorption ability [91,96].

Another key issue associated with a desiccant-based water extraction system is to
reduce the energy input as low as possible [69,97]. One of the basic and most greenway
is to leverage solar energy [98]. The glass-covered greenhouse (also called solar still) is
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the simplest device, it uses solar energy to distill out the water molecules adsorbed in the
desiccant [99]. However, the water generation rate (1.0-2.5 L/ (m2~day)) is limited due to the
diurnal variation [75]. Therefore, employing an additional condenser as a supplement to a
solar heat collector to ensure a continuous operation is one of the possible solutions [50].
In addition, transforming and/or storing solar energy in the form of either electricity
or heat via thermal collector or photovoltaics can also be coupled to a desiccant-based
water extraction system to utilize the solar energy as more as possible [100]. Especially in
extremely dry climate regions such as deserts, solar photovoltaic modules can be used to
power atmospheric water harvesting. The solar modules developed by Panchenko have an
extended service life and polysiloxane compounds, which do not degrade in such difficult
climatic conditions and are tolerant to cyclical temperature fluctuations [101,102].

4. Link between Atmospheric Water Harvesting and Water Supply Resilience

A reliable water supply is vital to life, and having either too much or too little has
very serious consequences, leading to drought and fires at one extreme, and floods at the
other [103]. Recently, the Intergovernmental Panel on Climate Change (IPCC) released a
new assessment report in August highlighting the changes in the water cycle due to the
temperature rising. As 1 °C increases in the air could increase its water holding capacity by
7%, and continued global warming will make air retain more moisture [104]. Specifically,
the rainfall amount will be larger as there is more water to condense and fall out of the
air [105]. Meanwhile, a warmer climate will intensify the evaporation and result in droughts
developing more quickly and l