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Editorial for Special Issue “Advances in the Ecohydrology of
Arid Lands”

Philip P. Micklin 1,* and Pingping Luo 2

1 Geography Department, Western Michigan University, 3219 Wood Hall, Kalamazoo, MI 49001, USA
2 School of Water and Environment, Chang’an University, Xi’an 710054, China; lpp@chd.edu.cn
* Correspondence: philip.micklin@wmich.edu

Ecohydrology is an emerging, cross disciplinary subfield of hydrology devoted to the
mutual interactions between water and ecosystems [1]. Today, the important questions of
what these interactions mean for human society and how human society impacts these
interactions are also part of this subject. The specific climatic/geographic focus here is arid
lands broadly defined as water deficit regions where potential evapotranspiration (PET)
exceeds precipitation (P). Such lands exceed 41% of the world’s terrestrial area and are
found on all continents except Antarctica [2]. Their range is from the climatic/vegetation
classifications deserts and semi-deserts that are excessively dry most of the time through
True Steppes to Wooded Steppes, Mediterranean areas and Tropical Savannas which suffer
from moderately dry conditions parts of the year. Some mountainous regions and parts of
polar lands also at times experience arid conditions.

Arid lands are of great contemporary concern as human-influenced climate change,
considered by many experts as Humanity’s greatest existential threat, is so strongly and
negatively affecting them with, among other consequences, more frequent and severe
drought and devastating fires. The experience of the state of California in the United States
is a prime example of this, where, in recent years, economic losses from drought and fire ran
into the tens of billions of dollars accompanied by significant human fatalities. Moreover,
drought in northwestern China in recent years has caused ecological degradation and
sandstorms. The monetary losses and deaths are expected to become higher as the climate
warms. Ecohydrology has contributed to a better understanding and mitigation of these
phenomena and will do so even more in the future.

An interesting and instructive example of the value of ecohydrology in better under-
standing and managing water in arid areas of the planet has been the effort to partially
rehabilitate the northern part of the Aral Sea. The author of this editorial has been involved
with research on this subject since the early 1980s, including on-site field research, data
gathering and the publication of results.

The Aral Sea lies among the deserts and steppes of Central Asia. It was the world’s
fourth largest lake in surface area in 1960, but owing to human actions (primarily expanded
irrigation in its basin) has steadily shrunk over ensuing decades with enormous negative
ecological, economic and human welfare consequences [3]. Efforts were begun by the
former Soviet Union in the late 1980s to address the problem, and after the breakup of
the USSR in 1991, international organizations of the UN, the World Bank and various
developed nations joined the effort. It rapidly became apparent that restoring the sea to its
former size was impossible in any realistic near-term scenario, owing to costs and lack of
the necessary water. However, a plan to partially revitalize the northern part of the lake
was viewed as attainable as its level could be raised and stabilized by placing a regulating
dam in the former strait separating the Small (north) Aral from the Large (south) Aral [3–5].
A locally constructed, closed-earthen dike had demonstrated the feasibility of the concept
in the 1990s but catastrophically failed in 1999 as the water level behind the dam rose so
high that the facility was breached during a major wind storm.
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The World Bank, in collaboration with the Government of Kazakhstan, on whose
territory the Small Aral is located, developed a full plan and engineering design by the early
2000s. The work involved flow measurements of the influent river (Syr Darya) as well as
accompanying studies of and data gathering on the limnology, biology and fishery potential
of the Small Aral Sea. A Russian hydroengineering company with considerable foreign
experience built the key engineering facilities needed (Kok-Aral Dike and Dam) between
2003 and late 2005. The main component of the plan is a well-designed, engineeringly
sound 13 km earthen dike with a concrete flow control dam with adjustable flow regulating
gates to control outflow and the level of the Small Aral.

So far, the plan seems a considerable success. It raised the level of the Small Aral
by two meters and increased the area by 18%. This led to a drop in salinity to levels
characteristic of the pre-desiccation situation and allowed the return of native fish species
to the lake from the Syr Darya Delta and its associated lakes. Fish catches have grown
rapidly and allowed a thriving fish canning and export industry to develop in Aralsk—the
former major port on the Small Aral [6]. Fresh and canned fish are supplied locally and to
surrounding regions. One highly prized species, the Pike-perch (Sudak in Russian) is made
into filets, frozen in local plants and exported to countries in the European Union, where it
commands a high price. The revitalization of the Small Aral and its positive impacts on
the lake’s ecology and fisheries has been a boon to the local and regional economy and the
welfare of the population living near the Small Aral.

The intent is to implement a second stage of the Small Aral Project. Two plans are
being evaluated to further improve the ecology and fishery significance of the Small Aral.
One would raise the level of one part of the Small Aral, and the other would raise the entire
water body. Clearly, sufficient inflow is available for the former plan. The latter effort is
a closer call, although a recent study seems to suggest it is feasible [4]. Ecohydrological
research should play a key role in determining which variant is best, taking in to account
not only physical but economic and social priorities.

The subfield of ecohydrology is changing rapidly. The intent of this SI is to present
scientifically accurate information on the current state of leading ecohydrology-oriented
research on arid lands that represents contemporary best thinking in the field. The five
research articles included (and cited below) by no means cover the diversity of the field
but rather provide an introduction to leading current research. The intended audience
is broad, including not only those involved in this field but also those engaged in the
more traditional aspects of hydrology, biology, ecology, geography, engineering, water
management, agriculture, urban planning and other relevant fields.

Articles in the Special Issue
Ndiaye, P.; Bodian, A.; Diop, L.; Deme, A.; Dezetter, A.; Djaman, K. Evaluation and

Calibration of Alternative Methods for Estimating Reference Evapotranspiration in the
Senegal River Basin. Hydrology 2020, 7(2), 24; https://doi.org/10.3390/hydrology70200
24. https://www.mdpi.com/2306-5338/7/2/24. Reference evapotranspiration (ETo) is a
key element of the water cycle in tropical planning and management of water resources,
hydrologic modeling, and irrigation management. This research assesses 20 methods for
computing ETo.

Nabih, S.; Tzoraki, O.; Zanis, P.; Tsikerdekis, T.; Akritidis, D.; Kontogeorgos, I.;
Benaabidate, L. Alteration of the Ecohydrological Status of the Intermittent Flow Rivers
and Ephemeral Streams due to the Climate Change Impact (Case Study: Tsiknias River).
Hydrology 2021, 8(1), 43; https://doi.org/10.3390/hydrology8010043. https://www.mdpi.
com/2306-5338/8/1/43. Climate change projections predict the increase in no rain periods
and storm intensity, resulting in a high alteration of Mediterranean rivers. Intermittent flow
rivers and ephemeral streams, such as the Tsiknias, are especially vulnerable to spatiotem-
poral variation in climatic parameters, land use changes, and other anthropogenic factors.

Guerreiro, M.; Maia de Andrade, E.; Palácio, H.; Brasil, J.; Ribeiro Filho, J. Enhancing
Ecosystem Services to Minimize Impact of Climate Variability in a Dry Tropical Forest
with Vertisols. Hydrology 2021, 8(1), 46; https://doi.org/10.3390/hydrology8010046.
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https://www.mdpi.com/2306-5338/8/1/46. Increased drought and variable rainfall pat-
terns may alter the capacity to provide ecosystem services such as biomass production and
clean water provision. The impact of these factors in a semi-arid region with dry tropical
forests whose soils are mainly vertisols is the focus of this study.

Tsutsui, H.; Sawada, Y.; Onuma, K.; Ito, H.; Koike, T. Drought Monitoring over
West Africa Based on an Ecohydrological Simulation (2003–2018). Hydrology 2021, 8(4),
155; https://doi.org/10.3390/hydrology8040155. https://www.mdpi.com/2306-5338/
8/4/155. Food production in West Africa has sharply declined in recent years owing to
agricultural drought. We simulated ecohydrological variables contributing to the drought
using the Coupled Land and Plant hydraulics Model.

Frau, D.; Moran, B.; Arengo, F.; Marconi, P.; Battauz, Y.; Mora, C.; Manzo, R.;
Mayora, G.; Boutt, D. Hydroclimatological Patterns and Limnological Characteristics of
Unique Wetland Systems on the Argentine High Andean Plateau. Hydrology 2021, 8(4), 164;
https://doi.org/10.3390/hydrology8040164; https://www.mdpi.com/2306-5338/8/4/164.
We describe the hydroclimatological and limnological characteristics of 21 wetlands on
the High Andean Plateau of Argentina, synthesizing information gathered over 10 years
(2010–2020).
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Abstract: High-elevation wetlands in South America are not well described despite their high
sensitivity to human impact and unique biodiversity. We describe the hydroclimatological and
limnological characteristics of 21 wetlands on the High Andean Plateau of Argentina, synthesizing
information gathered over ten years (2010–2020). We collected physical-chemical, phytoplankton,
and zooplankton data and counted flamingos in each wetland. We also conducted an extensive
analysis of climatic patterns and hydrological responses since 1985. These wetlands are shallow,
with a wide range of salinity (from fresh to brine), mostly alkaline, and are dominated by carbonate
and gypsum deposits and sodium-chloride waters. They tend to have high nutrient concentrations.
Plankton shows a low species richness and moderate to high dominance of taxa. Flamingos are highly
dependent on the presence of Bacillariophyta, which appears to be positively linked to silica and
soluble reactive phosphorus availability. Climatic conditions show a strong region-wide increase in
average air temperature since the mid-1980s and a decrease in precipitation between 1985–1999 and
2000–2020. These high-elevation wetlands are fundamentally sensitive systems; therefore, having
baseline information becomes imperative to understanding the impact of climatic changes and other
human perturbations. This work attempts to advance the body of scientific knowledge of these
unique wetland systems.

Keywords: high elevation wetlands; plankton; flamingos; hydroclimatic patterns; limnology;
Andean mountains

1. Introduction

The dry Andean plateau stretches 1800 km along the backbone of the mountain range
from southern Peru to northern Argentina between the eastern and western mountains,
varies from 350 to 400 km in width and averages 4000 m above sea level (m.a.s.l) [1,2].
Despite the aridity, the plateau is dotted with wetlands that provide essential resources
for human activity and habitats for biodiversity highly adapted to extreme environmental
conditions [3,4]. Nevertheless, these wetlands have received less attention than other types
of water systems on the South American continent. This is likely linked to the difficulty
of obtaining samples, the variety of morphological and hydrological characteristics, the
complexity of the hydrogeology, and the abundance and variety of basins and water bodies
in this environment [3,5].
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The isolated wetlands of the Andean plateau are formed in arid and semiarid cli-
mates where annual evaporation exceeds precipitation, forming endorheic drainage basins
with deep groundwater flow systems and little surface water [5,6]. This results in the
development of unique wetlands at their terminal areas where salt concentrations may
reach 250 g L−1, and evaporite deposits called salars often form [7,8]. Due to the extreme
environmental conditions (high elevation, low oxygen availability, high irradiance, high
desiccation potential, salinity gradients, and large daily air temperature fluctuations caus-
ing wetlands to freeze during winter), high-elevation wetlands tend to have simple food
webs and react more rapidly and more sensitively partially or entirely to environmental
changes than wetlands at lower elevations [9,10]. Vegetation patches (peatlands or high-
elevation bogs), known locally as vegas and bofedales, are commonly found at the perimeter
of lagoons and play a critical role in regulating the local water balance and sustaining a
unique diversity of rare and endemic biota in the high Andes [11,12].

Regarding the geology and hydrology of these arid, endorheic landscapes, the dif-
ficulty of constraining fundamental hydrological processes such as response times, flow
paths, and distribution and timing of groundwater recharge is magnified by long residence
times (>100 years), deep water tables (>100 m), and often insufficient data [13,14]. Indeed,
Liu et al. [15] showed that one in three of these catchments had an effective catchment
area larger or smaller than the topographic catchment, leading to large discrepancies in
water budgets. These hydrological imbalances within a catchment may be reconciled
by the subsurface interbasin flow between topographic drainages and/or the draining
of stored groundwater recharged during wetter periods hundreds to thousands of years
before the present [16]. These processes are well documented globally [13,16–18]; and
particularly in the Chilean pre-Andean depression, where relevant contributions have been
made recently [19–22]. As in other arid regions of South America, these kinds of studies are
relatively scarce in Argentina. Many questions remain to be answered, such as the overall
response to hydroclimate changes at the higher elevation wetlands and slightly wetter
climates on the plateau. Specifically, we still have insufficient knowledge about the reaction
of vegetation extent in response to observed climate changes and how these responses vary
by wetland elevation, basin area, and relative water age feeding surface water features.

In addition to the natural climatological variability, the wetland systems in the study
area have been influenced by human activity to some extent since humans first settled
here. However, these systems are the main providers of ecosystem services in a region
where water is a scarce and limiting resource [23]. Many of the salt lake brines and flats of
the Andean plateau are rich in sodium, lithium, boron, magnesium, and other elements
that attract mining. Indeed, mining has been present here throughout history, from small-
scale mines to major national and multinational investments [24]. Some of the largest
lithium mineral deposits in the world lie within or near these wetland systems [25,26], and
lithium mining activity has increased in size and scope since 2016 to supply the growing
markets for rechargeable batteries. Changes in land use, such as agriculture expansion,
nutrient enrichment, organic pollution, and an increased heavy metal load, also have a
growing impact on these kinds of wetland ecosystems [27,28]. In addition to the local and
regional pressures, global climate change is causing significant increases in temperature
and changes in precipitation patterns which will likely affect the size and distribution of
glaciers and wetlands, ecosystem integrity, surface water extent, and water availability for
human activities [29–32].

The wetlands of the high Andes have also been identified as important ecoregions of
diversity with high levels of endemism, unique traits, and evolutionary novelty [33]. Sev-
eral rich, polyextremophilic microbial ecosystems flourish in these extreme environments.
Biofilms, endoevaporitic mats, domes, and microbialites have been found to exist in associ-
ation with salars, lagoons, and even volcanic fumaroles in central Andean environments,
e.g., [34,35], for a complete review. Regarding planktonic microorganisms, several valuable
contributions to the knowledge of the plankton diversity of high elevation wetlands have
been published [3,36–43] with some other relevant contributions such as Servant-Vildary
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and Roux [44], Rejas et al. [45], and Frau et al. [46]. These authors also demonstrated the
importance of nutrient limitation, especially silica and ionic composition for high-elevation
diatom assemblages.

The high Andean wetlands support a diversity of endemic, resident, and migratory
birds, and some of them completely dependent on water [47,48]. These wetlands are one
of the main drivers of bird spatial distribution at high elevation and have a crucial role
in preserving birdlife [49,50]. They also serve as steppingstones during the migration of
long-distance migrants, particularly shorebirds [48,51,52]. Among birds, flamingos (Phoeni-
copteridae) are iconic species in the landscape, moving from one wetland to another, making
alternative and complimentary use of these wetlands for feeding and breeding, effectively
connecting these wetlands as a network of habitats [53–55]. Flamingos are an important
component of the increasing nature tourism industry that has developed in the past decade
and serve as flagship species for the conservation of high-elevation watersheds. Native
mammals that depend on these wetlands to survive include puma (Puma concolor), Andean
cat (Leopardus jacobitus), Andean fox (Lycalopex culpaeus), hairy armadillo (Chaetophractus
nationi), and the commercially valuable vicuña (Vicugna vicugna) [56].

Despite all the singularities reported above regarding high-elevation wetlands from
the Andean Plateau, human activities in combination with global climate change are driv-
ing variations in biological and hydrological attributes to a rate faster than we can measure.
Baseline information regarding biological conditions at these wetlands, highly sensitive
to anthropogenic disturbances [9] and, thus, ideal sentinels of global change [57,58] are
becoming necessary to improve our capacity to properly manage the use of these environ-
ments [30,59,60]. Catamarca province, located in northwest Argentina, is an area where
human activity, mainly mining has increased recently [61]. In Catamarca, we have gathered
information over the last ten years to characterize hydroclimatological and limnological
aspects, but we lack a holistic perspective of the characteristics and functioning of these
systems. We argue that assessing geochemical and limnological characteristics at specific
wetland systems in Catamarca can significantly improve the understanding of potential
impacts from current and future human activities in these and similar systems across the
High Andean Plateau. High-elevation wetlands are considered one of the most comparable
ecosystems across continents [57] due to the many ecological features that they share. This
makes the information synthesized in this manuscript potentially applicable to many other
environments in South America and other arid regions that have not been adequately stud-
ied but share similar issues of human modifications and climatic change. In this study, we
summarize the findings of a multidisciplinary approach synthesizing information gathered
from publicly available data sources and field expeditions, describing the hydrogeological
components and relevant biological patterns of wetlands on the High Andean Plateau in
northwest Argentina.

2. Methods

2.1. Study Area

The study area encompassed 21 wetlands sampled in northwestern Argentina between
25◦–28◦ S and 67◦–69◦ W and situated between 3000 and 4500 m above sea level (m.a.s.l)
(Figure 1). The area is characterized by predominantly volcanic geomorphology with
numerous stratovolcanoes and vast basaltic and pyroclastic deposits. Eight of the wetlands
sampled are within the Lagunas Altoandinas y Puneñas de Catamarca Ramsar site, which
was designated in 2009. The climate is cold and dry, with temperatures below 0 ◦C most
of the year and average annual rainfall between 50 and 200 mm year−1 [62]. Most of
these wetlands are shallow, commonly less than 1 m in depth, and become partially or
entirely frozen during winter [10]. They all sit within endorheic basins where water inflow
comes mainly from groundwater recharge in the surrounding mountains and local alluvial
infiltration and runoff, all of which leave the system through evapotranspiration.
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Figure 1. Map of the High Andean Plateau of Argentina and major hydrological features. The
wetlands in this study are labeled, and the watersheds/basins for each wetland complex are outlined.
The surface water occurrence layer depicts the average occurrence of water over the Landsat record
on a scale from pale purple meaning very little occurrence (<10%) to dark blue meaning permanent
water (100%). This dataset is publicly available through the European Commission’s Joint Research
Centre [63].

2.2. Physical-Chemical Sampling and Laboratory Analyses

Sampling was conducted between 2010 and 2020 during the summer season (January–
February) because some of these wetlands are dry or frozen during the rest of the year,
over seven consecutive days in a total of 21 wetlands, including peatlands, lagoons, and
salars (see Table S1 in the Supplementary Materials for specific sampling dates at each
site). At each sampling site, between one and four replicates were taken for the several
hydrogeochemical-limnological parameters explained below. It is important to note that
our assessment included 21 wetlands in total; however, no biological or limnological
data was collected at Laguna Diamante, meaning there are only 20 wetlands included in
those results.
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For limnological analyses, measurements made in situ were temperature (◦C), pH, and
conductivity (mS cm−1) using HANNA multiparametric meters; transparency with a Secchi
disc (m); and elevation (m.a.s.l) using a GPS altimeter and verified with a digital elevation
model in ArcGIS. Water-type categories were derived from the fresh-brackish-saline-brine
categorization scheme described by Warren [64].

Water samples were taken for determination of the nutrients nitrate+nitrite
(N-NO3

−+N-NO2
−), ammonium (N-NH4

+), soluble reactive phosphorus (SRP), and dis-
solved silica (Si). Samples for determination of N forms and SRP were immediately filtered
through membrane filters (0.45 μm pore size). Subsequently, samples for nitrate + nitrite
and ammonium determination were acidified to a pH < 2 with concentrated sulfuric acid,
whereas samples for SRP determination were preserved by adding 5 mg L−1 of HgCl2. All
samples were stored in cold and darkness before transporting to the laboratory for analysis.
Acidified water samples were neutralized in the laboratory. Samples used for determina-
tion of N-NO3

−+N-NO2
− were estimated by reducing N-NO3

− with hydrazine sulfate
and subsequent colorimetric determination of N-NO2

− [65]. N-NH4
+ was determined

using the indophenol blue method, SRP using the ascorbic acid method, and Si using the
molibdosilicate method. Dissolved inorganic nitrogen (DIN) was calculated as the sum of
N-NO3

−+N-NO2
− and N-NH4

+. The methodology proposed in APHA [66] was followed
throughout, and nutrient concentrations were expressed as mg L−1 for silica and μg L−1

for DIN and SRP.
Physical and chemical data were explored by using principal component analysis

(PCA). All data were log-transformed, except pH, and values obtained were standardized.
Neighbor-joining clustering analysis was performed on the physical-chemical data obtained
to find common patterns among wetlands sampled.

Water samples analyzed for major ion composition were collected at 10 of the 21 wet-
lands in February of 2019 and 2020 using a consistent, standardized procedure and repeated
sampling from the same location when possible (Supplementary Materials, Table S2). Water
samples were filtered through 0.45 μm filters using a plastic 60 mL syringe and were stored
in clean HDPE bottles. The concentration of major elements was analyzed using inductively
coupled plasma optical emission spectroscopy for major elements (Agilent 5110 ICP-OES)
and high-pressure ion chromatography (Dionex Integrion HPIC) for Cl, SO4, PO4, and NO4
anions at the University of Massachusetts Amherst. Waters with relatively high TDS were
diluted volumetrically before analysis. For ICP OES analysis, samples were acidified to 1%
HNO3 v/v before analysis. Quantification was performed using seven external calibration
standards ranging from 0.1 to 100 ppb. Calibration verification standards and blanks were
run at every 10th analysis for anions and elements. Elemental analysis was verified with
external NIST standard SRM 1643d, and anion analysis was verified with a secondary
anion standard (Anion II Std Dionex). Samples that exceeded the calibration by 120% were
diluted and reanalyzed. The concentration of HCO3 in water was determined by titration
using an autotitrator. In all cases, the laboratory measurement error was 0.01 mg L−1. All
other major ion data used in the study were obtained from Sureda [67]. A charge balance
assessment of all these data was performed, and only samples with less than 10% error
were included.

2.3. Hydroclimate Characterization

We utilized multiple remotely sensed datasets to assess hydrological and climatologi-
cal conditions and changes over time across the basins of interest. These include Landsat
satellite imagery (spatial resolution of 30 m × 30 m), the TerraClimate climatically aided
precipitation interpolation, and the famine early warning systems network land data as-
similation system (FLDAS). These data products are publicly available on Google Earth
Engine (GEE) platform and were extracted and compiled using tools within the platform.
For each wetland system, basin domains were extracted from the HydroSHEDS dataset
(Hydrological data and maps based on shuttle elevation derivatives at multiple scales) [68]
or a contributing watershed area determined using the Watershed tool in ArcGIS Pro.
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Values of total precipitation and mean air temperature were extracted for each satellite pass
(~16-day intervals) as spatially aggregated values for each basin or watershed containing
the wetland of interest; outlines of these areas are shown in Figure 1. Total living or “green”
vegetation extent was also assessed at each wetland complex using the normalized differ-
ence vegetation index (NDVI). These data provide a robust assessment of the change in
climatic and hydrological conditions from the mid-1980s to the present.

To assess changes in precipitation, we utilized the TerraClimate precipitation product
which uses climatically aided interpolation, combining high-spatial-resolution climatologi-
cal normals from the WorldClim dataset, with coarser spatial resolution but time-varying
data from CRU Ts4.0 and the Japanese 55-year reanalysis (JRA55) [69]. The data are
provided as monthly precipitation accumulation totals at a resolution of 1/24◦ (~4-km)
from 1958 to 2021. A time series of annual total precipitation was then created for each
basin/watershed. From this time series, we derived a general value of precipitation changes
between 1985 and 2020 represented by the percent change from the 1985–1999 mean value
to the mean value of the 2000–2020 period.

Mean annual air temperature was determined using the famine early warning sys-
tems network (FEWS NET) land data assimilation system (FLDAS) global land surface
simulation that provides monthly values of near-surface air temperature at a 0.1◦ × 0.1◦
resolution [70]. The model is forced by combining the modern-era retrospective analysis for
research and applications version 2 (MERRA-2) data and climate hazards group infrared
precipitation with station (CHIRPS) 6 hourly rainfall data that have been downscaled using
the NASA Land Data Toolkit. Although the precipitation product used in FLDAS is not
as reliable for this region, the air temperature data are quite consistent with station data
and other datasets and are, therefore, determined to be robust estimates. The value of
temperate change from 1985 to 2020 was derived from the linear trend of mean annual air
temperature over that period.

To assess changes in vegetation cover, we utilized the NDVI, which is calculated from
spectral imagery using the formula: NDVI = (NIR − RED)/(NIR + RED) where NIR is
the reflection in the near-infrared spectrum and RED is the reflection in the red range
of the spectrum [71]. NDVI is designed to assess the density of vegetation at a given
location at a given time. It provides a single band with a range from −1.0 to 1.0 where
negative values are clouds, water, and snow; values close to 0 up to 0.1 are from rocks
and bare soil. Different types of vegetation are classified in values greater than ~0.1. To
be conservative and be sure we are capturing only vegetation, we extracted the pixels
whose values fell between 0.2 and 0.9. The domains over which each wetland was analyzed
were chosen to encompass all vegetation directly associated with the wetland system, at
or near each basin floor. Using GEE, we extracted a full series of Landsat 5 and Landsat
7 Satellite images from 1985 to 2020 and determined the number of pixels covered by green
vegetation (0.2–0.9 range) from which a total geographic area was then calculated. This
provides a time series of the total area covered by living vegetation within each wetland
region. From these time series, we derived a general value of change in the vegetated area
between 1985 and 2020 represented by the percent change from the 1985–1999 mean value
to the mean value of the 2000–2020 period.

2.4. Biological Sampling and Analyses

Samples of phytoplankton were collected at the same time as the physical-chemical
samples from the subsuperficial area using 120 mL bottles and then were immediately
fixed with 1% acidified Lugol solution for preservation. Quantitative sample analyses were
carried out following the Utermöhl method [72], and the density obtained was expressed
ind mL−1 by accepting a counting error <20% [73]. For estimating zooplankton abundance,
between 10 and 30 L of water were filtered through a conventional conical plankton net
(50 μm) with a collector and a 2 L bucket. The collected material was fixed in situ with
10% formalin and dyed with erythrosine. The microzooplankton counts (Rotifera and
nauplii) were carried out with a conventional optical microscope using Sedgwick-Rafter
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type chambers with a capacity of 1 mL. Macrozooplankton (Cladocera and Copepoda)
counts were performed in a 5 mL Borogov-type counting chamber. Density was expressed
as ind L−1. Taxonomic identification was carried out to the lowest taxonomic possible level.
Phytoplankton taxonomic classifications were based on Lee [74]. Taxonomic determina-
tions were made following keys and specific bibliography of each algal group, such as
Krammer and Lange-Bertalot [75] for Bacillariophyta, Tell and Conforti [76] for Eugleno-
phyceae, Komárek and Fott [77] for Chlorophyceae, and Komárek and Anagnostidis [78,79]
for Cyanobacteria, among other authors and recent revisions. Zooplankton taxonomic
identifications were based on Ahlstrom [80], Koste [81], Kořínek [82,83], Korovchinski [84],
and Alekseev [85], among others. Flamingos were identified to species level (Phoenicoparrus
andinus, P. jamesi, and Phoenicopterus chilensis) using spotting scopes and binoculars and
counted from established census points, consistent across years. For large flocks (>500)
or groups dispersed throughout the wetland, numbers were estimated using methods
described in Marconi [86]. For this study, we used total numbers per flamingo species for
each wetland.

Flamingo and plankton abundances were compared among wetlands by using Kruskal–
Wallis analyses and the Mann–Whitney post hoc test. Temporal tendencies for flamingo
abundances were explored by using Mann–Kendall tests using flamingo counts carried out
from 2010 to 2020. Diversity indices, such as Shannon–Wieber, dominance, and richness,
were estimated for plankton. Finally, a redundancy analysis (RDA) was performed by using
all the environmental variables as predictors and the biological communities (flamingos,
phytoplankton, and zooplankton) as response variables to explore the main environmental
variables which may influence natural communities’ abundance. The RDA analysis was
performed after considering the longitude gradient in a detrended correspondence analysis
(DCA), and highly correlated variables (VIF > 10) were omitted.

3. Results

3.1. Physical-Chemical and Hydroclimate Characterization

All the wetlands sampled (n = 21) were located above the 3000 m.a.s.l. and range
in area from 24 to 1117 ha (determined by surface water extent from the HydroLAKES
dataset described by Messager et al. [87] (Table 1). Diamante is not included in Table 1
since we did not collect biological or limnological data there; however, it is one of the
largest wetlands in the region and therefore was included in the rest of our analysis. All
of them were shallow (<1 m) with high transparency, allowing light to reach the bottom.
Alkaline conditions were typical, except for Aguas Dulces showing to be circumneutral
(pH = 7). Nutrient concentrations were variable across wetlands. DIN concentrations were
above 100 μg L−1, with the highest concentrations registered in Las Peñas, Carachi Pampa,
Grande, and Hedionda and the lowest in Cortaderas, San Francisco, and Archibarca.
SRP concentrations followed a similar pattern of high variation among lakes, with the
highest concentrations registered in Archibarca and Hedionda. Values registered were
above 50 μg L−1, except in Antofagasta, Azul, and Negra (32.7, 44.1, and 46.1 μg L−1,
respectively). The DIN:SRP ratio showed, in general, low values (<10), indicating DIN
limitation in almost all wetlands where information was available. Si concentrations were
about one thousand times higher than concentrations of the other inorganic nutrients
sampled (>30 mg L−1 for all lakes sampled). Conductivity showed a wide range, with
some wetlands having very low values (e.g., Alumbrera, Antofagasta, and Cortaderas had
<2.5 mS cm−1). About 30% of the wetlands sampled were categorized as freshwater or
brackish, all measuring below 10 mS cm−1. The remaining wetlands (70%) were considered
saline, with mean conductivity values between 25 and 110 (mS cm−1) being the most saline;
Diamante was a large lake composed of brine. (Table 1).
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Table 1. Median environmental values for each wetland sampled between 2010 and 2020. Elevation (Alt), area (Area),
temperature (Temp), pH (pH), water level (WL), Secchi disc (SD), conductivity (Cond), dissolved inorganic nitrogen (DIN),
silica (Silica), soluble reactive phosphorus (SRP). ND = no data.

Wetlands Type Elev
(m.a.s.l)

Area
(ha)

Temp
(◦C)

pH
WL
(cm) SD (cm)

Cond
(mS cm−1)

DIN
(μg L−1)

Silica
(mg L−1)

SRP
(μg L−1)

Aguas Dulces Saline 3325 543 26.2 7.0 5.0 5.0 25.6 ND ND ND
Alumbrera Fresh 3320 24 19.8 9.7 3.1 3.5 2.2 227.5 40.7 77.0

Antofagasta Fresh 3320 37.5 22.9 9.5 4.0 3.5 1.6 159.9 37.7 32.7
Los Aparejos Saline 4220 95 10.7 9.0 3.0 3.0 74.0 146.8 29.5 70.1
Archibarca Saline 4030 49.8 16.1 8.6 16.0 5.3 50.0 83.5 62.5 1962.8

Azul Brackish 4450 66 7.8 9.5 7.0 7.0 3.9 156.4 10.2 44.1
Cabi Saline 4220 67 23.5 9.5 2.0 2.0 51.5 ND ND ND

Carachi Pampa Saline 3000 334 24.0 8.6 6.5 6.5 100.0 675.6 31.7 216.5
Caro Saline 3990 511 19.8 8.1 1.0 1.0 73.8 ND ND ND

Cortaderas Fresh 3900 51.01 22.5 8.7 18.8 18.8 1.3 53.6 70.3 142.0
Grande Saline 4240 357 15.3 9.8 5.2 3.0 17.5 578.5 96.5 187.1

Hedionda Saline 4280 20 25.1 9.8 3.0 3.0 38.6 370.3 206.7 3580.7
Negra Saline 4090 1106 21.4 8.3 2.0 2.0 30.5 216.6 53.3 46.1

El Peinado Saline 3750 241 17.0 9.0 28.2 5.0 67.3 ND ND ND
Las Peñas Brackish 4255 53 12.4 9.0 6.9 4.8 6.0 1135.9 61.5 697.1

Purulla Saline 3805 487.4 22.8 9.0 7.8 7.8 32.5 144.7 39.3 97.7
San Francisco Brackish 4000 1066 12.0 8.2 12.9 11.5 6.8 57.9 73.7 966.8

Tres Quebradas Saline 4090 ND 15.4 ND 6.0 6.0 108.6 ND ND ND
Las Tunas Saline 4250 42 19.0 9.5 ND ND 52.9 327.7 ND 51.9

Verde Saline 4090 1077 17.2 ND 15 15 101.2 ND ND ND

The PCA ordination analysis explained 49.66% of the total variance in the first two axes.
The first axis indicated a gradient of DIN concentration, with maximum values recorded in
Carachi Pampa, Grande, and Las Peñas and the lowest value in Cortaderas. The second
axis suggested a gradient of SRP concentration and elevation from San Francisco and
Archibarca to Alumbrera and Antofagasta. Carachi Pampa, Negra, and Grande stand out
for their high conductivity values, Si concentration, and area (Figure 2). Complementarily,
the neighbor-joining clustering analysis suggests four clusters of wetlands. Cluster one
(Archibarca, Cabi, Caro, Hedionda, El Peinado, and Las Peñas) had the highest nutrient
values, being mostly saline lagoons. Cluster two (Aguas Dulces, Antofagasta, Alumbrera,
Carachi Pampa, and Purulla) were those located at the lowest elevation (above 3000 m.a.s.l),
had mean temperature values higher than the other wetlands (above 22 ◦C), and were saline-
freshwater lakes. Cluster three (Grande, Verde, Negra, Tres Quebradas, and San Francisco)
had the highest elevation, area, and Si concentrations and were saline-brackish. Finally,
cluster four (Los Aparejos, Azul, Cortaderas, and Las Tunas) was characterized by having
the lowest mean DIN and Si concentration, as was mostly saline-brackish (Figure 3).

Based on the dissolved ion compositions of 14 wetland surface waters (10 analyzed
for this work and 4 from data obtained from Sureda [65], we can describe three distinct
groups of wetlands (Figure 4). Group one: Grande, Diamante, Carachi Pampa, Caro, and
Cabi are dominated by Na+, K+, and Cl− with very low concentrations of Ca++, Mg++, and
SO4

−. Group two: Purulla, El Peinado, Negra, Verde, and San Francisco are also marked
by high relative concentrations of Cl− but have higher Ca++ and Mg++ concentrations
than the first group. The third group of wetlands is marked by substantially higher
relative concentrations of HCO3 and SO4

−, and include Alumbrera, Antofagasta, Azul,
and Los Aparejos. Three of these are the freshest wetlands sampled (<5 mS cm−1), and
the other is much saltier (~75 mS cm−1). Alumbrera and Antofagasta, which comprise the
extensive wetland complex at the terminus of the large Punilla River, show very similar
characteristics, being dominated by relatively high HCO3 and SO4

− but lower relative
Cl−, Ca++, and Mg++ concentrations. Azul is like these lagoons but contains higher SO4

−
and much higher Mg++. Los Aparejos appears to be more like group two than the fresher
lagoons mentioned above but substantially lower in SO4

−.
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Figure 2. Principal components analysis (PCA) considering only those wetlands where full environmental data were
available. Abbreviations of variable names as in Table 1.

Figure 3. Neighbor-joining clustering analysis by using all the environmental variables (including
nutrients) available.
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Figure 4. Piper diagram showing major ion compositions of wetland surface waters. Purulla, El Peinado, Negra, and Verde
were data extracted from data presented by Sureda (2003).

Our analysis of climatic and hydrological conditions in this region revealed 14 distinct
basins or watersheds encompassing the 21 wetlands in this study (Figure 5). Decadal-scale
changes in climatic and hydrological conditions within these large internally drained basins
provide an effective estimate of the natural drivers of recent hydrological changes in these
wetland systems. In the case of Azul, Cortaderas, and Aguas Dulces, the domains used are
subwatersheds of larger basins, and in the case of Cabi, a small wetland on the edge of the
Grande Basin, its watershed area is too small to assess independently; therefore, we use
the Grande basin as a representative of the conditions there. Temperatures since 1985 have
increased substantially across the entire region. Every basin has recorded a temperature
increase of at least 0.45 ◦C. Basins in the eastern and northern parts of the study area
have seen an increase of between 0.55 and 0.65 ◦C with the largest increase observed in
Archibarca and Caro (Table 2). Precipitation has broadly decreased across all wetland areas,
with the smallest decreases observed in the northeastern region of between 9% and 12%.
The most significant decreases are in the southern and westernmost regions of between
14% and 22%. Since a major region-wide drought has been identified since the mid-2000s,
these changes are likely in large part a reflection of the relative depth of this drought across
the study area. In terms of hydrological changes, in this case, represented by the change
in vegetation cover, there is a wide distribution of relative changes. The western and
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southern wetlands (El Peinado, Tres Quebradas, Negra, Azul, and Las Tunas) as well as the
highest elevation wetland, Diamante show large increases in total vegetation cover since
the 1980s and 1990s with a range of between 12% and 53%, with the highest values in the
Tres Quebrada basin. In contrast to this, many of the wetlands show a substantial decrease
in vegetation cover from −10% to −31%. Particularly notable decreases were observed in
the northern and eastern wetlands, where Archibarca, Antofagasta, Hedionda, Grande, and
Cabi as well as the central basins San Francisco and Aguas Dulces all registered decreases
in the vegetated area of >15%.

 

Figure 5. Map of recent hydroclimatological changes across the region relative to the 1985–99 period. Vegetation coverage
(green hatch) is derived from the Landsat imagery record that outlines the regions of each wetland complex included in
our analysis. Temperature changes observed in each basin of interest are outlined on a color scale by magnitude of change.
Each wetland of interest (numbered) is labeled, and its corresponding subplot shows the observed changes in the relative
vegetation extent and precipitation amount.
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Table 2. Summary of hydroclimate results for each basin/watershed and associated wetland system. The largest observed
decreases in precipitation, vegetation, and air temperature are highlighted in red, and the largest increases in vegetation
extent are highlighted in green. Notes: *1 Whole topographic basin minus the Antofasta/Alumbrera Watershed area.
*2 Based on linear trend.

Wetland Basin/Watershed Elevation (m.a.s.l)

Catchment-Wide Hydroclimate for 1985–1999 and
2000–2020 Periods

Precipitation
Change

NDVI
Air Temp. Change

(◦C) *2

Archibarca Archibarca Basin 4030 −22% −15% +0.65
Caro Caro Basin 3990 −13% −10% +0.65

Diamante Diamante Basin 4570 −9% +14% +0.60

Alumbrera Antofasta/Alumbrera
Watershed 3320 −12% −12% +0.60

Antofagasta Antofasta/Alumbrera
Watershed 3320 −12% −15% +0.60

Hedionda Grande Basin 4280 −10% −31% +0.60
Las Peñas Grande Basin 4255 −10% +8% +0.60

Grande Grande Basin 4240 −10% −15% +0.60
Cabi Grande Basin 4220 −10% −20% +0.60

Carachi Pampa Carachi Pampa Basin *1 3000 −13% −12% +0.55
Purulla Purulla Basin 3805 −19% +6% +0.50

Aguas Dulces Aguas Dulces Watershed 3325 −22% −17% +0.45
El Peinado El Peinado Basin 3750 −21% +25% +0.50

San Francisco San Fransisco Basin 4000 −18% −16% +0.55
Cortaderas Cortaderas Vega Watershed 3900 −19% +6% +0.55

Tres Quebradas Tres Quebradas Basin 4090 −14% +45% +0.50
Verde Tres Quebradas Basin 4090 −14% +6% +0.50
Negra Tres Quebradas Basin 4090 −14% +53% +0.50
Azul Azul Watershed 4450 −13% +49% +0.50

Los Aparejos Los Aparejos Basin 4220 −13% −6% +0.50
Las Tunas Los Aparejos Basin 4250 −13% +12% +0.50

3.2. Biological Communities’ Characterization

Three flamingo species, Phoenicoparrus andinus, P. jamesi, and Phoenicopterus chilensis,
were recorded in the study area during the sampling periods; however, their abundances
were variable among wetlands and across years (Table 3). Flamingo abundance for all
species among years was variable in some wetlands (e.g., San Francisco, Las Peñas, Aguas
Dulces, and Archibarca) while appearing more stable in others (Carachi Pampa, Grande).
Phoenicoparrus jamesi was the most abundant in Grande, where numbers were >12,000 in
all years. This species was the most abundant in Los Aparejos, Hedionda, and Las Peñas.
For P. andinus, numbers fluctuate less across years in San Francisco, Purulla, Negra, and
Archibarca. P. chilensis numbers were very low in the study area considering a global
population of >500,000 individuals. Las Peñas wetland consistently had P. chilensis present.

The Kruskal–Wallis test showed statistically significant differences among wetlands
for the three species (H = 34.66 p < 0.001). These differences were for P. jamesi vs. P. andinus
and P. chilensis and between P. andinus vs. P. chilensis (Mann–Whitney test, p < 0.001).
When the temporal tendencies of the abundances between 2010 and 2020 were explored
with the Mann–Kendall test, a statistically decreasing trend was detected for P. chilensis
(Z = 3.42 p < 0.0001), notable since the year 2015. No tendency was seen for the other two
flamingo species (p > 0.05) (Supplementary Material, Figure S1. Spearman correlation
among all measured environmental variables and P. jamesi (n = 13) in wetlands with high
variability among years (Alumbrera, Azul, Los Aparejos, and San Francisco) revealed
a positive statistically significant correlation with Bacillariophyta (Rho = 0.71 p = 0.006),
which showed a negative correlation with water level (Rho = −0.72 p = 0.02). A statistically
significant positive correlation was found between P. andinus abundance and conductivity
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(n = 11, Rho = 0.87 p = 0.01) which showed a marginally significant correlation with the
area of the wetlands (Rho = 0.53 p = 0.06).

Table 3. Mean and percentage variation coefficient (%VC) of flamingos counted (individuals’ num-
bers) per species in each wetland from 2010–2020.

Wetland
P. andinus P. jamesi P. chilensis

Mean %VC Mean %VC Mean %VC

Aguas Dulces 52 63 1 100 14 50
Alumbrera 16 100 1 200 50 126

Antofagasta 9 144 1 200 77 222
Archibarca 248 37 83 128 52 92

Azul 6 167 2 150 5 100
Cabi 13 146 58 124 2 150

Carachi Pampa 91 25 31 71 10 120
Caro 62 84 42 138 17 47

Cortaderas 13 85 0 0 6 150
Diamante 158 47 163 142 65 63

Grande 161 88 14,988 18 19 126
Hedionda 37 65 277 48 12 167
Las Peñas 104 82 260 115 215 85
Las Tunas 69 113 131 109 12 108

Los Aparejos 96 77 376 69 23 148
Negra 182 49 12 83 4 100

El Peinado 179 26 4 200 84 63
Purulla 555 86 97 119 9 89

San Francisco 365 76 49 147 27 104
Tres Quebradas 8 88 0 0 0 0

Verde 0 0 1 100 0 0

For phytoplankton species, richness ranged between 3 and 20 species recorded for each
wetland. Bacillariophyta species, especially from the genera Navicula, and Nitzschia, were
the most frequently recorded. For Chlorophyceae, Monoraphidium and Chlamydomonas were
the best-represented genera. For the other groups of algae, Cryptomonas (Cryptophyceae),
Lepocinclis, Euglena, Trachelomonas (Euglenophyceae), and Synechocystis, Oscillatoria, Phormid-
ium (Cyanobacteria) were the most representative. The assemblage tends to be dominated
by Bacillariophyta, followed by Chlorophyceae and occasionally by Cyanobacteria. Density
registered for phytoplankton was highly variable across wetlands with the highest values
recorded in Grande, Cabi, and Las Peñas (maximum median values recorded = 18,635
ind mL−1) and the lowest in Azul, El Peinado, and Tres Quebradas, with 107 ind mL−1

on average (Figure 6a). The high abundances found were attributed to Bacillariophyta
which was the dominant group solely in Grande. The Shannon diversity index showed
low values for these wetlands, always <3, and variable dominance values among wetlands
(above 0.6 and 1). Alumbrera, Antofagasta, and Aguas Dulces reached the highest values
and Hedionda and Las Tunas the lowest (Figure 6b). The Kruskal–Wallis analysis showed
differences in total phytoplankton density among lakes (H = 30.49 p = 0.04), showing
statistically significant differences between Grande and Antofagasta, Aparejos, and Azul
(p < 0.05 in all cases).
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Figure 6. Phytoplankton relative percentage density registered for each group and total abundance (ind mL−1) with
percentage variation coefficient indicated (%VC) on each mean value (a) and diversity indexes (b) on each wetland where
samples were obtained.

Zooplankton showed a similar pattern to phytoplankton, with between one and five
species recorded for each lake and assemblages alternatively dominated by Copepoda, or
Rotifera. Alona (Cladocera), Lecane, Keratella, Brachionus, and Boeckella (Copepoda) appeared
as the most frequent genera. The density recorded for the different wetlands was, in general,
low (median values of 10 ind L−1), with Archibarca and Las Peñas being the exceptions
(321 and 176 ind L−1, respectively) (Figure 7a). The Shannon diversity index showed low
values (<2) and highly variable values of dominance for the lakes sampled (between 0.2
and 1). Antofagasta, Alumbrera, and Azul had the highest richness values while Verde
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had the lowest (Figure 7b). The Kruskal–Wallis analysis showed no differences in density
among wetlands (H = 20.37 p = 0.11).

Figure 7. Zooplankton relative percentage density registered for each group and total abundance (ind L−1) with percentage
variation coefficient indicated (%VC) on each mean value (a) and diversity indexes (b) on each wetland where samples
were obtained.

The RDA analysis explained 29.85% of the total variance (F = 1.8 p = 0.01), with the first
two axes retaining 71.5% of the total variation. Both P. andinus and P. jamesi were associated
with the highest elevation and area wetlands with higher abundances of Bacillariophyta,
particularly in Grande, Los Aparejos, Las Peñas, and Negra. Bacillariophyta were positively
correlated with higher concentrations of SRP and Si availability. Conversely, P. chilensis
appeared associated with Copepoda and Cladocera (zooplankton groups), which were
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also more associated with other algae groups, such as Cyanobacteria and Chlorophyceae.
Euglenophyceae and Cryptophyceae were correlated with higher water temperatures,
higher conductivity values, and Secchi transparency while Chlorophyceae tend to be
restricted to low-conductivity wetlands and low nutrient concentrations. Rotifera was a
group poorly represented in the ordination (Figure 8).

Figure 8. Redundancy analysis (RDA) plot with all the environmental and biological variables included. Abbreviations of
variable names as in Table 1.

4. Discussion

Across the Altiplano, most aquatic ecosystems remain poorly described in detail, lim-
iting our ability to understand their ecological importance and sensitivity to human impact.
Here, we describe several trophic levels (phytoplankton, zooplankton, and flamingos)
along with several limnological and hydroclimatological features for a set of wetlands of a
poorly studied region in the High Andean Plateau of Argentina undergoing rapid change
from anthropogenic drivers such as climate change and industrial mining development.

4.1. Geological, Hydrological, and Climatological Features

The ecosystems sampled were highly variable in their surface area, the largest being
often co-located with salars (evaporite deposits). Most of them (71%) were located at very
high elevations, above 3900 m.a.s.l. Owing to the hyperarid climate conditions on many
of the floors of these basins, most of the wetlands (67%) were composed of saline or even
brine surface water bodies. These conditions are attributable to the rapid uplift of the
plateau and progressive orographic-induced aridification, and its location along the Tropic
of Capricorn subtropical high belt [88].
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The registered nutrient concentrations also appear highly variable among wetlands
sampled, with some lagoons such as Archibarca, Cabi, Caro, Hedionda, Peinado, and
Las Peñas registering the highest mean values of DIN and SRP. In a similar system of
wetlands in the Atacama Desert (Chile), higher nitrate concentrations were attributed to
local windblown salts containing nitrate formed by sun UV ray oxidation of nitrogen in
the atmosphere or to dust from other nitrate deposits [89]. In some wetlands, such as
Archibarca, Cortaderas, and San Francisco, DIN was a limiting nutrient for phytoplankton
with values below 100 ug L−1, while SRP always registered values above 10 ug L−1,
suggesting it was not limiting [90]. In addition, the DIN/SRP ratio (always < 10) suggested
that DIN was the limiting nutrient for those wetlands where data were available during
samplings. These results are consistent with those reported for other saline systems around
the world e.g., [91–94]. The high variability observed could also be related to fluctuation in
hydrological conditions that induce changes in nutrient inputs; therefore, the variations in
hydrological conditions are a critical control in semiarid to hyperarid areas, where surface
water levels fluctuate seasonally and interannually [95,96]. The wetlands surveyed in our
study tend to be very shallow (<1 m in depth), but they experience high variations in water
surface area across seasons and years. Decreases in water volume through evaporation
result in increases in salinity and nutrient concentrations due to the accumulation of ions [4].
The high values of Si found in most wetlands, and particularly in Grande, Cortaderas, Las
Peñas, San Francisco, and Hedionda, are consistent with the tectonically active region and
vast exposures of young volcanic rocks [97,98].

The variability in salinity across wetlands is quite dramatic, even between nearby wet-
lands. Alumbrera and Antofagasta, the freshest of the lagoons sampled, can be explained
because both are fed by the Punilla River, a large river through which recent rainwater and
snowmelt are efficiently transported toward the basin floor. However, the other wetlands
tend to be mainly fed by groundwater recharge and are rich in bicarbonate, sodium, and
potassium, which tend to concentrate and precipitate when they reach the surface through
springs (here known as vegas and bofedales). This process is fundamental to the creation
and maintenance of salars such as Carachi Pampa or Tres Quebradas, where the formation
of thick evaporite sequences primarily of halite (NaCl) and dense brine groundwaters
require the persistent concentration of salty water close to the surface e.g., [19,99]. For the
other wetlands, such as Negra, Grande, or Purulla, variations in salinity of surface waters
can be attributed to several processes, including dissolution of old salts, thermal water
contributions, evaporative concentration, and mixing between old saline groundwater, and
less saline recently recharged or direct meteoric water [89]. For almost all the wetlands
sampled, we found high water transparency, with light reaching the bottom of the water
body during sampling, especially in Cortaderas and San Francisco. This pattern empha-
sizes the shallow water column of these ecosystems (<1 m), which contrasts with lakes
from areas of the world at similar high elevations, often of glacial origin [100,101].

Our analysis of major ion compositions in these waters provides valuable insight into
the distinctions between these wetland systems based on the interactions of inflow waters
(meteoric, streamflow, and groundwater), evapoconcentration, and mineral precipitation.
The largest group is dominated by Na+, K+, and Cl− reflecting highly geochemically
evolved systems. The surface water in these wetlands is sourced from inflow waters
that have undergone substantial evapoconcentration along their flow paths and in the
water body itself. This group contains two of the saltiest surface waters measured in this
work (100 and 230 mS cm−1). The second group is also quite evolved but contains higher
proportions of Ca++ and Mg++, indicating a distinct geochemical pathway of inflow waters.
The other wetlands display some unique geochemical characteristics but can be described
primarily as less evolved versions of the other two groups. Alumbrera and Antofagasta,
fresh wetlands upgradient of the massive Carchi Pampa basin floor appear to be diluted
versions of the waters that feed Carachi Pampa. The primary difference between these
systems is that these fresh, upgradient wetlands contain substantial HCO3

− and SO4−.
In these hyperarid to arid evaporite-forming systems, as waters progressively evaporate

21



Hydrology 2021, 8, 164

under intense insolation, first carbonate, then gypsum precipitate leaving very little of
these ions in the remaining water [64]. At least from a geochemical perspective, these
systems represent two end-member wetland systems but appear to be of highly similar
source waters and flow paths. A similar case can be made for Azul, Los Aparejos, and
Negra, which reside in adjacent basins, where Los Aparejos represents an intermediate
composition but appears to have similar hydrogeological characteristics. This is consistent
with basins on the Chilean Altiplano and the Salar de Atacama where dense brines can be
explained through the intense and progressive evapoconcentration of much fresher inflow
waters near the basin floors either as groundwater exiting the ground from long flow paths
or ephemeral flow from precipitation events [21,22,102].

Several important observations can be drawn from our hydroclimate analysis. First,
there is a substantial temperature increase at every basin over the last several decades,
which is consistent with the effects of global climate change predictions for this region [30].
Increasing temperatures have likely increased overall potential evaporation and transpi-
ration in these wetland ecosystems, perhaps contributing to some of the changes seen in
vegetation cover over the same period. Basins with the highest temperature increases also
show the strongest declines in vegetation cover, and wetlands with the largest increases in
vegetation cover generally show lower temperature increases. Previous studies examining
carbon exchange in peatlands show that soil temperature and moisture conditions are well
coupled to carbon losses (plant respiration and soil decomposition) and carbon uptake
(plant productivity) at an ecosystem level [103,104]. It has also been recently suggested
that these ecosystems play an important role in controlling microclimates [11,12]. Though
quantifying this impact requires further study, this may be a critical tangible and rapid
effect that climate change is having on these wetlands. Changing precipitation patterns
have likely come along with increasing temperature. Recent research has shown that
this may be currently manifesting in South America by shifting the seasonal monsoon
southward, leading to an increase in frequency and magnitude of significant precipitation
events on the plateau while also increasing interannual variability [105–107], resulting
in increases in frequency and magnitude of large precipitation events but also more pro-
nounced drought periods. Indeed, a major drought has been documented in the region
since the mid-2000s and is likely ongoing [108,109]. It is important to incorporate these two
climate-driven phenomena into any hydrological or ecological assessment of the region.
The changes in basin-scale hydroclimate we describe here can provide a valuable insight
into the characteristics of response to natural conditions in each unique system and by
extension, current impacts from or potential vulnerability to non-natural disturbances.

The strong decrease in precipitation across all these wetlands is likely primarily due
to the ongoing effects of the drought. However, a pronounced regional distinction exists in
the magnitude of this decrease, with basins in the southwest showing about double the
decrease as those in the northeast. This may be due to the relative proximity of these basins
to the dominant moisture source (from the northeast) and/or differences in the magnitude
of large events within these basins over the last 5–10 years. The distribution of these large
events may also be an important factor in determining the changes in vegetation area in
these wetlands. There is increasing evidence of the importance of wetlands as regulators
of the local water balance [110,111]. However, we still have little evidence of the effects
that these changes in vegetation, through their effects on infiltration and water retention,
may have on flamingo distribution patterns and plankton structure (through water level
changes, ion concentration, or even modifications in nutrients availability).

Recent research in the region has shown that large precipitation events, which gener-
ally occur over only a few days can have a major and lasting influence on wetland surface
waters and vegetation extent [112]. In the Tres Quebradas basin, the largest increase in
vegetation may also be partially explained by the contribution of increased meltwater from
the only glaciers in the region at Monte Pissis and Ojos del Salado [113,114]. These changes
in local precipitation and ephemeral flow paths (days to months’ time frame) are likely
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a dominant factor in whether a wetland has grown or shrunk over the last few decades,
especially in higher elevation systems with smaller contributing areas.

Another pattern that can be garnered from the distribution of these hydroclimatic
changes is the potential importance of the buffering effect that large-scale, old groundwater
flow can have on these wetlands. An assessment of the isotope tritium in several of these
lagoon waters made by Moran et al. [115] shows that most water flowing through these
basins and sustaining these wetlands is old water (at least 70 years old). In this arid envi-
ronment, fluxes of recent precipitation at the surface or shallow subsurface are spatially
rare, but they become focused on specific locations where water tables remain near the
surface such as near large rivers such as the Punilla or small perennial streams, bofadeles at
high elevations, or vegas near the margins of wetlands. Although large vegetation changes
are observed across the region, most of them can be attributed to the differences in precipi-
tation change from southwest to northeast and the relative amount of the aforementioned
old water making its way to these wetlands. Lagoon waters at the floor of the largest
and deepest basin (Carachi Pampa) show zero tritium activity, indicating it is sustained
nearly entirely by old groundwater. This wetland shows less vegetation cover loss than the
wetlands upgradient of it. Since this wetland and others like it (such as Purulla) are likely
fed by some of the longest and oldest flow paths in the region, its consistent inflow may
buffer this system against the yearly to decadal term climate fluctuation experienced at
other wetlands. This concept has important implications for assessing the relative response
of individual wetlands in this region to natural change and, therefore, their resilience to
potential human impacts such as mining and agricultural activity in the area.

4.2. Biological Communities’ Characterization

Flamingo abundance and distribution across wetlands were more highly variable
than almost all the variables considered in this study. The three species of flamingos make
itinerant use of these wetlands, changing their distribution according to food availability.
Phoenicopterus chilensis occurs in a wide variety of wetlands, including freshwater and
salt lakes, estuaries, and marine coasts from Peru to southern Argentina. It is also dis-
tributed from Chile to southern Brazil and Uruguay [55,116,117]. Phoenicoparrus andinus
and P. jamesi are primarily restricted to wetlands in the high Andean plateau of Argentina,
Bolivia, Chile, and Peru, although a portion of P. andinus population disperses to low-
land wetlands in central Argentina during winter, especially when the Andean lakes
freeze [53,118]. Phoenicoparrus jamesi have been recorded in lowland wetlands in central
Argentina [119,120].

Grande is an important wetland for P. jamesi, where between 12,000 and 18,000 indi-
viduals representing >10% of the global population were recorded. Higher densities of
Bacillariophyta (diatoms) were also found in Grande across samples. Grande, Hedionda,
and Cortaderas had the highest concentration of Si, a primary element to produce the
frustule (cell wall) of diatoms [121,122]. Diatoms also appeared to be controlled by SRP
availability, a nutrient that can be rapidly mineralized by flamingos through their feces,
constituting a perfect cycle [123]. Indeed, several studies indicate that flamingo distribution
is influenced mainly by food abundance and quality e.g., [124,125], which would explain
the high numbers of P. jamesi in Grande, where the highest density of diatoms has been
recorded across years compared with the other wetlands sampled. P. jamesi numbers
were highly variable in Los Aparejos, Purulla, Las Tunas, and Las Peñas across years, and
positively correlated with diatom abundance, which in turn was negatively correlated with
the water level of these wetlands. This suggests that increases in water levels in these
wetlands negatively affect diatom abundance and therefore food availability.

P. andinus occurred in lower abundance, distributed in several wetlands including
Archibarca, Purulla, and San Francisco. Phoenicopterus chilensis occurred mainly in Alumbr-
era, Antofagasta, El Peinado, and Las Peñas, all low to middle-high conductivity wetlands.
Phoenicoparrus jamesi and P. andinus feed mainly on diatoms, while Phoenicopterus chilensis
has a broader diet including cyanobacteria, insect larvae, and microcrustacean [126–128].
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Our analysis shows that both species (P. andinus and P. jamesi) abundance is linked to di-
atoms, and P. chilensis numbers are linked to large zooplankton (Cladocera and Copepoda)
and other algae groups. The evidence does not suggest that flamingos are a controlling
factor of plankton abundance in these wetlands, as was concluded in Frau et al. [46]. How-
ever, an experiment performed by Hurlbert and Chang [126] suggested that P. andinus
may influence benthic structure (invertebrates and diatoms), at least locally; therefore,
new in situ experiments are necessary to elucidate the grazing impact that flamingos may
have on the plankton structure in these kinds of wetlands. While the global population
of the Chilean Flamingo appears to be stable or increasing [55], P. chilensis numbers in the
wetlands censused during this study decreased. Therefore, further studies to determine
if P. chilensis abundance is responding to habitat degradation based on increased human
impacts or a consequence of natural cycles in the ecological conditions of these wetlands.

The plankton composition and distribution among the wetlands studies was highly
variable. A pattern frequently attributed to salinity and to chemical and temperature
gradients that occur within and between these kinds of wetlands [43]. Despite these
highly variable patterns registered, the phytoplankton assemblage tended to be domi-
nated mainly by Bacillariophyta (diatoms) as several other studies have reported in similar
areas [129–131]. The dominance of genera, such as Navicula and Nitzschia, both tychoplank-
tonic algae (adapted to live in stirred waters), is also consistent with several floristics
reports [20,36,132,133] in similar environments from the northern part of Argentina. Di-
atoms were primarily related to silica and SRP availability and middle to high conductivity
values. However, some other studies have reported that diatom abundance may be also
related to ionic composition [44,134]. Taxonomic affiliations to the species level are difficult.
In the Andes region, numerous endemisms comprising a characteristic flora with frequently
new species described in several of these reports e.g., [135,136]. For this reason, making
this kind of association between ions composition and diatom species could be difficult
to reach.

Chlorophyceae was the second most dominant group of algae, frequently represented
by just one or two volvaceans species, linked to low nutrient availability and a broad
conductivity spectrum, ranging from very low conductance lakes (Antofagasta) to highly
saline ones (Tres Quebradas). Less represented groups, such as Euglenophyceae and
Cryptophyceae, were generally restricted to high conductivity wetlands and were not in
high densities. Their low representation is consistent with what is reported previously in
similar environments [137]. It has been speculated that the relative absence of euplanktonic
species might be due to the strong UV pressure on these very high lakes [43], with, however,
few reports that corroborate this hypothesis e.g., [138]. Remarkably, the presence of
euglenoids in saline lagoons has been reported by other authors [40,139,140], indicating
that many Euglenophyceae species could be euryhaline or have a broad salinity tolerance.

Cyanobacteria appeared only occasionally and with middle-low densities in Alum-
brera, Las Peñas, and San Francisco. In 2013, we recorded a cyanobacteria bloom in
Alumbrera dominated by Chroococcales species, which was consistent with potential
wastewater infiltration from a nearby plant. No other cyanobacteria blooms were detected
since then. Alumbrera has also been increasingly intensively used for livestock (mainly
domestic South American camelids), which congregate near the shore of the lake. In
recent decades, an increase in urban and agricultural uses of high-elevation wetlands
has become more common in the inter-Andean valleys, although the effects of nutrient
enrichment on biological communities have not been deeply studied in arid or semiarid
zones [95]. Special attention should be given to Alumbrera, a wetland providing services
to the town of Antofagasta de la Sierra, to develop sustainable restoration measures and
not repeat the eutrophication problems reported by other authors in similar high-elevation
ecosystems [141–143].

Our results show that zooplankton was not well represented in species richness or
abundance in the Andean plateau wetlands, a pattern that is consistent with the findings of
other authors in similar extreme ecosystems, who also conclude that conductivity gradients
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mainly control zooplankton in these systems [144–147]. Occasionally, one copepod species,
Boechella popoensis appeared dominant in Archibarca and Las Peñas—a pattern already de-
scribed by other authors in high elevation saline wetlands from South America [4,143,148].
However, the general tendency was for low-density values of all groups, especially for Ro-
tifers, which were well represented in species but not in abundance. The genera found to be
dominant, such as Boeckella, Cephalodella, or Brachionus, have been reported as saline tolerant
in previous studies [145,149,150], which is consistent with the information reported here.

5. Conclusions

This study presents a dataset gathered over ten years and a much broader climatologi-
cal analysis from 1985 that provides a baseline of the physical-chemical, hydroclimatolog-
ical, and ecological components and their interactions among a group of high-elevation
Andean wetlands. We found that these wetlands are highly variable in salinity (from
freshwater to brine), reach high nutrient concentrations, and are very shallow. Our analysis
of the geochemical composition of surface waters in these wetlands showed strong distinc-
tions between several groups of wetlands and strong connections across large distances,
indicating important regional groundwater connections exist. We also found that these
long regional flow paths containing very old water may buffer some wetlands against
decadal-term climate variations. Regarding flamingos, P. jamesi appears as the dominant
species in the study area, primarily because of the high numbers in Grande, and phy-
toplankton tends to be dominated, in general, by diatoms, while zooplankton is poorly
represented. Both plankton groups tend to have low species richness and highly variable
abundances among wetlands. The climate is arid, and the general tendency observed in the
last decades is increasing air temperatures and decreasing rainfall, with two different trends
being observed regarding hydrological responses in the wetlands. One set of wetlands
has seen an increase and the other a decrease in the aerial extent of living vegetation. Our
data suggest that much of the changes in vegetation patterns are in direct response to
the observed climate changes; however, we have no evidence yet of how these changes
may affect flamingo and plankton communities. In further studies, we should investigate
the effects of these tendencies on the main trophic structure of these wetlands (plankton
and flamingos), considering the crucial role that vegetation has in the microclimates of
these endorheic basins and, therefore, in the water cycles of these wetlands. In sum, our
results suggest that all these wetlands sampled are highly variable and can change rapidly;
therefore, further efforts to understand how they function are critical to prevent their
degradation and secure the valuable environmental services they provide.
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Abstract: In Africa, droughts are causing significant damage to human health and the economy. In
West Africa, a severe decline in food production due to agricultural droughts has been reported in
recent years. In this study, we simulated ecohydrological variables using the Coupled Land and
Vegetation Data Assimilation System, which can effectively evaluate the hydrological water cycle
and provide a dynamic evaluation of terrestrial biomass. Using ecohydrological variables (e.g., soil
moisture content, leaf area index and vegetation water content) as a drought indicator, we analyzed
agricultural droughts in the Sahel-inland region of West Africa during 2003–2018. Results revealed
reasonable agreement between the simulated values and the pearl millet yield, and produced a
successful quantification of severe droughts in the Sahel-inland region.

Keywords: drought; West Africa; ecohydrology; data assimilation; microwave remote sensing;
vegetation water content; soil moisture; locust plague

1. Introduction

In Africa, floods and droughts have become a serious issue. The number of flood
events is increasing considerably year-to-year, and the occurrence of drought is causing
both substantial economic damage and harm to human health (source: Munich Re Nat-
CatSERVICE: https://www.iii.org/graph-archive/96134 accesed on 30 September 2021
and [1]). Furthermore, it is predicted that climate change will cause severe floods and
droughts to occur more frequently in the future in land areas within the monsoon do-
mains of North Africa [2]. Additionally, the proportion of the population with access to at
least basic drinking water services in 2015 was much lower in sub-Saharan Africa than in
the other regions of the world, and 58% of the regional population had no alternative to
collecting untreated and often contaminated drinking water directly from surface water
sources [3]. Overall, the level of development of basic sanitation infrastructure is <50%
in almost all countries within this region [3]. Moreover, this region was the only region
during 1990–2013, that registered an increase in the absolute number of people living in
extreme poverty [3]. In these circumstances, the occurrence of droughts or floods can
be highly detrimental to food security. Africa has an issue with water-related disasters
(particularly flood and drought disasters) and their consequences regarding socioeconomic
development. Resolving this dire situation will require development of a system for data
integration, information fusion, synthesis, information sharing and communication pro-
motion. With such a system, it would be possible to ensure the maximum use of data
and information from observation, monitoring, prediction, and socioeconomic surveys
and statistics, which can assist African countries in overcoming such problems. In West
Africa, the impact of agricultural droughts is becoming increasingly evident because of the
Charny effect that links surface albedo and precipitation [4], i.e., an increase in albedo due
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to reduced vegetation coverage causes precipitation to decrease, which results in a further
increase in albedo because more of the land surface will be exposed owing to diminished
growth of vegetation.

In West Africa, many researchers have been studying droughts, and the findings of
some have identified the importance of (1) the contrast between the pre-monsoon and
peak monsoon seasons, (2) two preferred modes of interannual variability (a latitudinal
displacement of the tropical rain belt and changes in its intensity, and (3) the tropical easterly
jet [5]. Moreover, other research identified notable trends of decrease in rainfall in the
Sahel region (10–20◦ N, 18◦W–20◦ E) from the late 1950s to the late 1980s. Although, Sahel
rainfall recovered somewhat through to 2003, drought conditions within the region did
not end [6]. These earlier approaches to drought assessment focused on the investigation
of monsoon and rainfall trends using conventional drought indexes. Drought prediction
over West Africa using the Standardized Precipitation Evapotranspiration Index (SPEI)
and the Standardized Precipitation Index (SPI) has been implemented under the RCP4.5
and RCP8.5 scenarios [7]. In a study of Niger River Basin in West Africa, the performances
of three drought indexes, i.e., the Standardized Rainfall Anomaly Index, the Bhalme and
Mooley Drought Index, and SPI, were evaluated and compared [8]. Additionally, the
question of how rising global temperatures might affect the spatial pattern of rainfall and
the resultant droughts in West Africa was also investigated. Furthermore, precipitation and
potential evapotranspiration variables have been simulated using the Rossby Centre RCA4
regional atmospheric model driven by 10 global climate levels under the RCP8.5 scenario
(CanESM2, CNRM-CM5, CSIRO-Mk3, EC-EARTH-r12, GFDL-ESM2M, HadGEM2-ES,
IPSL-CM5A-MR, MIROC5, MPI-ESM-LR, and NorESM1-M) [9]. This approach to drought
assessment is based on the use of atmospheric and land surface models.

The mainstream approach to the assessment of drought in West Africa has concen-
trated on monsoons and rainfall trends [5,6] using conventional drought indexes [7,8], e.g.,
the SPI, SPEI and the self-calibrating Palmer Drought Severity Index. Although drought
assessment using conventional drought indexes can be effective, the emphasis of such an
approach is placed on precipitation, with limited consideration of land surface hydrology
and energy circulation. In studies using satellite remote sensing, the vegetation condition
(e.g., the normalized difference vegetation index (NDVI), leaf area index (LAI), and vege-
tation optical depth (VOD)) is monitored using visible and near-infrared sensors such as
the Moderate Resolution Imaging Spectroradiometer. Furhermore, the near-surface soil
moisture content can be monitored using passive and active microwave sensors such as the
Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E),
Advanced Microwave Scanning Radiometer 2 (AMSR2), the Soil Moisture Active Passive
satellite and the Soil Moisture and Ocean Salinity satellite. Thus, although satellite remote
sensing cannot be used to assess the root-zone soil moisture content, which is important
for vegetation growth dynamics, it can be used to evaluate the near-surface soil moisture
content. Therefore, water absorption from the root-zone layer and vegetation growth dy-
namics are not considered in the NDVI, LAI and VOD. The Global Land Data Assimilation
System (GLDAS) [10] is the land surface data assimilation system integrated between
a land surface model and a data assimilation scheme, in which the skin temperature is
assimilated. In the GLDAS, not only the near-surface soil moisture content but also the
root-zone soil moisture content is calculated by assimilating the skin temperature which
is a variable of land surface hydrology and energy circulation used in calculating the flux
by the land surface model. For vegetation, NDVI and LAI are used on the basis of visible
and near infrared remote sensing. The Coupled Land and Vegetation Data Assimilation
System (CLVDAS) [11–13] integrates passive microwave remote sensing techniques, a
land surface model, a dynamic vegetation model (DVM) and a data assimilation scheme.
CLVDAS assimilates microwave brightness temperatures (6.925 GHz; vertical polarization,
6.925 GHz; horizental polarization, 10.7 GHz; vertical polarization and 10.7 GHz; horizental
polarization) that represent the product between the skin temperature and microwave
emissivity. Thus, CLVDAS can estimate not only the optimized near-surface soil moisture

34



Hydrology 2021, 8, 155

content but also the optimized root-zone soil moisture content through data assimilation,
because the microwave brightness temperature is sensitive to moisture. Additionally, the
integrated DVM can be used to estimate the optimized LAI and vegetation water content,
which can provide evaluation of vegetation growth dynamics, through data assimilation
of microwave brightness temperatures. Thus, the gap between conventional study and
CLVDAS-based studies is as follows: (1) evaluation of optimized root-zone soil moisture
content through data assimilation, and (2) evaluation of optimized LAI and vegetation
water content based on vegetation growth dynamics.

To fill this gap, land surface hydrology and energy circulation were evaluated using
CLVDAS [11–13] in this study. Because this approach provides the possibility of drought
monitoring and application to agricultural support [14], we evaluated the relationship
between the pearl millet yield as a major crop and the simulated vegetation water content
as a drought index, and analyzed the applicability of the approach to the assessment of
agricultural droughts in the Sahel-inland region of West Africa during 2003–2018.

2. Data

CLVDAS needs global meteorological forcing data, such as precipitation (mm/s),
air temperature (K), air pressure (mbar), shortwave radiation (W/m2), longwave radia-
tion (W/m2), wind speed (m/s) and specific humidity (kg/kg), for EcoHydro-SiB and
the assimilation of global satellite-observed microwave brightness temperature data for
data. The suitability for CLVDAS of GLDAS ver. 2.1 global meteorological forcing data
has been recognized [11–14] and therefore the GLDAS global meteorological forcing data,
which can be downloaded from https://urs.earthdata.nasa.gov accesed on 30 Septem-
ber 2021, were used in this study. The GLDAS meteorological data have 3-h temporal
resolution and 0.25◦ × 0.25◦ gridded spatial resolution, i.e., the same as the output of
CLVDAS. Satellite-observed microwave brightness temperatures (vertical and horizontal
polarizations at 6.925, 10.65, and 18.7 GHz) from the AMSR-E and AMSR2, which can be
downloaded from https://gportal.jaxa.jp/gpr/?lang=en accesed on 30 September 2021,
were also used. These data have daily temporal resolution (descending orbit only), but
0.25◦ × 0.25◦ gridded spatial resolution, i.e., the same as the output of CLVDAS. The period
from October 2011 to December 2012 represents the period of transition from AMSR-E to
AMSR2, and data assimilation was not conducted because microwave brightness temper-
atures were not observed by the satellites. Therefore, the ecohydrological variable was
not provided by CLVDAS during this period (Table 1). Crop yield data, obtained from
the Food and Agriculture Organization of the United Nations, were downloaded from
http://faostat3.fao.org/download/Q/QC/E accesed on 30 September 2021.

Table 1. List of input and output datasets.

Items Unit Source
Spatial

Resolution
Temporal

Resolution
Regions

Periods in
This Study

Input
dataset

Precipitation mm/s GLDAS 2.1 0.25◦ 3 h Global 2003.1–2018.12
Air temperature K GLDAS 2.1 0.25◦ 3 h Global 2003.1–2018.12

Air pressure mbar GLDAS 2.1 0.25◦ 3 h Global 2003.1–2018.12
Shortwave radiation W/m2 GLDAS 2.1 0.25◦ 3 h Global 2003.1–2018.12
Longwave radiation W/m2 GLDAS 2.1 0.25◦ 3 h Global 2003.1–2018.12

Wind speed m/s GLDAS 2.1 0.25◦ 3 h Global 2003.1–2018.12
Specific humidity kg/kg GLDAS 2.1 0.25◦ 3 h Global 2003.1–2018.12

6.925 GHz microwave
brightness temperature

(V polarization)
K AMSR-E,

AMSR2 0.25◦ 1 day Global 2003.1–2011.9
2013.1–2018.12

6.925 GHz microwave
brightness temperature

(H polarization)
K AMSR-E,

AMSR2 0.25◦ 1 day Global 2003.1–2011.9
2013.1–2018.12

10.7 GHz microwave
brightness temperature

(V polarization)
K AMSR-E,

AMSR2 0.25◦ 1 day Global 2003.1–2011.9
2013.1–2018.12

10.7 GHz microwave
brightness temperature

(H polarization)
K AMSR-E,

AMSR2 0.25◦ 1 day Global 2003.1–2011.9
2013.1–2018.12
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Table 1. Cont.

Items Unit Source
Spatial

Resolution
Temporal

Resolution
Regions

Periods in
This Study

Output
dataset

Near-surface soil
moisture contnet m3/m3 CLVDAS 0.25◦ 1 day West Africa 2003.1–2018.12

Root-zone soil moisture
contnet m3/m3 CLVDAS 0.25◦ 1 day West Africa 2003.1–2018.12

Vegetation water content m3/m3 CLVDAS 0.25◦ 1 day West Africa 2003.1–2018.12

3. Methods

To assess agricultural droughts in West Africa, a methodology for estimating ecohydro-
logical variables such as soil moisture content and vegetation water content is described.

3.1. Study Area and Period

The selected simulation domain of West Africa comprised the region 0◦30′–25◦7′ N,
18◦7′ W–16◦7′ E. The Sahel-inland region (10◦ N–16◦ N, 12◦ W–16◦ E), which is an active
agricultural area, was selected as the specific study area for the assessment of agricultural
droughts during 2003–2018 (Figure 1).

Figure 1. Simulation domain (0◦30′–25◦7′ N, 18◦7′ W–16◦7′ E) and study area (10◦–16◦ N, 12◦ W–16◦ E) in
West Africa. Agricultural drought assessment was conducted for the Sahel-inland region; yellow shading
indicates the general area of pearl millet cropland [15].

3.2. System Overview

As listed in Table 1 and illustrated in Figure 2, this research used CLVDAS [11,12] to
calculate the ecohydrological variables. Meteorological forcing data (Figure 2a) are input
to EcoHydro-SiB (Figure 2b), which is a land surface model that can calculate various
ecohydrological variables (Figure 2c). EcoHydro-SiB (Figure 2b) is coupled with Hydro-SiB
and the dynamic vegetation model (DVM). The Simple Biosphere Model 2 (SiB2) [16] was
improved, Hydro-SiB was developed based on a one-dimensional Richards’s equation,
and the vertical interlayer flows within the unsaturated zone [17]. Soil water dynamics
are described by van Genuchten’s water retention curve [18], and the LAI and vegetation
are calculated on the basis of carbon-pool dynamics. For a detailed explanation and the
formulations, the reader is referred to Section 2.1 [11]. The calculated ecohydrological variables
(Figure 2c) are used to drive a microwave radiative transfer model (RTM; Figure 2d) to
calculate microwave brightness temperatures (Figure 2e). The RTM (Figure 2d) combines
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the advanced integral equation model (AIEM) with a shadowing effect [19] to evaluate land
surface scattering and the omega-tau model [20], which evaluates the microwave radiative
transfer process in the ground surface. The cost is calculated on the basis of the difference
between the calculated microwave brightness temperature (Figure 2e) and the satellite
observed microwave brightness temperature (Figure 2f) of the land surface (Equation (1)).
The calculated cost (Figure 2g) is minimized through data assimilation.

Cost = ∑
F=6,10GHz

∑
P=H,V

(
TBeP

F − TBoP
F

)2
, (1)

where TBeP
F is the calculated microwave brightness temperature, TBoP

F is the satellite
observed microwave brightness temperature, and F and P are frequency (GHz) and polar-
ization (H-horizontal, V- vertical) respectively.

Using the above methodology, the optimized ecohydrological variables (Figure 2j), e.g.,
near-surface soil moisture content, root-zone soil moisture content, evapotranspiration, LAI,
and vegetation water content, can be estimated. By assimilating the satellite microwave
brightness temperatures of the land surface, it is possible to estimate all ecohydrological
variables spatiotemporally on the global scale. This system has two different modules:
parameter optimization and data assimilation. In the parameter optimization module
(Figure 2h), the shuffled complex evolution (SCE as a data assimilation scheme) [21]
(Figure 2i), determines the most important optimized parameter. In the data assimilation
module, the genetic particle filter (GPF as a data assimilation scheme) [22], estimates
optimized ecohydrological variables (Figure 2i) sequentially.

EcoHydro-SiB
Land surface model Ecohydrological 

variables
Microwave 

radiative transfer 
model

Estimated microwave 
brightness temperature

Assimilation scheme
Data assimilation 

module

Genetic
Particle

Filter
(GPF)

Optimization 
module

Shuffled 
Complex 
Evolution 

(SCE)
Cost function

Minimized
cost ?

Initial 
variables and parametrs NO

Update

YES

: INPUT
: OUTPUT

6GHz(H)
6GHz(V)

10GHz(H)
10GHz(V)

Precipitation
Air temperature

Air pressure
Shortwave radiation

Longwave radiation
Wind speed

Specific humidity

Figure 2. CLVDAS framework used in this study. Optimized ecohydrological variables are outputted
from this system, and the near-surface soil moisture content, root-zone soil moisture content, and the
vegetation water content, as optimized ecohydrological variables, are analyzed. The meteorological
forcing dataset comprises precipitation (mm/s), air temperature (K), air pressure (mbar), shortwave
radiation (W/m2), longwave radiation (W/m2), wind speed (m/s), and specific humidity (kg/kg).
Satellite-observed brightness temperature dataset comprises brightness temperatures for 6.925 GHz
horizontal polarization (6 GHz(H)), 6.925 GHz vertical polarization (6 GHz(V)), 10.7 GHz horizontal
polarization (10 GHz(H)), and 10.7 GHz vertical polarization (10 GHz(V)). Meteorological forcing
data (a) are input to EcoHydro-SiB (b). EcoHydro-SiB is a land surface model that calculates various
ecohydrological variables (c). The calculated ecohydrological variables (c) are used to drive a microwave
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radiative transfer model (d) to calculate microwave brightness temperatures (e). The cost is calculated
on the basis of the difference between the calculated microwave brightness temperatures (e) and
the satellite-observed microwave brightness temperatures (f) of the land surface. The calculated
cost (g) is minimized through data assimilation scheme of the Shuffled Complex Evolution (SCE)
(h) and the Genetic Particle Filter (GPF) (i). Ultimately, the optimized eco-hydrological variables
(j) are estimated.

3.3. Drought Index

In this study, the near-surface soil moisture content (0–3 cm depth, m3/m3) [11,12],
root-zone soil moisture content (3–20 cm depth, m3/m3), and vegetation water content
(m3/m3) were estimated using CLVDAS to investigate the ecohydrological water cycle
and agricultural drought. This study considered that by absorbing sufficient water from
the roots, crops can store ample water in the plant body, grow well, and bear much
fruit. Therefore, this study focused on vegetation water content (m3/m3) as an indicator
of agricultural droughts. In West Africa, the cultivation of rain-fed crops for domestic
consumption is widespread and pearl millet represents the principal staple crop. Therefore,
pearl millet was selected as another indicator of agricultural drought in this study. In
West Africa, pearl millet is sown during June–July, grows during August–September, and
is harvested after October. Therefore, September, representing the period of maximum
growth to the fruiting period, is an important time in which to assess agricultural drought.
Thus, the vegetation water content in September (temporal average) and the pearl millet
crop yield were also selected as drought indicators in this study. Because it is not possible to
compare various ecohydrological variables, such as soil moisture content, vegetation water
content, and crop yield quantitatively, the normalized index (NIi) based on the z-score
theory was calculated for each day from 2003 to 2018 using Equation (2):

NIi =
xi − μ

σ
, (2)

where xi is a variable (i.e., near-surface soil moisture content, root-zone soil moisture
content, vegetation water content, pearl millet yield, and number of days with a locust
outbreak) on arbitrary date (i) in a year, and μ and σ are the average and standard deviation
for xi on arbitrary date (i) in all years (2003–2018). Values of xi for near-surface soil moisture
content, root-zone soil moisture content, and vegetation water content were calculated
for each grid by CLVDAS, as shown in Figure 3. Therefore, μ and σ were also calculated
for each grid. Using these values of xi, μ, and σ, the normalized index (NIi) based on
the z-score theory was calculated for each grid, as shown in Figure 4. Subsequently, the
normalized index (NIi) values were averaged spatially for the Sahel-inland region. Finally,
the normalized index (NIi) values were averaged temporally for September, as shown in
Figure 5. Values of xi for the pearl millet crop yield represent the annual total yield in the
Sahel-inland region (i.e., Chad, Niger, Nigeria, Benin, Burkina Faso, and Mali) in all years
(2003–2018). Therefore, μ and σ were calculated using the xi value for each year. Finally,
the annual normalized index (NIi) values for the pearl millet crop yield were calculated, as
shown in Figure 6. The number of days with a locust outbreak were calculated as follows.
The number of days (xi) in each year (2003–2018) were counted when more than 10 locust
plagues occurred in the Sahel-inland region, according to the Locust watch of the Food and
Agriculture Organization (FAO) of the United Nations. Then, the average (μ) and standard
deviation (σ) were calculated using these numbers (xi) for each year. Using these values
of xi, μ, and σ, the normalized index (NIi) based on the z-score theory was calculated, as
shown in Figure 7.
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(a) 

(b) 

(c) 

Figure 3. Spatial distribution of (a) near-surface soil moisture content (m3/m3), (b) root-zone soil
moisture content (m3/m3), and (c) vegetation water content (m3/m3) from CLVDAS (September
monthly averages in the period 2003–2018; spatial resolution is 0.25◦ × 0.25◦). Black rectangle
outlines the Sahel-inland region. In the Sahel-inland region, vegetation water content has shown
a trend of decrease from the north since 2011 (c). This trend has also shown in the root-zone soil
moisture content (b) although not clearly in the near-surface soil moisture content (a).
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(a) 

 
(b) 

 
(c) 

Figure 4. Spatial distribution of NIi for (a) near-surface soil moisture content (m3/m3), (b) root-
zone soil moisture content (m3/m3), and (c) vegetation water content (m3/m3) from the CLVDAS
(September monthly averages in the period 2003–2018; spatial resolution is 0.25◦ × 0.25◦). Black
rectangle outlines the Sahel-inland region. Although variation in vegetation water content itself is
slightly unclear (Figure 3c), its normalized index (NIi) based on the z-score theory clearly shows the
decrease since 2011(c). Furthermore, this trend is also shown in the near-surface and root-zone soil
moisture content (a) and (b), respectively.
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Figure 5. Annual variation in NIi for vegetation water content in the Sahel-inland region (September
monthly averages in the period 2003–2018; spatial average of entire Sahel-inland region: resolution is
0.25◦ × 0.25◦). A substantial decrease in the normalized index (NIi) of the vegetation water content
since 2010 is shown.

NI
 i

Pe
ar

l m
ill

et
 y

ie
ld (a) (b)

Figure 6. Annual variation in the pearl millet yield in the Sahel-inland region consisting of Chad,
Niger, Nigeria, Benin, Burkina Faso, and Mali: (a) pearl millet yield, and (b) its normalized index
(NIi), decrease in pearl millet yield since 2011 is clearly shown.
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Figure 7. (a) Comparison of the normalized index (NIi) for the vegetation water content (CLVDAS)
(blue line), pearl millet yield (red line), and number of locust outbreak days (brown line), and
(b) scatterplot between the NIi for vegetation water content and the NIi for pearl millet yield of the
Sahel-inland region. The number of locust outbreak days was calculated as follows. The number
of days (xi) in each year (2003–2018) were counted when more than 10 locust plagues occurred in
the Sahel-inland region according to the FAO Locust watch. Then, the average (μ) and standard
deviation (σ) were calculated using these numbers (xi) for each year. Using these values of xi, μ,
and σ, the normalized index (NIi) based on the z-score theory was calculated. In this study, we
assessed agricultural drought for the period 2005–2018, excluding 2003–2004. For this period, the
RMSE between the NIi for pearl millet yield and the NIi for vegetation water content was 0.16 and
the correlation coefficient was 0.89, indicating strong agreement.

4. Results and Discussion

In passive microwave remote sensing, the low-frequency band with the longest wave-
length is used by AMSR-E and AMSR2 because the microwaves emitted from the soil must
be scanned through the atmosphere and vegetation. However, a passive microwave sensor
can generally detect only the near-surface soil moisture content because even microwaves
in the low-frequency band are absorbed by soil moisture [23]. This is the reason why the
AMSR-E and AMSR2 soil moisture product targets only the near-surface soil moisture
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content [23]. To overcome this shortcoming, as described in Section 1, the following pro-
cessing is implemented in CLVDAS. Eco-HydroSiB evaluates the ecohydrological water
cycle, which expresses the penetration of precipitation, water storage in the root-zone,
and water absorption by roots and vegetation growth, and simulates the ecohydrological
variables (e.g., soil moisture profile, evapotranspiration, and biomass). Furthermore, the
RTM calculates the microwave brightness temperatures emitted from the land surface
using the simulated ecohydrological variables. Additionally, changes in the ecohydrolog-
ical variables and assimilation of the microwave brightness temperatures are repeated
until the difference between the simulated and satellite-observed microwave brightness
temperatures of the ground surface is minimized. Hence, an accurate estimation of the
ecohydrological water cycle is derived using this process. This represents the major ad-
vantage of this system. Hitherto, the CLVDAS outputs of estimated soil moisture content
and LAI were validated by comparison with the following observations: ground-based
observed soil moisture content and LAI observed at the Yanco Flux Tower site located in
New South Wales (Australia) [12], ground-based observed soil moisture content from the
African Monsoon Multidisciplinary Analyses, Vaira Ranch (USA), Bayantsagaan (Mongo-
lia) [11,13], and the Moderate Resolution Imaging Spectroradiometer LAI in West Africa
and Northeast Brazil [14]. The following estimation accuracy was achieved: (1) root mean
square error (RMSE) of 0.05 m3/m3 or less and bias of 0.045 m3/m3 or less in terms of soil
moisture content, and (2) RMSE of 0.12 m2/m2 or less and bias of 0.14 m2/m2 or less in
terms of LAI.

For the period from 1 January 2003to 31 December 2018, the near-surface soil moisture
content (m3/m3), root-zone soil moisture content (m3/m3), and vegetation water content
(m3/m3) were simulated using CLVDAS and used to create a gridded dataset (temporal
resolution: daily, spatial resolution: 0.25◦ × 0.25◦). Figure 3 shows the spatial distribution of
the averaged ecohydrological variable in September. In the Sahel-inland region, vegetation
water content has shown a trend of decrease from the north since 2011 (Figure 3c). This trend
has also shown in the root-zone soil moisture content (Figure 3b) but not so clearly in the
near-surface soil moisture content (Figure 3a). Furthermore, NIi for each ecohydrological
variable was calculated for each grid using Equation (2). Figure 4 shows the spatial distri-
bution of each normalized index of the averaged ecohydrological variables in September.
Although variation in the vegetation water content itself is slightly unclear (Figure 3c), its
normalized index (NIi) based on the z-score theory clearly shows a decrease since 2011
(Figure 4c). Furthermore, this trend has also shown in the near-surface and root-zone soil
moisture content (Figure 3a,b). Figure 5 shows the annual variation in the normalized index
(NIi) based on the z-score theory for vegetation of water content in the Sahel-inland region,
calculated using Equation (2) (September average in the agricultural drought assessment
period from 2003 to 2018, regional spatial average). We calculated the annual total yield of
pearl millet, in the Sahel-inland region consisting of Chad, Niger, Nigeria, Benin, Burkina
Faso, and Mali from 2003 to 2018 (Figure 6a), which revealed that the annual yield since
2011 has been approximately half that in 2008. Furthermore, we calculated the normalized
index (NIi) based on the z-score theory of the total yields of pearl millet using Equation (2)
(Figure 6b). Figure 7 shows the annual variation in NIi for both pearl millet yield and
vegetation water content in the Sahel-inland region (temporal average in September and
regional spatial average). The NIi values for the pearl millet yield are negative during
2003–2004, whereas the concurrent NIi values for vegetation water content are positive,
and the difference between the two sets of NIi values is large. We investigated external
factors other than droughts by considering previous studies [24,25] and the FAO Locust
watch (http://www.fao.org/ag/locusts/en/archives/briefs/index.html accessed on 30
September 2021), which revealed that serious locust outbreaks occurred during 2003–2004
in West Africa. The number of days (xi) in each year (2003–2018) was counted when more
than 10 locust plagues occurred in the Sahel-inland region using the FAO Locust watch.
The average (μ) and standard deviation (σ) were calculated using these the numbers of
days (xi) in each year. Using xi, μ, and σ, the normalized index (NIi) based on the z-score
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theory is calculated by using Equation (2) (brown line). The NIi values for locust outbreaks
(brown line in Figure 7; calculated as described in Section 3.3) in 2003 and 2004 are 1.31 and
3.37, respectively; although, all NIi values after 2005 are negative. We recognize that crop
yields of the Sahel-inland region were likely to be adversely affected by the external impact
of locust plagues in 2003–2004. Therefore, we assessed agricultural drought in the period
from 2005 to 2018. For this period, the RMSE between the NIi for pearl millet yield (green
line in Figure 7a) and the NIi for vegetation water content (red line in Figure 7a) was 0.16
and the correlation coefficient was 0.89, indicating a strong agreement. As an aside, the
RSME and correlation coefficient values when including the period 2003–2004 were 0.25
and 0.73, respectively).

The variation in NIi for precipitation and the simulated ecohydrological variables
(near-surface soil moisture content, root-zone soil moisture content and vegetation water
content) were investigated for the Sahel-inland region during the agricultural drought
assessment period (2005–2018) (Figures 8 and 9). In the first half of the agricultural drought
assessment period (Figure 8), the NIi of vegetation water content was mostly positive,
except in 2005, 2008 and 2009, which indicates that the effect of drought on vegetation water
content is small. We also found that each peak had a time lag when focusing on the negative
peak for precipitation, soil moisture content, and vegetation water content in 2005, 2008,
and 2009 (yellow marks and lines in Figure 8). This is attributable to the following process:
(i) the land surface soon dries because of the shortage of precipitation, (ii) the root-zone
soil moisture decreases after a further amount of time because water is not supplied from
the land surface, and (iii) vegetation water content declines after an even further amount
of time because of the lack of root-zone soil moisture available for absorption by roots. In
the second half of the agricultural drought assessment period (Figure 9), the vegetation
water content gradually became negative after 2014. As in the first half of the agricultural
drought assessment period (Figure 8), the shortage of precipitation gradually propagated
to the lack of vegetation water content (yellow marks and lines in Figure 9). Although the
NIi values of precipitation became positive in April 2016, negative values remained in the
growth and early harvest seasons (May–October), leading to negative NIi values of soil
moisture and vegetation water content simultaneously (green line in Figure 9). The NIi
values of precipitation became positive in the second half of December 2016 owing to the
occurrence of heavy rainfall; however, they reverted to negative values in the beginning of
January 2017. The surface soil moisture content showed the same behavior. In contrast,
the root-zone soil moisture content was positive in the period from January–April because
the water associated with the heavy rainfall was stored in the rootzone. The vegetation
grew by absorbing the stored root-zone soil moisture, as indicated by the positive peak of
vegetation water content at the beginning of April (blue line in Figure 9). This indicates that
storage of root-zone soil moisture is important for vegetation growth, and that CLVDAS
can evaluate such a mechanism. In 2017, soil moisture was not stored in the near-surface
soil because precipitation amounts were low. Following subsequent rainfall events, the NIi
values of near-surface soil moisture recovered (became positive) in March 2018; however,
the NIi values of root-zone soil moisture and vegetation water content did not recover
(remained negative). Thus, both the root-zone soil moisture content and vegetation water
content remained negative in the long term because they have a long retention period of the
memory of past water shortages (red line in Figure 9). By investigating the daily variation
in precipitation, soil moisture content, and vegetation water content using CLVDAS, we
were able to evaluate the following land surface hydrological water cycle and vegetation
growth dynamics mechanism. (i) Reduced precipitation causes aridity of the land surface,
which affects the condition of the root-zone soil moisture. (ii) Plants cannot retain sufficient
water within their structures because of the lack of soil moisture available for absorption
in the root-zone layer. (iii) Near-surface soil moisture content can change rapidly in
response to temporary rainfall events. In contrast, both the root-zone soil moisture and the
vegetation water content tend to remain in long-term drought conditions because they have
a long retention period of the memory of past water shortage. The major finding of this
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study was establishing that CLVDAS can be used to evaluate the hydrological water cycle
(penetration of precipitation to the root-zone soil layer and its absorption by roots) and
vegetation growth dynamics. Additionally, we confirmed that vegetation water content
output by CLVDAS can be used to assess agricultural drought through comparison with
major crop yields and investigation of external factors in the target region.
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Figure 8. Normalized index (NIi) for precipitation and ecohydrological variables in the first half of
the agricultural drought evaluation period (2005–2009). Spatial averages for the Sahel-inland region.
From the top, the graphs present precipitation, near-surface soil moisture content, root-zone soil
moisture content, and vegetation water content. Dates in orange indicate the middle day of each
negative peak period. We found that each peak had a time lag when focusing on the negative peak
for precipitation, soil moisture content, and vegetation water content, as shown by the yellow marks
and lines.
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Figure 9. Normalized index (NIi) for precipitation and ecohydrological variables in the second half
of the agricultural drought evaluation period (2014–2018). Spatial averages for the Sahel-inland
region. From the top, the graphs present precipitation, near-surface soil moisture content, root-zone
soil moisture content, and vegetation water content. Dates in orange indicate the middle day of each
negative peak period. We found that each peak had a time lag when focusing on the negative peak
for precipitation, soil moisture content, and vegetation water content, as shown by the yellow marks
and lines. As shown by the green lines, although the NIi values of precipitation become positive in
April 2016, negative values remain in the growth and early harvest seasons (May–October), which
leads to negative NIi values of soil moisture and vegetation water content simultaneously. As shown
by the blue lines, although the NIi values of precipitation became positive in the second half of
December 2016 owing to the occurrence of heavy rainfall, they reverted to negative values in the
beginning of January 2017. The surface soil moisture content showed the same behavior. In contrast,
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the root-zone soil moisture content was positive in the period from January–April because the water
associated with the heavy rainfall was stored in the root-zone. The vegetation grew by absorbing
the stored root-zone soil moisture, as indicated by the positive peak of vegetation water content at
the beginning of April. As shown by the red lines, both the root-zone soil moisture content and the
vegetation water content remained negative in the long term because they have a long retention
period of the memory of past water shortage.

5. Conclusions

To fill the gap of the conventional study as described in Section 1, this study used
CLVDAS to simulate ecohydrological variables (particularly vegetation water content) for
the use of drought indicators, and applied them to the analysis of drought in West Africa
during 2013–2018. We found that the Sahel-inland region suffered locust plagues in 2003
and 2004. Because the impact of locust plagues on vegetation growth dynamics cannot
be simulated by an ecohydrological model, we excluded the data for 2003 and 2004 from
our analysis. The results of our agricultural drought assessment for the period 2005–2018
showed reasonable agreement (RMSE = 0.16 in the normalized index NIi) between the
pearl millet yield and the simulated vegetation water content in the Sahel-inland region.
The strength of this agreement is attributable to the accurate simulation of the hydrological
water cycle and vegetation growth dynamics by CLVDAS, which has great importance
regarding agricultural drought assessment. Moreover, the possibility of identifying a
relationship between precipitation a few months prior and crop yield was also suggested,
although such a relationship also depends on the condition of water retention in the root-
zone soil layer. These findings constitute the primary significance of conducting this study.
One of the major limitations of the current application of CLVDAS is the spatial resolution
of the CLVDAS output (0.25◦ × 0.25◦), which is slightly too wide owing to the assimilation
of low-frequency microwave brightness temperatures with a wide observation footprint.
Improvement of the spatial resolution of the CLVDAS gridded output is therefore an
objective of our future work. Furthermore, the shortage of precipitation has considerable
impact on the land surface condition in the rainy season of the following year, as was
clarified by the CLVDAS simulation. The importance of deriving accurate initial conditions
of soil moisture content and LAI in multi-seasonal drought prediction is therefore another
area requiring improvement. In a previous study, a CLVDAS application involving a
seasonal meteorological prediction from a general circulation model showed satisfactory
performance in predicting the land surface conditions of a drought in the Horn of Africa [13].
Subsequently, a drought monitoring and seasonal prediction system based on CLVDAS
was developed for Northeast Brazil [14]. This system can monitor and predict (three
months) the soil moisture profile, evapotranspiration, and LAI. By coupling these previous
studies with this study of West Africa, it is expected that not only vegetation water content
but also crop yield can be predicted by simulating the conditions of the several previous
months. Thus, developing CLVDAS for seasonal prediction and crop yield prediction will
be addressed in future work.
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Abstract: Increased droughts and variable rainfall patterns may alter the capacity to provide ecosys-
tem services, such as biomass production and clean water provision. The impact of these factors
in a semi-arid region, especially on a dry tropical forest with Vertisols and under different land
uses such as regenerated vegetation and thinned vegetation, is still unclear. This study analyzes
hydrologic processes under precipitation pulses and intra-seasonal droughts, and suggests man-
agement practices for ecosystem services improvement. A local 43-year dataset showed a varying
climate with a decrease in number of small events, and an increase in the number of dry days and
in event rainfall intensity, in two catchments with different land use patterns and with Vertisols, a
major soil order in semi-arid tropics. The onset of runoff depends on the expansive characteristics
of the soil rather than land use, as dry spells promote micro-cracks that delay the runoff process.
Forest thinning enhances groundcover development and is a better management practice for biomass
production. This management practice shows a lower water yield when compared to a regenerated
forest, supporting the decision of investing in forest regeneration in order to attend to an increasing
water storage demand.

Keywords: semi-arid region; dry tropical forest; hydrologic processes

1. Introduction

Semi-arid regions, with an aridity index between 0.2 and 0.5, comprise 37%
(22.6 × 106 km2) of total dryland area, which accounts for 41% of the world’s land sur-
face [1] and half of total dryland expansion [2]. These regions are home to 14% of the
world’s population and their sustainability depends, besides other factors, on the scarce
water availability. Human establishment in these areas demands the constant availability of
water resources that compete with ecosystem maintenance requirements. Climate change
scenarios suggest an increase in temperature, a reduction in rainfall and an increase in
consecutive dry days, promoting an increase in dry spells and droughts [3,4].

Due to climate change, the growing season for rainfed crops is expected to decrease in
length [5,6], which will imply either a reduction in yields, or a need for irrigation water
to maintain productivity. Knowledge of hydrologic processes in these regions is of the
utmost importance to the users and water agencies, in order to support long-term decisions
in soil and water resource management to promote eco-efficiency [7,8]. The integrated
management of water resources may improve the quality of living and sustain ecosystems,
given the appropriate strategies and guidelines for water management.
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In semi-arid tropical (SAT) regions with distinct wet and dry seasons that last for
several months, we can find seasonally dry tropical forests (SDTFs) with temperatures
greater than 18 ◦C, a potential evapotranspiration to rainfall ratio greater than 1.0 [9],
summer rains and a 5- to 8-month dry period, and which are present in Africa, South
America, and Asia [10]. SDTFs cover an area of approximately 106 km2, with the largest
extent of continuous SDTF fragments in Bolivia, Paraguay and North Argentina, and in
northeast Brazil [11]. These two areas represent 54% of the world’s SDTFs. A great part
of these forests is degraded or is being subject to other land uses, such as cropland [12]
and livestock production [13], with vegetation thinning the most common management
practice for enhancing feed and biomass production.

SDTFs play a significant role in the direct provision of food, despite little research being
done on the subject outside of Africa [14]. SAT regions with an average rainfall between
500 and 1000 mm have Vertisols as an important soil order [15]. There are 3.35 million km2

of these soils in the semi-arid regions of Africa, India, China, Australia, the American
southwest, and South America [16,17], particularly in the Brazilian northeast [15], of which
1.5 million km2 are potentially agricultural areas. SDTFs are sensitive to droughts, and
their resistance and resiliency to the intra- and interannual variability of rainfall need to be
assessed in order to minimize impacts and adapt to challenging climate changes [9]. The
dynamics of climate change in semi-arid regions might vary by location, depending on the
effects of global- and regional-scale factors [18,19], hence the need to study the hydrologic
processes of SDTFs.

The swelling nature of Vertisols promotes crack formation when dry, enhancing salt
mobilization and salinization of the aquifer from cultivation [20], and surface sealing when
wet, limiting drainage and increasing difficulty in land preparation for crop production [21].
Nonetheless, their high water-holding capacity due to the high expansive 2:1 clay con-
tent is adequate for dryland crop production in semi-arid environments under adequate
management [15,21].

Some studies state that forest-to-grassland conversion in the high-elevation tropics
results in little runoff increase [22], contrary to other studies that show that forest thinning
promotes water yield over the native forest in temperate dry regions. The ultimate goal
is to increase ecosystem services by adopting best management practices [23], such as
restoring land use on marginal lands to enhance biomass production or water yield, purify
surface and ground waters, and contribute to carbon sequestration [24,25]. Therefore,
this study seeks to understand the watershed response to land use management in SATs
under Vertisols.

The objective of this study is to propose best management practices that improve
ecosystem services and minimize the effects of climate variability on SDTFs with Vertisols
in semi-arid regions. To achieve this objective, we have analyzed the hydrologic response
of SDTFs with expansive clay soil to variable rainfall and dry spells, and analyzed the
hydrologic response to climate variability. The results may help decision makers (users
and water agencies) define strategies to implement management practices that favor either
water storage or biomass production in dry tropical forests.

2. Materials and Methods

2.1. Study Area

The hydrologic study was conducted on two small catchments located in the South-
Central region of the state of Ceará, Brazil, part of the Federal Institute for Education,
Science, and Technology of Ceará (IFCE), Campus Iguatu (Figure 1). Both catchments have
an ephemeral second-order stream in areas of 2.1 ha and 1.1 ha, and average slopes of 10.6
and 8.7%, respectively.
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Figure 1. Catchments’ locations.

Although average annual rainfall in the region is 998 mm, the annual potential evap-
otranspiration is 2113 mm, with a Thornthwaite’s aridity index of 0.48, classifying the
climate as semi-arid. This type of climate is confirmed by the Köppen climate classification
(BS: semi-arid hot), and by the life zone chart introduced by Holdridge, 1968 [26], supported
by the Food and Agriculture Organization [27]. This region is characterized by nine months
of water deficit (Figure 2), emphasizing its semi-aridity, despite its total annual rainfall.

Figure 2. Average annual water balance in the period (mm).

The vegetation is typical for a seasonally dry tropical forest (SDTF) with a wide
variety of spine trees in secondary succession, with a prevalence of Aspidosperma pyrifolium,
Commiphora leptophloeos (Mart.) J.B. Gillett, Mimosa caesalpiniaefolia (Benth.), Combretum
leprosumi (Mart.), and Piptadenia stipulacea (Benth.) with a height between 7 and 15 m. The
two adjacent catchments show different land uses: one is a seasonally dry tropical forest
under regeneration for 40 years (R-SDTF) and the other was subject to thinning (T-SDTF)
in December of 2008. In the thinning management, all vegetation with a diameter below
10 cm was cut, and the branches were left on site.

The two catchments have a similar soil type, typical Calcic Vertisol (Pellic), with a high
content of expansive 2:1 montmorillonite clay characterized by X-ray diffraction (XRD) and
X-ray fluorescence (XRF) techniques. The soils are 2 to 3 m deep, and develop cracks when
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dry and are sticky and sealed when wet. Due to the high clay content, these soils show low
hydraulic conductivity (Table 1), as discussed by Pathak et al. (2013) [15].

Table 1. Catchment properties for the seasonally dry tropical forest under regeneration (R-SDTF) and
seasonally dry tropical forest subject to thinning (T-SDTF) [8].

Properties R-SDTF T-SDTF

Saturated hydraulic conductivity m hr−1 0.25 0.20

Phosphorus g dm−3 11.63 45.79

Organic matter % 0.88 1.48

Sand % 18.4 12.4

Silt % 33.75 38.15

Clay % 47.85 49.43

Soil texture Clay Clay

Canopy cover % 90 60

Ground cover % 30 100
R-SDTF: seasonally dry tropical forest under regeneration for 40 years; T-SDTF: seasonally dry tropical forest
subject to thinning.

The canopy cover (90%) in the R-SDTF shades the groundcover (30%), limiting its
growth (Figure 3a), whereas the sparser canopy cover (60%) in the T-SDTF allows solar
radiation to reach the soil and improve the groundcover development (Figure 3b).

Figure 3. Groundcover: (a) R-SDTF and (b) T-SDTF. Photos by the author.

2.2. Data Analysis
2.2.1. Long-Term Rainfall Series

A 1974 to 2017 dataset from the Iguatu, CE, Brazil rain gauge (http://www.funceme.br,
accessed on 13 May 2020) was used for the characterization of rainfall events, in the
following categories: annual total, monthly distribution, monthly average continuous dry
days (CDD) and continuous wet days (CWD), number of dry (DD) and wet days (WD),
and mean daily rainfall. The mean annual rainfall for the studied area was 995 ± 305 mm
(Figure 4). The temporal distribution of rainfall depth shows 85% to be concentrated from
January to May, of which 27% occurs in March, on average.
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Figure 4. Long-term annual rainfall from 1974 to 2017, Iguatu, Brazil.

2.2.2. Short-Term Rainfall Runoff Events

Catchment response was analyzed based on rainfall and runoff data collected between
2009 and 2017 during the wet season (January to May) at two catchments in Iguatu, CE,
Brazil. Runoff data from 2012 and 2014 were rejected due to a sensor failure. A total of
259 rainfall events were recorded at the rain gauge shared by the two adjacent catchments.
The R-SDTF and T-SDTF vegetation catchments produced 67 and 60 runoff events in the
period, respectively.

2.2.3. Statistics

Descriptive statistical analyses were performed on the long-term daily rainfall series
for total daily rainfall, number of wet days in the year and number of wet days in the wet
season (Jan to May). Histograms were developed for total annual rainfall and number of
dry days in a year. Trends in annual rainfall and for annual number of dry days for the
43 year-long series were evaluated based on the significance of the slope being statistically
different from zero.

Descriptive statistics were also performed on the short-term daily rainfall series asso-
ciated with the runoff data in both catchments—all rainfall events, rainfall that generated
runoff, and rainfall that did not generate runoff.

A t-test to compare water yield from both land use management strategies was
performed at the 95% confidence level.

3. Results and Discussion

3.1. Long-Term Rainfall Series

The larger dataset (1974–2017) shows that the average annual rainfall in Iguatu is
995 mm, across 55 wet days. On a rainy day, the expected mean value is 18.1 mm, and the
median is 11.0 mm (Table 2).

Based on the temporal variability of rainfall events in semi-arid regions [28], total
annual rainfall and number of dry days were used to define a dry year (25th percentile)
and a wet year (75th percentile), with a total annual rainfall below 790 mm and more
than 323 dry days, and a rainfall above 1128 mm and less than 302 dry days, respectively
(Figure 5b and Table 2).
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Table 2. Characteristics of daily rainfall at Iguatu, CE, Brazil (1974–2017).

Daily Rainfall (mm)
Number of Wet Days

Annual Jan–May

N (number) 16014 2418 2109

Mean 2.7 18.1 18.4

Std. Deviation 10.0 19.7 19.7

Minimum 0.00 0.20 0.20

Maximum 174.0 174.0 174.0

Percentiles
25th 0.0 5.0 5.0

50th 0.0 11.0 11.0

75th 0.0 24.0 25.0

Figure 5. Histogram of (a) annual rainfall and (b) number of dry days (DD) (1974–2017).

Even though total annual rainfall did not show a significant trend in the period
(1974–2017), the number of dry days and average rainfall intensity increased significantly
(p-value = 0.05 and 0.001, respectively). These results suggest that extreme events are more
frequent (dry spells and intense rainfall events).

The rain falls mostly between December and May, and seasonal dry spells occur from
June to December (Figure 6a), as continuous dry days (CDD) increase from an average of
21 in July to almost 70 in November (Figure 6c). Total monthly rainfall shows a higher
skewness from June to November, the mean value being a poor parameter to represent
this variable. The average number of CDD from January to May is less than a week, and
continuous wet days (CWD) tend to occur in pairs (1.5 to 2.5 days) in the wet season (January
to May) and one at a time in the dry season (June to December), in small amounts (Figure 6b).

The rainfall driving forces are cold fronts from October to January, which displace the
subtropical cells in the Atlantic Ocean and lead to an increase in monthly precipitation.
The intertropical convergence zone (ITCZ) from January to May, which reaches the highest
southern latitude (6º S) in March, sets the rainfall season, after which it goes back to the
northern hemisphere, allowing the easterly waves to attenuate rainfall occurrence from
May to August [28]. Subtropical cells in the Atlantic Ocean are responsible for the driest
season from August to October [29], closing the annual cycle.

3.2. Short Term Rainfall-Runoff Events

The catchment dataset (2009–2017) shows that the average annual rainfall in the wet
season is 759 mm (507 mm to 1308 mm), over 37 (26 to 54) wet days. On a rainy day, the
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expected mean value is 20.4 mm, and the median is 14.3 mm, of which a minimum of
5.3 mm is generated runoff (Table 3).

Figure 6. Monthly (a) rainfall; (b) continuous wet days (CWD); (c) continuous dry days (CDD)—
1974–2017.

Table 3. Characteristics of rainfall and runoff at catchment scale (2009–2017).

Daily Rainfall Event (mm)

Runoff
All Events

Runoff
Generating

No Runoff
Generating

N (number) 257 67 190 67

Mean 20.4 34.9 15.3 5.4

Std. Deviation 19.3 23.7 14.4 7.2

Minimum 1.3 5.3 1.3 0.01

Maximum 162.0 162.0 80.3 34.5

Percentiles
25th 7.2 19.8 6.1 0.6

50th 14.3 30.3 11.4 2.6

75th 27.9 47.9 18.2 7.0

The number of rainfall events during the wet season shows little relationship with
total rainfall (Table 4), as discussed by Guerreiro et al. (2013) [28]—the second year with
the most events (46) was the second driest year of the series, 2017. In the period for which
there is runoff data (2009–2017), 2015 and 2017 were classified as dry years and 2009 and
2011 as wet years.

The amount of rainfall prior to the first runoff event of the water year (Pcum to Q1) is
not proportional to the number of events (Table 4) but has a positive relationship with the
number of days from first rainfall to first runoff event, ΔT. The ratio between Pcum to Q1
and ΔT is a function of the soil type, the expansive Vertisol [30–32]. The seasonal dry spell
from June to December promotes wide cracks due to the shrinkage of the Vertisol at the end
of the dry season, which influences infiltration and the resulting runoff at the beginning of
the wet season [15]. The dry spells during the wet season promote micro-cracks, and delay
the runoff process, as will be explained in the following section.
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Table 4. Rainfall characteristics: rainfall runoff data set (2009–2017).

Pcum

(mm)
# Pevents

Pcum to Q1
(mm)

ΔT
(days)

Qtotal

(mm)
# Qevents

Pmin to Q
(mm)

Pmax to
no Q (mm)

Year Wet Season R T R T R T R T R T

2009 981.0 39 162.0 162.0 8 8 104.0 74.0 25 26 8.6 9.0 68

2010 711.0 26 163.0 163.0 23 23 15.0 11.0 7 9 28.7 10.0 80

2011 1308.0 54 182.0 222.0 21 25 188.0 143.0 26 22 12.0 12.0 69

2012 SENSOR FAILURE

2013 634.0 28 475.0 475.0 126 126 39.0 30.0 2 2 44.0 44.0 59

2014 SENSOR FAILURE

2015 507.0 32 113.0 0.0 52 0.1 0.0 1 0 5.3 56

2016 608.0 34 345.0 345.0 80 80 7.0 1.0 2 1 8.0 12.0 66

2017 583.0 46 327.0 0.0 49 8.0 0.0 4 0 2.0 40

Pcum—cumulative rainfall; # Pevents—number of rainfall events; Pcum to Q1—cumulative rainfall to first runoff event; ΔT—number of days
from first rainfall to first runoff event; Qtotal—total annual runoff; # Qevents—total number of runoff events; Pmin to Q—minimum daily
rainfall to promote a runoff event; Pmax to no Q—maximum daily rainfall that did not produce runoff; R (Regenerated dry tropical forest
catchment); T (Thinned dry tropical forest catchment).

A greater ΔT in dry years lead to a loss of soil moisture, the shrinkage of expansive
clays [30], and the presence of micro-cracks [31], demanding more rainfall to start the
runoff process [32]. Cracks in Vertisols increase hydraulic conductivity [33], promoting
preferential flow paths for water infiltration in the soil. Even after the sealing of the
cracks, there might still be preferential flow paths [34], explaining the cumulative rainfall
requirement of up to 475 mm for runoff to occur.

Even though the two land uses under study, R-SDTF and T-SDTF, showed similar
responses to cumulative rainfall and time to first runoff event, a t-test showed a different
response to water yield (p-value ≤ 0.05). The similarities among the two catchments re-
garding the onset of the first runoff event suggest that the beginning of runoff depends on
the characteristics of the Vertisol soil, and the differences suggest a dependency on ground-
cover (Figure 3), since the two catchments have similar geomorphological characteristics
and soil type, but different land uses (Table 1).

The R-SDTF catchment had runoff events in all years of study (2009–2017), whereas the
T-SDTF did not exhibit runoff during the dry years 2015 and 2017 (Figure 7b). The cracks
generated in the soil prior to the beginning of the wet season increase initial abstractions,
influence infiltration, and affect the onset of runoff generation, as suggested by [15]. The
onset of runoff in both catchments needs a minimum cumulative rainfall of 62 mm within
a 7-day period (PCUM 7) from the previous rainfall event (Figure 7a,b).

Figure 7. Rainfall characteristics to first runoff event (2009-2017): (a) R-SDTF; (b) T-SDTF.
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T-SDTF reacted to thinning by increasing the number of runoff events but decreasing
total yield. The increase in number of events was expected, but not the decrease in water
yield [23,35]. This result suggests that the processes were still not established in SDTFs
after thinning. However, after 2011 (two years after forest thinning), the groundcover
had already been improved and both the number of events and water yield showed a
decrease (Figure 7b), as already verified by Ponette-González et al. (2013) [22]. These
results suggest that groundcover development reduces surface flow due to an increase in
surface roughness that reduces flow velocity and increases infiltration opportunity [8], and
the development of a herbaceous root system [36] that creates preferential flow paths [30]
for water to infiltrate the soil [22].

Total annual rainfall from the time series (1974–2017) classified 2009 and 2011 as wet
years, and 2015 and 2017 as dry years. Dry years (annual rainfall < 608 mm) showed low to
no runoff, due to the shrinking and swelling characteristics of the soils [15]. During the dry
years 2015 and 2017, despite the cumulative rainfall being above 62 mm (Figure 7b), the
low continuous dry days (CDD) (lower than seven) associated with rainfall events below
40 mm (Figure 8a,b) promoted and maintained groundcover in the thinned vegetation
catchment, increasing roughness and infiltration opportunity, with no resulting runoff.

Figure 8. Rainfall events leading to first runoff event in the dry years 2015 (a) and 2017 (b).

The catchments responded similarly to the onset of runoff when there was enough
CDD to compromise the development of vegetation in the T-SDTF, mimicking the R-SDTF
catchment, suggesting that the soil is the major driver of the process. When the CDD is above
30 days, micro-cracks are formed, and the soil returns to the initial dry, cracked condition. The
median value of cumulative rainfall to the beginning of the runoff process is approximately
200 mm when the maximum CDD is below 30 days [37]. This was particularly evident in
2016, when a total cumulative rainfall of 345 mm was necessary to begin the runoff process,
after a dry spell of 36 days in which a total rainfall of 298 mm occurred.

The behavior contributing to the onset of runoff events is evident for the wet years
2009 to 2011 and the average years 2013 and 2016, but none can be spotted for the dry
years 2015 and 2017 (Figure 9a). In average and wet years, there is a linear relationship
between cumulative rainfall for the onset of the first runoff event and CDD. More CDD in
dry years results in more water loss via evapotranspiration and soil moisture reduction,
and reinstates cracks in the soil [34], which redefine new preferential flow paths for water
to infiltrate into the soil. Still, Figure 9b shows a similar behavior in both catchments,
confirming that soil, rather than land use, is the major driver to start the runoff process in
Vertisols in a semi-arid tropical region.
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Figure 9. (a) CDD vs. rainfall to first runoff event; (b) rainfall to first runoff event: regenerated vs. thinned vegetation

Once runoff has been established, groundcover explains the variation in water yield
in both catchments, as the water yield from the T-SDTF catchment corresponds to approx-
imately 75% of the R-SDTF (Figure 10). This suggests that 25% of total rainfall will be
available to the other eco-hydrological processes. T-SDTF allows solar radiation to hit the
soil and promotes the development of groundcover [36,38], which increases surface rough-
ness and infiltration opportunity and reduces runoff. Regenerated vegetation promotes
greater coverage of the soil, but canopy shading does not allow the further development of
groundcover. Biomass production may be a profitable alternative to agriculture, as crop
yield is expected to be more affected by climate variability than perennial biomass [39].

Figure 10. T-SDTF vs. R-SDTF water yield relationship.

4. Conclusions

Forest thinning enhances groundcover development and is a better management
practice for biomass production. This management practice shows a lower water yield
when compared to a regenerated forest, supporting the decision of investing in forest
regeneration to attend to an increasing water storage demand. The number of dry days
and rainfall intensity increased in the 1974–2017 period, aggravating the already dry
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characteristics of the region, and contributing to more extreme runoff events. In the case
of a dry spell over 30 days, micro-cracks are formed, and the soil returns to the initial dry,
cracked condition. The onset of runoff events is defined by the soil characteristics rather
than the land use. The onset of runoff in both catchments requires a minimum cumulative
rainfall of 62 mm within a 7-day period from the previous rainfall event, although it is the
land-use that defines water yield. The impact of water storage in the soil cracks upon the
onset of runoff generation is evident, but needs further studies for quantification.
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Abstract: Climate change projections predict the increase of no-rain periods and storm intensity
resulting in high hydrologic alteration of the Mediterranean rivers. Intermittent flow Rivers and
Ephemeral Streams (IRES) are particularly vulnerable to spatiotemporal variation of climate variables,
land use changes and other anthropogenic factors. In this work, the impact of climate change on
the aquatic state of IRES is assessed by the combination of the hydrological model Soil and Water
Assessment Tool (SWAT) and the Temporary Rivers Ecological and Hydrological Status (TREHS) tool
under two different Representative Concentration Pathways (RCP 4.5 and RCP 8.5) using CORDEX
model simulations. A significant decrease of 20–40% of the annual flow of the examined river
(Tsiknias River, Greece) is predicted during the next 100 years with an increase in the frequency of
extreme flood events as captured with almost all Regional Climate Models (RCMs) simulations. The
occurrence patterns of hyporheic and edaphic aquatic states show a temporal extension of these states
through the whole year due to the elongation of the dry period. A shift to the Intermittent-Pools
regime type shows dominance according to numerous climate change scenarios, harming, as a
consequence, both the ecological system and the social-economic one.

Keywords: hydrologic modeling; SWAT; climate change; intermittent flow; aquatic states; TREHS
tool; CORDEX model; IRES; Tsiknias River

1. Introduction

The water framework directive (WFD) established an integrated approach on manage-
ment and protection of Europe’s aquatic environment and set the general goals to achieve
a “good water status” for European water bodies [1]. These goals, however, seemed more
directed towards permanent rivers, neglecting the important contribution of intermittent
streams; these are defined as all temporary, ephemeral, seasonal, and episodic streams
and rivers in defined channels, in which flow is interrupted either spatially or in time [2].
Ecosystem services provided by IRES are strongly affected by their hydrological phases,
with dry phase having potentially negative impact on several services and especially
agricultural production [3].

Temporary streams constitute more than 50% of the global network, and this number
is growing due to climate change; the status of the majority of rivers is switching from
perennial to intermittent [4]. According to the Fifth Assessment Report (AR5) of the
Intergovernmental Panel on Climate Change (IPCC), surface temperature is projected to
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rise over the 21 century under all assessed emission scenarios, while precipitation trends
will not be uniform over the Earth’s different regions [5]. It is very likely that heat waves
will occur more often and last longer and that extreme precipitation events will become
more intense and frequent, particularly in the Mediterranean area [5–7]. For instance,
large-scale predictions for Mediterranean suggest up to 35% rainfall reduction and 3–5 ◦C
temperature increase by 2071–2100 [8,9]. A climate change impact study conducted at basin
scale in Portugal under RCP 4.5 and RCP 8.5 scenarios, comparing past (1950–2015) and
future (2021–2100) climate, reached some concerning conclusions: annual temperatures
are expected to increase by 10–20%, precipitation will decrease by 8–13%, and river flow
will decrease by 28% [10]. Furthermore, based on the international Coordinated Regional
Downscaling Experiment (CORDEX) simulations, the CORDEX ensemble corroborates
the fact that the Mediterranean is already entering the 1.5 ◦C climate warming era. The
southern part of the Mediterranean is expected to be impacted most strongly since the
CORDEX ensemble suggests substantial combined warming and drying, particularly for
pathways RCP 4.5 and RCP 8.5 [11]. Climate change will exacerbate the problems of water
scarcity that will be more pronounced during the dry season; the transition from perennial
to intermittent status for many rivers due to CC coupled with the effect of anthropogenic
pressures on water resources will affect their ecological status [12,13].

All the above indicate the importance of the hydrological status of rivers and tempo-
rary streams in particular. The latter are less integrated in regional and global analysis,
water legislation, and regulations because of the difficulties they display when compared
to permanent rivers [14], especially in the ecological aspect of the assessment. The shifting
lotic, lentic, and terrestrial habitats are unique in spatial arrangement and connectivity.
They are controlled mainly by the magnitude, frequency, and duration of drying spells in
these systems [4]. The increase, however, in fragmentation of rivers networks results in
dispersal-limited freshwater ecosystems influencing the metacommunity dynamics [15].
In this perspective, the biodiversity and several ecosystem services are vulnerable to the
river intermittency especially under climate change. These habitats are threatened with
extinction by the projected climate change impacts.

In recent years, several initiatives and projects have been launched especially in the
Mediterranean region, resulting in the introduction of new tools such as the TREHS tool
for temporary rivers [16]. No studies have been conducted thus far using the TREHS tool
(outside of the EU LIFE TRIVERS project), utilizing its capacity to assess the hydrological
regime of temporary rivers. TREHS is used to classify the intermittent streams regime and
status/degree of alteration based on metrics from hydrologically related data. The latter
are usually limited or absent since most temporary streams are not monitored; the use,
however, of hydrological models such as SWAT can help overcome such limitations [17].
SWAT is a widely used, physically-based, semi-distributed model which simulates the
hydrological regime, generating a longer flow time series based on readily available
meteorological data [18,19]. Limited efforts, however, have been put into the assessment of
the hydrological regime of temporary streams in the Mediterranean region, considering
climate change challenges, coupling both hydrological modeling and ecological status
tools [12,20–25].

The case study is Tsiknias River (Greece), a typical intermittent flow stream, with a
mainly agricultural basin, subject to severe floods and drought phenomena [26], outflowing
into a protected conservation area [27]. The limited existing monitoring of the basin in
combination with the interseasonal flow variability make the use of hydrological models
essential to simulate its hydrologic response in longer periods. The basin adaptation to the
climate change is important to maintain the current agricultural uses such as olive groves
and vegetables production and conserve land productivity in the future or shift to deficit
irrigation or other water stress tolerant plants.
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In light of the above, the objectives of the current paper are:

• The development and comparison of historical and future hydrological simulations
by means of climatic datasets generated by multi-model ensembles of RCMs, under
two different greenhouse gas emission scenarios RCP 4.5 and 8.5.

• The assessment of the potential effect of climate change, under different scenarios, on
the hydrologic regime of a Mediterranean intermittent river basin and the analysis of
temporal streamflow trends.

• The investigation of the transition of the different aquatic states of the stream especially
from flood to edaphic, crucial for the sustainability of the ecosystem biodiversity, using
the TREHS tool.

2. Study Area and Datasets

2.1. Study Area

Tsiknias is an intermittent Mediterranean stream located in the central part of Lesvos
Island (Figure 1). It originates from Lepetymnos Mountain (968 m) with a mainly north to
south direction and it has one of the largest drainage networks on the island [28]. The Gulf
of Kalloni where this stream discharges is considered as the main ecological and touristic
asset of Lesvos Island. Due to its importance regarding biodiversity and the presence of
endemic species, it was established as a Natura 2000 Special Conservation Area [29].

Figure 1. Map of the study area with stream network. The numbers represent subbasin division from
SWAT model. Triangles represent meteorological stations: red for Stypsi station and blue for Agia
Paraskevi. The circle represents Prini gauging station. The light blue represents Natura 2000 areas of
the island.
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Tsiknias basin is located between approximately 26◦19′17.8026′′ east and 26◦10′52.1754′′
west longitude, and between 39◦11′50.7546′′ south and 39◦20′39.4902′′ north latitude cov-
ering an area of approximately 90 km2. The main geologic formations are of Neogene
and Miocene age volcanic acidic rocks including ignimbrite, basalt, lavas, and tuffs and
Pleistocene and Holocene continental deposits in the coastal part [30,31]. Most soils in
this basin result from these formations. The permeability of the soils is low in most of the
area, low-medium in the highland areas, and medium in the northern part of the area [32].
The major land use is agriculture (58.3%, of which olive groves cover 22.9%), followed by
ryegrass (21.3%), and the remaining 20.4% is rangeland, forests, wetlands, and low-density
urban areas [33].

The basin has a typical Mediterranean climate, with warm, dry summers and mild,
moderately rainy winters. The mean annual temperature is 19.2 ◦C, and the mean annual
rainfall varies from 600 mm on the plains to over 900 mm in the mountains. Since 1955, tem-
perature has shown a slight non-uniform warming trend, while precipitation is indicating
a slight decrease (Figure 2).

 
Figure 2. (a) Annual rainfall over Tsiknias basin from Agia Paraskevi station (95 m); and (b) mean annual temperature in
Tsiknias basin from Agia Paraskevi station. Vertical black dashed lines delimit the period of 1955–2005, while the horizontal
dashed red line corresponds to the trend.

2.2. Spatiotemporal Datasets

Table 1 includes the datasets used in this study, including the Land-Use Land-Cover
(LULC), Digital Elevation Model (DEM), soil datasets, meteorological forcing datasets,
and observed streamflow in the selected basin. Rainfall data were obtained from rain
gauge observations at both Agia Paraskevi (95 m) and Stypsi (396 m) stations. Since 2014, a
telemetric station (Prini) has been operating on the main channel, providing water level
data in 15 min intervals. Monthly flow measurements from the same area are used to
produce the rating curve, which relates the water level to the flow.
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Table 1. Datasets used in the present study.

Dataset Source Frequency Time Period Remarks

Rainfall
Automatic

meteorological station
at Agia Paraskevi

Daily (01/01/1955–
01/01/2020)

Data gaps filled with
Inverse Distance Method

(IDM) using data from
Mytilini airport as
reference station.

Temperature
Automatic

meteorological station
at Agia Paraskevi

Daily (01/01/1955–
01/01/2020)

Data gaps filled with
Mytilini airport data

corrected by the average
monthly difference

between this station and
that of Agia Paraskevi

Stream Discharge
Telemetric Radar Level
Sensor (RLS) gauging
station Prini-bridge

Daily (08/01/2014–
10/31/2019)

Observed gauge data;
Data gap:

11/01/2016–11/01/2017

Landuse CORINE 2000 [34] - -

The map is corrected with
the inclusion of five
settlements and data

gathered by field
validation.

1:25,000

Soil

Municipality, Hellenic
Survey of Geology and

Mineral Exploration
(HSGME), field

sampling

- -

Combined soil data from
maps provided by the

municipality, the HSGME
and field sampling [35]

Topography
NASA Shuttle Radar
Topography Mission
(SRTM) Version 3.0

- - 1◦ × 1◦ tiles at 1 arc second
(about 30 m)

2.3. Regional Climate Model Data

The use of RCMs is necessary in regions with multiple topographic characteristics,
and Greece is a Mediterranean country characterized by complex topography with steep
orography from the mountainous regions to the coast, with elongated coastline and a
number of small islands in the Aegean Sea and Ionian Sea. Hence, the use of dynamical
downscaling to higher resolution is necessary to assess the regional and sub-regional
climate of the complex topographically area of Greece [36,37].

Data series for several meteorological parameters (maximum and minimum temper-
ature, precipitation, wind speed, and incoming shortwave radiation) of multiple RCMs,
for Tsiknias basin over the time period 2021–2100, were used (Table 2). The projections are
in a high resolution (0.11 deg) from various RCMs and emission scenarios (RCPs 4.5 and
8.5) based on data from EURO-CORDEX initiative [38]. EURO-CORDEX is the European
branch of the international CORDEX initiative, which is a program sponsored by the World
Climate Research Program (WRCP) to organize an internationally coordinated framework
and produce improved regional climate change projections for all land regions worldwide.
In this study, CORDEX results serve as input for climate change impact assessment, within
the timeline of the Fifth Assessment Report (AR5). The data extraction and analysis is in the
framework of GEO-CRADLE [39], which aims to provide a user-friendly web application
tool for climate change impact studies, for end users and policy makers on climate change
adaptation strategies.
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Table 2. CORDEX multi-model datasets abbreviation used in this study.

RCM Institution
Name

RCM Institution
Acronym

RCM Model
Name

GCM Model
Name

GCM Institution
Acronym

Abbreviation
Used in This

Study

Climate
Limited-area

Modeling-
Community

CLM com CCLM4-8-17 CNRM-CM5 CNRM-CERFACS CNRM-
CM5_CCLM4-8-17

Centre national
des recherches

météorologiques
CNRM ALADIN53 CNRM-CM5 CNRM-CERFACS CNRM-

CM5_ALADIN53

Koninklijk
Nederlands

Meteorologisch
Instituut

KNMI RACMO22E EC-EARTH ICHEC EC-
EARTH_RACMO22E

Institut Pierre-
Simon-Laplace IPSL-INERIS WRF331F CM5A-MR IPSL-IPSL CM5A-

MR_WRF331F

Sveriges
Meteorologiska

och Hydrolo-
giskaInstitut

SMHI RCA4 CM5A-MR IPSL-IPSL CM5A-MR_RCA4

Climate
Limited-area

Modeling–
Community

CLMcom CCLM4-8-17 HadGM2-ES MOHC HadGM2-
ES_CCLM4-8-17

Sveriges
Meteorologiska

och Hydrolo-
giskaInstitut

SMHI RCA4 HadGM2-ES MOHC HadGM2-
ES_RCA4

Climate
Limited-area

Modeling–
Community

CLMcom CCLM4-8-17 MPI-ESM-LR MPI-M MPI-ESM-LR
I_CCLM4-8-17

Max Planck
Institute

Magdeburg
MPI-CSC REMO2009 MPI-ESM-LR MPI-M MPI-ESM-

LR_REMO2009

In this work, the focus is on the changes between the future and control period, to
assess future sensitivity of the hydrological regime to the climate change. Thus, no bias
correction was conducted on the CORDEX RCMs meteorological datasets, since it would
not have a quantitative added value; on the contrary, it may induce other uncertainties and
mask the climate change effects from linear corrections in past and future, for a system
that is not linear (hydrological regime). The applicability of bias correction approaches
especially for extreme hydrological indicators, such as high flows, was found to have high
impacts on their values and generally is still questionable [40].

3. Methodology

The methodology applied in this study is described in Figure 3 and includes the
following steps: (1) setup of the SWAT model and calibration/validation using SWAT-Cup
algorithm SUFI2 (see Sections 3.1.2 and 3.1.3); (2) simulation of historical and future flow
using the calibrated model forced by the CORDEX datasets (see Section 3.1.4); (3) classifica-
tion of the Tsiknias River regime using metrics that measure the relative permanence of
temporary flow phases within TREHS model; and (4) assessment of the degree of alteration
due to climate change of the temporary regime of Tsiknias River (see Section 3.2.2).
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Figure 3. Flowchart of the overall methodology followed.

3.1. Hydrological Modeling
3.1.1. Soil and Water Assessment Tool (SWAT)

The SWAT model was chosen because of the plethora of parameters available for a
better simulation of processes specific to each basin, its flexibility during the calibration
stage, and the option of running climate change scenarios. SWAT [17–19,41], is a continuous,
semi-distributed, physically-based hydrologic model, developed by the U.S. Department
of Agriculture (USDA), to predict the impact of land management practices on water,
sediments, and agricultural chemical yields in large complex basins with varying soils,
land use, and management conditions over long periods of time [18]. It divides a basin
into sub-basins connected by a stream network and further, divides each sub-basin into
Hydrologic Response Units (HRUs) consisting of unique combinations of slope, land use,
and soils. Runoff is predicted separately for each HRU and routed to obtain the total runoff
for the basin. This increases the accuracy and gives a much better physical description
of the water balance. SWAT model operates on a daily or sub-daily time-step for each
hydrologic unit based on water balance equation and simulates the hydrology into land
and routing phases. During the land phase, the amount of water, sediment, and other non-
point loads are calculated from each HRU and summed up to the level of sub-basins. Each
sub-basin controls and guides the loads towards the sub-basin outlet. The routing phase
defines the flow of water, sediments, and other non-point sources of pollution through the
channel network, from one sub-basin to another and to the outlet of the basin.

The hydrological cycle simulated by SWAT is based on the water balance equation:

SWt = SW0 +
t

∑
i=1

(
Rday − Qsur f − Ea − Wseep − Qlat − Qgw

)
(1)

where SWt is final soil water depth (mm), SW0 is the initial soil water depth (mm), t is
the time step (days), Rday is the daily precipitation (mm), Qsurf is a surface run-off (mm),
Ea is the actual evapotranspiration (mm), Qgw is the depth of water entering in vadose
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zone from soil profile (mm), and Qlat is the depth of lateral flow (mm). Runoff is derived
from the USDA Soil Conservation Service (SCS) runoff Curve Number (CN) method [42]
as follows:

Qsur f =

(
Rday − Ia

)2

(
Rday − Ia + S

) (2)

where Rday is rainfall depth for that day; Ia is the initial abstraction, which is a function of
infiltration, interception and surface storage; and S is the retention parameter calculated
from the curve number (CN), which is based on soil parameters and land use classes. CN
is an important calibration parameter for surface runoff [19]. High CN corresponds to high
overland flow often associated with developed soils, while low CN represents well-drained
soils and results in low rates of surface runoff.

3.1.2. Model Setup

SWAT was setup for Tsiknias River basin through the ArcSWAT interface [43] using
the land use, soil, and DEM datasets and meteorological data described in Table 1. The
basin was divided into 25 sub-basins and 848 HRUs.

3.1.3. Model Calibration and Parametrization

The Tsiknias River basin was calibrated from 2014 to 2016 and validated from 2017 to
2019 on a daily time step with observed meteorological data and streamflow from Prini
gauge station, with two years as a warmup period (2011–2013). The Sequential Uncertainty
Fitting ver.2 (SUFI2) embedded within the SWAT Calibration and Uncertainty Program
(SWAT-CUP) software [44–46] was employed for auto calibration, using the Nash–Sutcliffe
Efficiency (NSE) as the objective function criterion. Nine parameters were selected (Table 3),
based on dominant processes in Tsiknias basin reported by previous studies [26,47–50].
Previous streamflow measurements from July 2007 to July 2009 showed that the contribu-
tion of individual sub-basins, described in this work as Areas 1–5, respectively (Figure 4),
were consistent with the size of the drainage area, the slope, and the existence of water
springs [32].

The Percent Bias (PBias) [51] and NSE [52] were used to evaluate the agreement
goodness of fit between observed and simulated data. In general, model simulation is
regarded satisfactory if NSE > 0.50 and PBIAS = ±25% when simulated and observed
streamflow are compared [53,54]. The parameter set that produced the best-fit stream
discharge for the daily data was selected.

3.1.4. Future Streamflow Projections

After confirming SWAT model capability for hydrologic modeling during the previ-
ously selected time period (Section 3.1.3), CORDEX data (minimum and maximum air
temperature, precipitation, wind speed, incoming shortwave radiation, and relative humid-
ity) were applied to the calibrated SWAT model for the control period 1950–2005 to simulate
historical monthly flow. Finally, CORDEX RCMs projected climate data under RCP 4.5
(intermediate scenario) and RCP 8.5 (worst-case scenario) [5] were used for simulating
future monthly streamflow projections. The future time period of the simulation is 50 years
(i.e., 2021–2071), having the same length as the control time period (i.e., 1955–2005).
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Table 3. Parameters used in the calibration process.

Parameters 1 Definition Physically Meaningful Range (min max) Calibration Range

r__CN2.mgt
Initial SCS runoff curve

number for
moisture condition

35 98 −50% to 20%

v__ALPHA_BF.gw Base flow travel
time (days) 0 1 0.2−1

v__GWQMN.gw

Threshold depth of
water in the shallow
aquifer required for

return flow to
occur (mm)

0 5000 −1000–2000

r__SOL_AWC.sol
Available water

capacity of the soil
layer (mm/mm)

0 1 −20% to 20%

v__ESCO.hru Soil evaporation
compensation factor 0 1 0.6–1

v__REVAPMN.gw

Threshold depth of
water in the shallow
aquifer for revap to

occur (mm)

0 500 0–500

v__GW_REVAP.gw Ground water
revap coefficient 0.02 0.2 0.02–0.2

v__LAT_TTIME.hru Lateral flow travel
time (days) 0 180 0–150

r__SLSUBBSN.hru Average slope
length (m) 10 150 −25%–25%

1 v__ means the default parameter is replaced by a given value within calibration range; r__ means the existing parameter value is
multiplied by a given value; mgt, crop cover management process; gw, groundwater process; sol, soil water dynamics process; bsn, basin
scale; rte, water routing; hru, water dynamics at HRU level.

 

Figure 4. Flowchart of temporary regime assessment.

3.2. Aquatic States (AS), Flow Regime (FR) Status, and Alteration Flow Regime
(AFR) Assessment

In this section, the aquatic states are defined, TREHS tool is described (Section 3.2.1),
and the methodology followed to identify the different distribution of AS, FR, and AFR for
Tsiknias River due to climate change effect is analyzed (Section 3.2.2).
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3.2.1. Temporary Rivers Ecological and Hydrological Status (TREHS)

TREHS was developed as a tool for applying the methods formulated during the
MIRAGE Project [14], aiming to help managers capture the temporary stream dynamic and
discover the convenient methods to define hydrological and ecological status [16,55,56]. By
means of updated methods and visualization options, the tool facilitates the assessment of
the hydrology of temporary rivers. Diverse types of hydrological-related data sources can
be used to define the specific regime of temporary rivers, the aquatic states and the degree of
their alteration [16,57]. for instance, monthly flow data obtained from monitoring stations,
or in the case of absence of observed data, which is the case in most of intermittent rivers,
rainfall–runoff model simulations, terrestrial photography, and/or interviews of locals.

TREHS defines six different AS, which correspond to the transient sets of aquatic
mesohabitats occurring on a given river reach at a particular moment, depending on the
hydrological conditions [14,16,56,58], allowing a better evaluation of biological assem-
blages [14]. From wet to dry ASs are classified as follows: flooding conditions (Hyperrheic);
full prevalence of all the possible mesohabitats (Eurheic); sequence of pools connected by
flowing water threads (Oligorheic); occurrence of isolated pools (Arheic); disappearance of
surface water, with the wet alluvium still allowing underground aquatic life (Hyporheic);
and the desiccation of the riverbed and alluvium, involving the disappearance of any active
aquatic habitat (Edaphic).

The identification of the temporal patterns of occurrence of these ASs is determined
based on the statistics of the occurrence of these diverse aquatic states [57,58]. The flowing
water phase (Hyperrheic, Eurheic, and Oligorheic) is separated from the zero flow phase
(Arheic, Hyporheic, and Edaphic) using flow threshold values, which can be identified
by field observations of the ASs for more accuracy or automatically in TREHS tool by the
shape of flow duration curve.

This flow duration analysis, which also characterizes the ability of the basin to provide
flows of various magnitudes [59] in a given period, is identified by ranking the flow data
from highest to lowest and assigning an exceedance probability, P, to each value according
to the following formula:

P =
m

n + 1
(3)

where P is the probability of exceedance, m is the rank of the data value (m = 1 being the
largest), and n is the total number of data points.

The six metrics reflecting patterns of flow, isolated pools, and dry beds, for each data
source are defined as follows: flow permanence (Mf), dry channel permanence (Md), iso-
lated pool permanence (Mp), seasonal six-month predictability of the period without flow
(Sd6), equinox-solstice seasonality (ESs), and summer-winter seasonality (SWs) [56,58]. The
most important metrics are Mf and Sd6. They are used for the classification of flow into pos-
itive and zero flows, which have the most impact on the ecosystems of the stream [16,56,58].
Mf represents the long-term mean annual relative number of months with flow, which
ranges between 0 (always dry) and 1 (always flowing). Sd6 signifies the seasonality of the
dry conditions and hence the predictability of habitat availability, and it is described by the
following equation [16].

Sd6 = 1 −
6

∑
1

Fdi

/
6

∑
1

Fdj (4)

where Fdi is the multi-annual frequency of zero-flow month i for the contiguous six wetter
months of the year and Fdj is the multi-annual frequency of zero-flow month j for the
remaining six drier months.

3.2.2. ASs, FR, and AFR Assessment Workflow

In summary the methodology followed to evaluate and determine the AS and the
temporary FR in both natural and impacted (climate change) conditions of the Tsiknias
temporary regime, is described Figure 4.
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In the first part (Figure 4), natural AS (1955–1984) and present AS (1990–2019) were
evaluated, using simulated monthly flow at one station scale, forced by observed mete-
orological datasets, and then were compared to each other to determine the degree of
alteration. These were visualized by three plots provided by TREHS tool: (a) the Aquatic
States Frequency Graph (ASFG) that shows the relative importance of the diverse states
throughout the year and the degree of seasonality of the regime; (b) the Temporary Regime
Plot (TRP) which presents the flow permanence against seasonal predictability in order to
compare the occurrence of flow for different rivers (Permanent (P), Intermittent–Permanent
(I-P), Intermittent–Dry (I-D), and Ephemeral (E)); and (c) the Flow-Pools-Dry plot (FPD)
using the flow, pool, and dry permanence indicators [16].

Finally, using the projected monthly stream flows under RCP 4.5 and RCP 8.5 scenarios,
we estimated the projected impacted aquatic states and their alteration. Similarly, to Part 1,
results are presented in ASFG, TRP, and FDP plots.

4. Results

4.1. Hydrologic Modeling

In this section, the calibration and validation results of the SWAT hydrological model
are discussed. Table 4 shows the obtained calibrated fitted value for each parameter for
Tsiknias basin, while Figures 5 and 6 illustrate the resulting hydrographs of calibration and
validation process at a daily time step.

All calibrated parameters are within the expected range for Tsiknias basin, with the
most sensitive parameters being CN2, SLSUBBSN, and ESCO considering their p values.
The model sensitivity to SLSBBSN confirms a previous study indicating that the size of
the drainage area and the slope have great impact on the outflow within this basin (the
highest elevation is 943 m and the lowest is −1 m) [32]. The small final fitted range of CN2
indicates low run-off potential of the basin due to land-use coverage, mostly agricultural
(olive groves), significant natural cover such as coniferous forests in the northern part of
the basin, grassland, and brushland habitats [48].

Table 4. Parameters used in calibration process.

Parameter
Best Simulation

Fitted Value
p Value

Final Range
(min, max)

r__CN2.mgt −0.08 0.00 −0.15, −0.008

r__SLSUBBSN.hru −0.435 0.01 −0.8, −0.08

v__GWQMN.gw 0.26 0.04 −0.17, 0.7

v__ESCO.bsn 0.783 0.05 0.72, 0.83

v__ALPHA_BF.gw 0.67 0.32 0.5, 0.8
r__SOL_AWC.sol −0.005 0.39 −0.05, 0.05

v__LAT_TTIME.hru 16.65 0.46 0, 57.6
v__REVAPMN.gw 113.75 0.5 16.9, 210.6

v__GW_REVAP.gw 0.122 0.72 0.1, 0.15
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Figure 5. Measured and simulated daily discharge at Tsiknias River gauging station during calibration (2014–2016).

Figure 6. Measured and simulated daily discharge at Tsiknias River gauging station during validation (2017–2019).
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Statistical evaluations of both calibration and validation, as shown in Figures 5 and 6,
are within the acceptable levels reported in the literature (NSE values > 0.5, Pbias < 25%) [54].
The results show a positive correlation between the observed and simulated river flows
and the water mass balance of Tsiknias River at annual scale. The simulated flow was
slightly underestimated during the autumn; it sharply increases during the winter and
levels off after the end of the wet period. SWAT, however, does not entirely capture both
peaks in February 2015; it slightly overestimates it (Figures 5 and 6). The validation flow
records represent a time period during which the gauging and meteorological station
are not adequately preserved, and sediment and debris have altered the examined river
cross section.

Since the TREHS model requires monthly data to assess the temporary regime aquatic
state and alteration, keeping the same calibrated parameters, SWAT model was run on a
monthly timestep. Figure 7 shows the resulting hydrograph during the 2014–2019 period.
The contribution of the different tributaries of the basin [32] was evaluated, compared to
the total basin discharge, and confirmed. The main tributary referred to as Area 1 (Figure 2)
is the main water contributor during the wet period (Figure 7, Subbasin 22 outflow) due to
the high elevation difference, its great drainage area (30% of the basin), and the existence
of spring sources. The secondary tributary (Area 4, Subbasin 20 outflow, 20% of total
surface of basin) and the ephemeral tributaries (Areas 3 (Subbasin 24) and 2 (Subbasin
19), covering 15% and 17%, respectively) equally contribute less water to the main stream
(Area 5, Subbasins 23 and 25 outflow). The ephemeral tributaries are showing a steeper
reduction during spring in the end of the wet season, attributed to their ephemeral nature.
The discharge at the Prini station of Tsiknias River corresponds to the sum of the outflows
from the contributing streams. Correspondingly, the low slope at the lowland area near
the outlet allows for higher infiltration with regards to the upstream parts of the basin
and experiences higher groundwater recharge rates, resulting in zero flow during the
dry period.

Figure 7. Measured and simulated monthly discharge at Tsiknias River contributing tributaries
during 2014–2019.
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4.2. Future Climate

Based on high resolution regional climate data (0.11◦) acquired from CORDEX, the
multi-model simulated time series of changes in the annual precipitation and temperature
relative to the period 1961–1990 for the scenarios RCP 4.5 and RCP 8.5 as well as the histor-
ical period are shown in Figures 8 and 9. The lines indicate ensemble yearly means from
the yearly ensemble mean data. All precipitation scenarios for the future indicate a slight
but not robust decrease of precipitation, while temperature projections show warming
trends for the different RCPs (highest for RCP 8.5 and lowest for RCP 4.5) which drift
apart significantly during the second half of the 21 century. During the same period, the
ensemble standard deviation (shaded area) is increasing, indicating a rise in the uncertainty
of the simulated ensemble temperature and precipitation.

The projected climate variable of rainfall for the future period (2021–2071) under both
RCPs was analyzed against the baseline situation (1955–2005). The precipitation mean
monthly cycles are presented in Figure 10 for the historical period, RCP 4.5, RCP 8.5, and
observed. Both RCP 4.5 and RCP 8.5 scenarios project a decrease in precipitation mostly
during the wet season.

Figure 8. Multi-model simulated time series at Tsiknias (Lesvos) from 1950 to 2100 indicating the changes in annual
precipitation relative to the period 1961–1990 for the historical, RCP 4.5, and RCP 8.5 experiments. Lines and shades
represent the ensemble mean and standard deviation of all the available CORDEX models, respectively. Vertical dashed and
continuous lines delimit the periods 1955–2005 and 2021–2071, respectively.

74



Hydrology 2021, 8, 43

Figure 9. Multi-model simulated time series at Tsiknias (Lesvos) from 1950 to 2100 indicating the changes in mean annual
near surface temperature relative to the period 1961–1990 for the historical, RCP 4.5, and RCP 8.5 experiments. Lines and
shades represent the ensemble mean and standard deviation of all the available CORDEX models, respectively. Vertical
dashed and continuous lines delimit the periods 1955–2005 and 2021–2071, respectively.

Figure 10. Multi-model simulated time series at Tsiknias (Lesvos) from 1950 to 2100 indicating the
changes in mean monthly precipitation relative to the period 1961–1990 for the historical, RCP 4.5,
and RCP 8.5 experiments, and observed 1955–2005. Lines and shades represent the ensemble mean
and standard deviation of all the available CORDEX models, respectively.
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4.3. Future Streamflow Projections (Monthly and Annual)

Figure 11 presents boxplots of the streamflow distributions of the control period (1955–
2005) and future streamflow projections (from 2021 to 2071 under RCP 4.5 and 8.5 scenarios)
forced by CORDEX RCMs datasets listed in Table 2 compared with the reference period
(1955–2005) simulated by SWAT model. How well different RCMs capture characteristics
of the reference flow distribution and the change future scenarios is indicated. Primary
evaluation of the simulated outflow for the historical climate (1955–2005) against simulated
streamflow shows that the annual and monthly observations are captured well by the
ICHEC_KNMI model, unlike other RCMs. Analysis of the future scenarios (2021–2071)
projections of the RCM/GCM ensembles for all models shows an increase in extreme events
occurrence. Ultimately, almost all RCMs show a decrease in flow in the future and higher
occurrence of extreme flood events highlighted by the presence of outliers (Figure 11).

(a) 

 
(b) 

Figure 11. Box-and-whiskers plots for monthly (b) and annual (a) streamflow of Tsiknias River for each RCM/GCM
combination. The central line is the median, while whiskers represent 25th and 75th percentiles.
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In Figure 12, the actual flow duration curve of Tsiknias streamflow is compared to
flows generated from RCM simulated flow. Most models generally replicate the flow
pattern, yet exhibit major differences, particularly in low flows. As for the future, a higher
frequency of low flows is projected, as well as an increase of the frequency of mid-range
and high flows (Figure 12).

Figure 12. Flow duration curve of reference data from 1955 to 2005 against historical scenarios and
projected future flow duration curve under RCP 4.5 and RCP 8.5 scenarios.

4.4. Hydrological Status

Tsiknias River is characterized by a temporary hydrological regime subject to seasonal
abstraction in order to cover irrigation needs; it is, therefore, prone to more alteration [26].
Assessment of the current and projected future flow regimes, however, is important to
understand the existing ecosystems functioning and river processes sustainability. In this
section, the classification of Tsiknias flow regime and the distribution of the aquatic states
is evaluated firstly, under natural (1955–1984) and present (1990–2019) conditions. Then,
using CORDEX RMCs simulated monthly flows, the projected conditions (2021–2071)
are gauged.

4.4.1. ASFG (Natural, Actual, and Projected)

The ASFG describes the relative frequency (%) of the aquatic states through the year,
which is derived from the monthly frequencies of the simulated flows. It is generally
applied for the selection of the most appropriate sampling methods (e.g., biomonitoring)
according to the temporal variability and seasonal predictability of the transient sets of
aquatic mesohabitats occurring in a stream [56], but also for the visualization of the flow
regime of the streams. The threshold values between flow phases were fixed automatically
in TREHS based on the flow duration curve. The ASFG was first generated for Tsiknias
River during the natural state (1955–1984) and actual state (1990–2019) (Figures S1–S3),
natural state represents the period with the minimum human intervention to the flow
regime and the absence of any irrigation projects.

Figure 13 shows ASFG obtained from reference discharge (1955–2005) simulated by
the calibrated SWAT model. Under natural state, Tsiknias River exhibits clear seasonality
(dry summer and relatively wet winter). The permanence of the flow is considerable
(Eurheic 83.7%, indicating full prevalence of all the possible mesohabitats), although it
dries more than 10% of the time.
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Figure 13. ASFG of the natural state of Tsiknias River derived from flow simulations (1955–2005).

After describing the actual flow regime of Tsiknias River, its assessment under different
scenarios, RCP 4.5 and RCP 8.5, can be useful for decision makers for taking appropriate
measures to mitigate the alteration of flow regimes due to the impact of climate change.
The same methodology was used during the assessment of the aquatic state frequency.
Figure 14 shows a set of ASFGs obtained from diverse RCM simulations under both
scenarios (RCP 4.5 and RCP 8.5) to determine the possible scenarios of alteration of the
aquatic states due to climate change. According to the ASGF graphs (Figure 14), most
RCMs indicate that Tsiknias River will be affected by increasing dry state and low flows
periods under both RCP 4.5 and RCP 8.5 scenarios. CM5A-MR_RCA4 and MPI-ESM-
LR_REMO2009 models on the other hand show a different pattern and loss of seasonality.
HadGM2-ES_CCLM4-8-17 and HadGM2-ES_RCA4 models show a different pattern even
in the historical period.

4.4.2. Projected Temporary Regime Alteration

The metrics of flow permanence, Mf, and seasonal predictability of dry periods, Sd6,
were first evaluated for Tsiknias River in unimpacted (natural) and impacted conditions
(climate change) using the SWAT simulated monthly outflows. The results are shown in
TRP graphs (see the Supplementary Materials). They provide a classification of the river
types, where the intermittence of the river increases from the upper right corner to the lower
left. Gallart et al. (2012) [56] defined the limits between regime types in the Mediterranean
region by analyzing flow time series from different streams within this area, which are
Permanent (P), Intermittent–Permanent (I-P), Intermittent–Dry (I-D), and Ephemeral (E).
They are differentiated by the grey lines on the graph. Furthermore, climate change impact
on Tsiknias temporary regime was assessed by analyzing the shift between corresponding
points of RCMs under both scenarios and natural conditions point. Analysis indicates the
projected possible alteration degree of Tsiknias flow regime, due to the changes occurring
in flow permanence (Mf) and dry season predictability (Sd6) (Figure 15). The results in the
TRP indicate that the actual state of Tsiknias stream is Intermittent–Permanent (I-P) and
the stream keeps this aquatic state according to many climate change scenarios. Both RCP
4.5 and RCP 8.5 scenarios predict a shift in the aquatic state to I-P. The distance between
the corresponding points in unimpacted and impacted conditions is an indicator of the
hydrological regime alterations capturing a shift in flow permanence. The FPD graphs are
divided into nine aquatic phase regime classes based on three metrics corresponding to the
proposed three aquatic phases: flow permanence, isolated pools permanence, and dry river
permanence [16]. According to the reference period, Tsiknias River exhibits an alternate
fluent regime (0.40 < Mf ≤ 0.90, 0.00 ≤ Mp < 0.50, and 0.10 ≤ Md < 0.60), meaning that it
rotates between three aquatic phases. In impacted conditions, however, most models under
both RCPs scenarios generally indicate an alternate–fluent regime with a decrease in dry
and pool permanence (Figure 16). CM5A-MR_WRF3331F and CNRM-CM5_ALADIN53
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models exhibit a shift from a quasi-perennial regime in reference conditions to an alternate–
fluent aquatic regime. HadGM2-ES_CCLM4-8-17 and HadGM2-ES_RCA4 models indicate
a shift in the opposite direction under RCP 4.5 and RCP 8.5.

Figure 14. Aquatic states frequency graphs of historical scenarios: from 1955 to 2005 (left); and from 2021 to 2071 under
RCP 8.5 scenario (in the middle) and RCP 4.5 (right).
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(a) (b) 

(c) 

Figure 15. TRPs for the diverse sources: (a) RCP 4.5; (b) RCP 8.5; and (c) historical.
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(a) 

(c) 

(b) 

Figure 16. FDP plots for the diverse sources: (a) RCP 4.5; (b) RCP8.5; and (c) historical. Perennial (Pe), Quasi-perennial
(Qp), Fluent-Stagnant (FS), Alternate-Fluent (AF), Stagnant (St), Alternate-Stagnant (AS), Alternate (Al), Occasional (Oc),
Episodic (Ep).

5. Discussion

CORDEX RCM data were used to assess the climate change impact on the Tsiknias
River hydrological regime. The results indicate that Tsiknias basin will suffer a combi-
nation of increased temperature and slightly reduced rainfall that will directly impact
the flow regime; similar findings have been found in different parts of Mediterranean
region [20,60–62]. The results of some RCMs simulations, however, do not capture the
observed flow seasonality, which calls for further analysis, as it will provide further insight
into projected climate model data and improve the accuracy of results, therefore improving
the climate change impact adaptation strategies [60].

Analysis of the difference between the flow regime and distribution of its different
aquatic states, based on the monthly average river discharge, the permanence of flow, and
the six-month dry season predictability, between natural and present conditions, displays
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little to no alteration; nevertheless, in a neighboring watershed in Italy [62], the alteration
was observed mostly downstream of the studied basin. Projected temperature increase and
precipitation decrease, however, are expected to induce a change in the future flow regime,
which exhibits an increase in summer and decrease in winter of flood events. These results
are echoed in other studies within the Mediterranean region [63,64]; the predictions indicate
high flow magnitudes will increase, the dry season will be extended, and extreme low flow
conditions will be more aggravated. Furthermore, the major threat on the ecohydrological
regime is expected in the last 30 years of the twenty-first century [63].

Using hydrological modeling for the reconstruction of the streamflow within an
ungauged river basin and over the historical period is useful when observed data are
missing [10]. In that scope. SWAT model was able to simulate streamflow in temporary
river system, and therefore used to generate future flows to assess the projected hydro-
logical regime of Tsiknias River. The variability of the aquatic states and thus ecosystems
of temporary rivers make them more prone to be severely threatened by hydrological
alteration [12]. Tsiknias River was identified as a temporary stream, which is the case of
more than 50% of Mediterranean rivers [65]. Furthermore, it was concluded that high and
low flows will become more extreme and dry periods will extend for longer periods as a
result of climate change impact under both scenarios RCP 4.5 and RCP 8.5. These results
resonate with different studies conducted in Europe [66] and the Mediterranean region in
particular [6,12,67–69].

TREHS tool was tested and subsequently applied to assess the hydrological regime
of temporary regime, however the ecological response to hydrological alterations was
not evaluated, due to lack of data. Additionally, this model was previously tested on
119 stations from the Catalan River basin district, the Júcar River basin district, and the
Ebro River basin district in Spain by the developers [16]. The results of these studies can
be found in the TREHS database, allowing a comparison with other stations within the
Mediterranean region. However, due to some limitations in the visualization of the results,
this feature was not explored. Furthermore, using other methods offered by the TREHS
tool such as photometry, observations, and interviews, is still to be explored. This tool is
very useful and can be more advantageous due to rapid technological advancements in
sensors and the massive penetration of smartphone technologies, which could facilitate the
engagement of citizens in data collection in the context of hydrology, thus enhancing the
long-term sustainability of monitoring networks [70].

6. Conclusions

In the present study, the assessment of flow and possible alteration of the hydrological
and ecological status due to climate change impacts on the intermittent stream of Tsiknias
stream was addressed, using hydrological modeling and ecological assessment. SWAT
model with its plethora of available calibration parameters proved flexible enough during
calibration and was able to reproduce the outflow of Tsiknias stream satisfactorily. Next,
the calibrated model was run for historical (1955–2005) and projected (2021–2071) periods
under RCP 4.5 and RCP 8.5 using CORDEX model simulations. The predicted increase in
temperature and decrease in precipitation in the future resulted in a decrease of flow in
the future and higher occurrence of extreme flood events captured with almost all RCM
model simulations.

Using the flow records and RCMs simulated by SWAT flows, the present and projected
four ASs of Tsiknias River were determined using the TREHS model. The ASFG of the
actual flow is made exclusively with the use of the existing streamflow records without
exploring the available options of aerial photography and interviews, which could have
had a positive impact on the obtained results. The ASFGs showed high variability of the
aquatic states in the future with a clear loss of the flow seasonality and an increase of the
dry (Arheic and Hyporheic) states. The majority of the climate change scenarios predict
an increase of the extreme flood events and expansion of the dry aquatic states of the
IRES. The occurrence of extreme events is distributed not only to the winter months but
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in some cases to the whole year period. The ecosystem of this intermittent flow river is
vulnerable to all these changes, with higher fragility in the flow-pool conditions, depicting
future droughts, harming the local agriculture, ecological systems, and the socioeconomic
life. Therefore, water retention measures could be considered such as the construction of
reservoirs to store water and the adaptation of a set of nature-based solutions (i.e., small
dams, weirs, and riparian restoration) to shield from future extreme flood phenomena.

IRES are complex hydrological systems. However, there are important obstacles for
their proper study such as the hydrological or spatial information. The use of distributed
models such as SWAT can facilitate the understanding of their response to the various
human interventions and to the climate change impact. Finally, the application of the
TREHS tool constitutes a great asset in defining the environmental flow requirements to
prevent the degradation of these ecological pillars.

Supplementary Materials: The following are available online at https://www.mdpi.com/2306-533
8/8/1/43/s1. Figure S1: Aquatic State Frequency Graph (ASFG): (a) natural state (1955–1984); and
(b) present (1990–2019); Figure S2: Temporary Regime Plot (TRP) of Tsiknias River under natural
(red) and actual condi-tions (blue); Figure S3. Flow-Pools-Dry (FDP) plot of Tsiknias River under
natural (red) and actual conditions (blue).
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Abstract: Reference evapotranspiration (ET0) is a key element of the water cycle in tropical areas for
the planning and management of water resources, hydrological modeling, and irrigation management.
The objective of this research is to assess twenty methods in computing ET0 in the Senegal River Basin
and to calibrate and validate the best methods that integrate fewer climate variables. The performance
of alternative methods compared to the Penman Monteith (FAO56-PM) model is evaluated using
the coefficient of determination (R2), normalized root mean square error (NRMSE), percentage of
bias (PBIAS), and the Kling–Gupta Efficiency (KGE). The most robust methods integrating fewer
climate variables were calibrated and validated and the results show that Trabert, Valiantzas 2,
Valiantzas 3, and Hargreaves and Samani models are, respectively, the most robust for ET0 estimation.
The calibration improves the estimates of reference evapotranspiration compared to original models.
It improved the performance of these models with an increase in KGE values of 45%, 32%, 29%,
and 19% for Trabert, Valiantzas 2, Valiantzas 3, and Hargreaves and Samani models, respectively.
From a spatial point of view, the calibrated models of Trabert and Valiantzas 2 are robust in all the
climatic zones of the Senegal River Basin, whereas, those of Valiantzas 3 and Hargreaves and Samani
are more efficient in the Guinean zone. This study provides information on the choice of a model for
estimating evapotranspiration in the Senegal River Basin.

Keywords: reference evapotranspiration; FAO56-PM; alternative methods; calibration/validation;
Senegal River basin

1. Introduction

Evapotranspiration (ET) is an essential component for the planning and management of water
resources [1–5], irrigation programming [6], drought studies [7], and climate change [8,9]. In addition,
when combined with precipitation, evapotranspiration can be a drought index and a classification
tool for climates [7,10]. In the agricultural field, evapotranspiration is an essential parameter for the
management of water resources and the optimization of irrigation at the plot scale [11]. Indeed, it is
used for the estimation of crop water requirements [12]. Evapotranspiration is also a climate synthesis
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and therefore an indicator of climate change [13,14]. In fact, the evapotranspiration process is controlled
by climate variables (temperature, solar radiation, relative humidity, wind), edaphic variables (soil
type), and physiological factors [15].

Reference evapotranspiration (ET0) is the estimation of the evapotranspiration from a hypothetical
grass reference actively growing, completely shading the ground and not short of water with an
assumed crop height of 0.12 m, a fixed surface resistance of 70 s/m, and an albedo of 0.23 [16,17]. ET0 can
be determined by in situ measurements (lysimeter, pan, atmometer, scintillometer, Eddy covariance)
or computed from weather data [18]. Direct measurement is indicated for evapotranspiration
estimation [19–21]. However, instruments are expensive and difficult to maintain [2,18]. Therefore,
several authors [22–27] have developed evapotranspiration estimation methods. Among these methods,
Penman Monteith (FAO56-PM) is recommended as a reference method [18]. However, the number
of climate variables (temperature, radiation, wind speed, and relative humidity) that it integrates
constrains its use in developing countries where access to climate data is difficult [28–30].

In this context, alternative methods integrating fewer climate variables are used [22,23,25,27,31–33].
These alternative methods are classified into four categories according to climate variables that integrate [3]
(i) aerodynamic [22,31,33–35], (ii) temperature-based [25,26,36–38], (iii) radiation-based [2,23,31,39,40],
(iv) and combinatory methods [3,24,27]. These different methods have been developed in specific
contexts. Therefore, they must be calibrated and validated for improving their performance and
adapt them to other climate conditions [1,29]. In this regard, different methods of estimating ET0

have been evaluated and calibrated under various climate conditions around the world [3,12,29,41–44].
In the Senegal River Valley, Djaman et al. [29] evaluated 15 evapotranspiration estimation methods.
They have shown that the models of Valiantzas, Trabert, Romanenko, Schendel, and Mahinger are
more robust in this area. In another study, Djaman et al. [45] evaluated and calibrated six methods
for estimating ET0 in the Senegal River Delta. Their results show that the Valiantzas 2 method is
more effective among the six methods evaluated. However, these two studies are limited to specific
areas of the Senegal River Basin. To our knowledge, no study has been interested in the evaluation
and calibration/validation of alternative methods of estimating ET0 at the Senegal River Basin. Thus,
the objective of this study is to evaluate 20 methods for estimating reference evapotranspiration and to
calibrate and validate the best methods integrating fewer climate variables in order to adapt them to
the context of the Senegal River Basin.

2. Materials and Methods

2.1. Study Area

The Senegal River Basin covers an area of 300,000 km2 [46] and extends over four countries: Guinea,
Mali, Senegal, and Mauritania (Figure 1). According to the latitudinal distribution of precipitation,
Dione [47] identified four main climatic zones: Guinean (average annual rainfall: P > 1500 mm), South
Sudanian (1000 < P < 1500 mm), North Sudanian (500 < P < 1000 mm), and Sahelian (P < 500 mm).
The Senegal River average annual flow at Bakel station (Figure 1) over the period 1950–2014 was
600 m3/s, an average annual volume of 18 billion m3. Bakel is considered as the reference station of the
Senegal river basin because it is located downstream from the three Senegal River tributaries: Bafing,
the Bakoye, and the Faleme. Senegal River water resources are used for hydroelectricity production,
navigation, drinking water supply and irrigated agriculture [28]. The potential irrigable land at the
Senegal River Basin is estimated at 408,900 hectares with an irrigated area of 21,2937 hectares [48].
The percentage of exploited potential irrigable land varies from 45 to 68% depending on the country
(Figure 1). Several hydraulic infrastructures have been built by the Organization for the Development
of the Senegal River (in French, Organisation pour la Mise en Valeur du fleuve Sénégal, OMVS): Diama
in 1986, Manantali in 1988, and Felou in 2013. The Diama dam’s role is to stop the saltwater intrusion
and to allow the development of irrigation in the Senegal River Valley and the Delta. Manantali, on the
Bafing tributary, is a multifunctional dam with a capacity of 11 billion m3 of water, thus allowing an
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electrical production of 800 GWh/year and an irrigation capacity of 255,000 ha. Felou is a run-of-river
dam with an electricity production capacity of 350 GWh/year. Several other dams are planned (Figure 1)
to increase the production of hydroelectricity and to regulate the Faleme and Bakoye tributaries.

 
Figure 1. Senegal River Basin, stations used for the extraction of climatic variables, hydraulic
infrastructures, water uses, and needs by sector of activity.

2.2. Data

In West Africa, climate data managed by national meteorological services are difficult for
researchers to access due to their high cost of acquisition [30,49]. In addition, the low density of the
observation network poses a problem of representativeness of these data at the scale of the watershed.
However, the large-scale study of evapotranspiration requires several measurement points due to the
heterogeneity of the landscapes and the variation in energy transfer processes [50]. Therefore, in this
study, both reanalysis and observation data from the NASA Langley Research Center (LaRC) POWER
Project funded through the NASA Earth Science/Applied Science Program (https://power.larc.nasa.gov,
accessed on 20 December 2018) were used as an alternative to the observed weather station data that
are inaccessible or scattered. These data have the advantage of having a spatial and temporal coverage
on a global scale [51–55] and provide the climate variables necessary for the estimation of reference
evapotranspiration [48,53]. For the extraction of reanalysis data, the coordinates of rainfall stations
(Figure 1) from the OMVS database [29] were used. The climate variables extracted on a daily basis
over the period 1984–2017 are: temperature (max and min), relative humidity, wind speed and solar
radiation. A summary of these variables according to climate zones is given in Table 1.
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Table 1. Average values of climatic variables.

Climate Zone * u2 (m s−1) Tmax (◦C) Tmin (◦C) Rh (%) Rs (MJ m−2) ET0 (mm day−1)

Guinean 1.70 30.42 21.18 67.65 19.65 4.54
Sudanian 2.22 34.88 22.45 42.03 20.72 6.30
Sahelian 3.00 37.12 22.95 29.00 21.29 8.01

Read: u2 wind speed, Tmax maximum temperature, Tmin minimum temperature, Rh relative humidity, Rs solar
radiation, ET0 reference evapotranspiration, * according to Dione’s breakdown [47], the basin is subdivided into four
climate zones (Guinean, South Sudanese, North Sudanian, and Sahelian), but in this study, for a better readability of
the results, the subdivisions of the Sudanian zone were not taken into account. Thus, the zones considered were
Guinean, Sudanese, and Sahelian.

2.3. Method

The methodology was organized into the following three steps: (i) calculation of the reference
evapotranspiration by the FAO56-PM method and by 20 alternative methods, (ii) evaluation of the
performance of these alternative methods compared to the FAO56-PM, and (iii) calibration and
validation of the best methods integrating fewer climate variables.

2.3.1. Estimation of Reference Evapotranspiration

FAO56-PM (1) and twenty alternative methods (2–21) were used to estimate the reference
evapotranspiration. FAO56-PM consider the following characteristics defined by Allen et al. [18]:
reference surface characterized by short and green vegetation (grass for this study), adequately supplied
in water, uniform height (0.12 m), albedo of 0.23, and resistance surface of 70 m/s. This method is
recommended as a reference method for the estimation of ET0 without adjustment or integration of
parameters [18]. Its formulation is as follows:

ET0FAO56−PM =
0.408Δ(Rn−G) + γCn

T+273.3 u2 (es− ea)

Δ + γ(1 + Cdu2)
(1)

where ET0FAO56-PM is the reference evapotranspiration (mm/day); Rn: net radiation on the crop surface
(MJ·m−2d−1); G is the heat flux density of the soil (MJ·m−2d−1), which is ignored on a daily scale; T is
the average daily air temperature at a height of 2 m (◦C); Cn and Cd are constant values, which change
according to the scale of time used (on a daily scale Cn and Cd are 900 and 0.34 respectively); u2 is the
wind speed at a height of 2 m (ms−1); es is the saturated vapor pressure (kPa); ea is real vapor pressure
(kPa); (es—ea) is the saturation deficit (kPa); Δ is the vapor pressure slope curve (kPa◦C−1); and γ is
the psychrometric constant (kPa◦C−1).

The alternative methods are classified into the following four categories (Table 2): aerodynamic,
radiation-based, temperature-based, and combinatory methods. The choice of these methods is justified
by their frequent use, the simplicity of their implementation, and their performance under different
climate conditions.
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2.3.2. Performance of the Alternative Methods

The performance of alternative methods for estimating ET0 is evaluated using the coefficient of
determination (R2), the normalized root mean square error (NRMSE), the percentage of bias (PBIAS),
and (iv) the Kling–Gupta Efficiency (KGE) [56]. R2 provides information on the degree of agreement,
the NRMSE estimates the average deviation and PBIAS gives the underestimation/overestimation of
ET0 by alternative methods. KGE combines both the correlation coefficient (r), the biases (β), and the
variability (γ). The formulation of these different criteria, their amplitude of variation and their optimal
value are given in Table 3.

Table 3. Range and optimum value of the evaluation criteria.

Criteria. Formula Range Optimum Value

R2
∑n

i=1(ET0alt− ET0FAO56−PM)2∑n
i=1(ET0FAO56−PM−ET0FAO56−PM )2

0 to 1 1 (22)

NMRSE

√√√
1
n
∑n

i=1
(EToalt − ET0FAO56−PM)2

1
n
∑n

i=1
(EToalt)

0 to +∞ 0 (23)

PBIAS

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1
n
∑n

i=1
(EToalt − ET0FAO56−PM)2

1
n
∑n

i=1
(EToalt)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ ∗ 100
−∞ to +∞ 0 (24)

KGE 1−
√
(r− 1)2 + (β− 1)2 + (α− 1)2 −∞ to 1 1 (25)

R2—coefficient of determination; ET0alt—evapotranspiration estimated by an alternative method; ET0FAO56−PM—
evapotranspiration estimated by the FAO56-PM method; NMRSE—normalized mean error between alternative
methods and that of FAO56-PM; PBIAS—percentage of biases between methods (negative values represent an
underestimation and positive ones an overestimation). KGE is the Kling–Gupta Efficiency coefficient; it is made up
of three variables: r—the correlation coefficient between the alternative methods evaluated and that of FAO56-PM,
α—the variability, and β—the gaps that exist between the alternative methods evaluated and that of FAO56-PM.

2.3.3. Calibration and Validation

Two criteria are used to choose the methods to be calibrated—the performance of the method
to estimate ET0 and the number of climate variables that it integrates. The methods integrating only
two or three climate variables are preferred for calibration/validation. The calibration consists of
changing the constant values of the methods in order to increase their performance [57]. The objective
is to optimize the value of the KGE and reduce the errors obtained during the evaluation. For this,
the series is divided into two parts as recommended by Xu and Singh [1]: 2/3 of the series (1984–2005)
for calibration and 1/3 (2006–2017) for validation. The calibration is done by applying the generalized
method of gradient reduction [58]. For each method, a constant value is changed to optimize the KGE
and reduce the NRMSE by using iteration method. R2, NRMSE, PBIAS, and KGE, as well as the Taylor
diagram [59], are used to assess the performance of the methods after calibration/validation.

3. Results and Discussion

3.1. Performance of the Twenty Methods

Figure 2 shows the performance of the twenty alternative methods according to the four criteria
selected. The combinatory methods of Valiantzas 1 (Val 1), Doorenboss and Pruitt (DP), and Penman
(PN) are more robust for estimating reference evapotranspiration. Indeed, they have high coefficients
of determination and KGE: Val 1 (R2 = 0.96, KGE = 0.93), DP (R2 = 0.90, KGE = 0.85), and PN (R2 = 0.96,
KGE = 0.66). The errors of estimation of ET0 by these methods are low with NRMSE values of 0.06,
0.11, and 0.18 for Val 1, DP, and PN, respectively. PBIAS analysis shows that Val 1 and DP methods
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slightly underestimate ET0 (PBIAS of −2.23 for Val 1 and −9.63 for DP). In contrast, the PN method
overestimates ET0 by 16.13%. The method of Val 2 has values of R2 and KGE of 0.67 and 0.55 and that
of Val 3 of 0.47 and 0.42. However, compared to the FAO56-PM method, Val 2 underestimates ET0 by
48.9% and Val 3 by 61.9%.

 

Figure 2. Performance of the methods according to the selected evaluation criteria. The red line in each
figure represents the threshold values of each evaluation criterion.

Figure 3 shows the spatial distribution of KGE values. It shows that the combinatory models of
Val 1, DP, and PN are robust in all Senegal River basin climate zones. They have KGE values that vary
from 0.51 to 0.97 over the entire basin. The performance of these methods is explained by the fact that
they integrate the same climate variables as those of FAO56-PM. Among the methods integrating fewer
climate variables, Trabert, Val 2, Val 3, HS, and JH are most robust (Figures 2 and 3). The performance
of these methods varies depending on the climate zones of the basin. Indeed, Trabert’s aerodynamic
method is more accurate in the Sudanian and Sahelian zones with KGE values varying from 0.69 to
0.73. Similar results were obtained by Djaman et al. [29] in the Senegal River Valley. The performance
of aerodynamic methods was also noted by [3] in Iran, Singh and Xu [60] in northwestern Ontario
(Canada), and Djaman et al. [61] in Tanzania and Kenya. However, Ndiaye et al. [62] have shown
that aerodynamic methods perform poorly in Burkina Faso. This difference could be explained by
the constant values of these methods that do not adapt to all climate conditions. The performance of
aerodynamic methods is explained by the fact that wind speed and temperature play an important
role in evapotranspiration in arid and semi-arid environments [63].

93



Hydrology 2020, 7, 24

 

Figure 3. Spatial repartition of Kling–Gupta Efficiency (KGE) values.

In the Guinean zone, the combinatory (Val 2, Val 3) and temperature-based (HS) methods give
the best results for estimating ET0. Indeed, the values of KGE (Figures 2 and 3) of Val 2 vary from
0.82 to 0.90, those of Val 3 from 0.53 to 0.74, and the KGE of the HS model vary from 0.53 to 0.74.
Errors in estimating ET0 by these methods are also small in the Guinean area. These results are similar
with those of Tabari [28] who showed the robustness of radiation and temperature-based methods
in a humid climate in Iran. The performance of combinatory and temperature-based methods in the
Guinean area of the basin is explained by the fact that they integrate solar radiation and temperature
which have more impact on ET0 in humid climates [64,65]. According to these authors, in humid
regions, the air is close to saturation and evapotranspiration is strongly influenced by the available
energy (temperature and radiation).

The evaluation of the twenty alternative methods for estimating reference evapotranspiration
shows overall that the combinatory methods of Doorenboss and Pruitt, Penman, Valiantzas 1, 2,
the aerodynamics models of Trabert and Mahinger, the based-on temperature of Hargreaves and
Samani, and Jensen and Haise’s radiation-based models present the best estimates of reference
evapotranspiration. The methods of Rohwer (aerodynamics), Heydari and Heydari (based on
temperature), and Priestley and Taylor (based on radiation) are less robust among the 20 methods.
Based on their performance and the reduced number of climate variables they integrate, the methods
of TRB, Val 2, Val 3, HS, and JH are selected for calibration.

3.2. Calibration and Validation of the Best Methods

Table 4 gives the best methods for estimating ET0 before and after calibration, and Figures 4 and 5
give the performance of these methods according to the previously selected evaluation criteria.
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Table 4. Best reference evapotranspiration (ET0) estimation methods before and after calibration.

References Before Calibration After Calibration

Trabert [30] ET0TR = 0.3075
√

u2(es− ea) ET0TRcal = 2.770
√

u2(es− ea)

Valiantzas [26]
ET0val2 = 0.0393Rs× √T + 9.5− 0.19Rs0.6 ϕ0.15 +

0.078(T + 20)
(
1− Hr

100

) ET0val2cal = 0.027Rs× √T + 9.5− 0.19Rs0.6 ϕ0.15 +

0.159(T + 20)
(
1− Hr

100

)
Valiantzas [26]

ET0val3 = 0.0393Rs× √T + 9.5− 0.19Rs0.6 ϕ0.15 +

0.0061(T + 20)(1.12T − Tmin− 2)0.7
ET0val3cal = 0.026Rs× √T + 9.5− 0.19Rs0.6 ϕ0.15 +

0.018(T + 20)(1.12T − Tmin− 2)0.7

Jensen and Haise [38] ET0JH = 0.025(T − 3)Rs ET0JHcal = 0.027(T − 3)Rs

Hargreaves and Samani [25]
ET0HS =

0.408× 0.0023(T + 17.8)(Tmax− Tmin)0.5Ra
ET0HScal =

0.408× 0.0031(T + 17.8)(Tmax− Tmin)0.5Ra

 

Figure 4. Method performance before and after calibration: (red color: before calibration; green color:
After calibration).

The calibration/validation improved the performance of the TRB, Val 2, Val 3, and HS methods.
In fact, it increased the KGE of Trabert’s method by 32% and reduced estimation errors by 97%.
However, a deterioration in the performance of the JH method is noted after calibration which is
different from Irmak et al. [63], who reported that calibration of the JH method gives better results
in humid climates. This deterioration could be explained by the poor performance of this method in
semi-arid climates

The KGE values of the Val 2, Val 3, and HS methods are improved by 45%, 29%, and 19%,
respectively, after calibration. On the other hand, the KGE of the JH method is degraded by 16% after
calibration. Analysis of the results of the calibration/validation shows that the TRB and Val 2 methods
always remain robust over the entire basin, while those of Val 3 and HS always remain more robust in
the Guinean field. This is explained by the role of wind on the ET0 in arid environments and that of
temperature and radiation in humid climates.
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Figure 5. KGE values obtained after calibration of the best methods over the period 1984–2005. (*
calibrated methods).

Data for the period 2006–2017 are used for the validation of the calibrated methods. Figure 6
gives the Taylor diagram which compares the results of the five validated methods and the FAO56-PM
one as a function of climate zones, and Figure 7 gives the distribution of PBIAS. Results show that the
methods of TRB and Val 2 always give the best estimates of ET0. They have the same amplitude of
variation as the FAO56-PM method with high correlation coefficients between 0.93 and 0.95. The spatial
distribution of the percentages of bias allows us to note that the Trabert method globally underestimates
evapotranspiration from 1.1 to 37%. The most significant underestimates are noted in the Guinean
zone where the Trabert method is less efficient. The Val 2 method overestimates the ET0 by 0.3%–31%,
and the Val 3 methods, HS, and JH underestimate the reference evapotranspiration. These results are
corroborated by those of Djaman et al. [29], who showed that the Trabert method underestimates the
ET0 by 25% at the Ndiaye station in the Senegal river delta and by 6% at the Fanaye station in the Senegal
river valley. In another study, Djaman et al. [45] showed that the Val 2 method underestimates the ET0

by-.13 mm in the Senegal delta. Ndiaye et al. [62] also showed that Trabert’s method underestimates
ET0 in Burkina Faso.
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Figure 6. Taylor’s diagram of the best methods over the validation period according to climatic zones.

 

Figure 7. Spatial distribution of percentage of bias (PBIAS) between the best methods and that
of FAO56-PM.

4. Conclusions

The objective of this study is to assess the performance of 20 alternative methods for estimating
reference evapotranspiration (ET0) in the Senegal river basin and to calibrate and validate the best
methods in order to adapt them to the context of the Senegal river basin. The results show that
the Trabert, Valiantzas 2, Valiantzas 3, Hargreaves and Samani, and Jensen and Haise methods are,
respectively, the most robust for estimating ET0 in the Senegal River Basin. Calibration has improved
the performance of all these methods except that of Jensen and Haise, whose performance is degraded
after calibration. From a spatial point of view, the Trabert method is more efficient in the Sahelian
and Sudanian zones. On the other hand, the methods integrating radiation and/or relative humidity
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(Valiantzas 2, Valiantzas 3, and Hargreaves and Samani) are more robust in the Guinean area of the
basin. This study provides information on the choice of an ET0 estimation model based on available
data and climate zones. When temperature and wind speed data are available, Trabert’s method can
be used in all climatic zones of the basin for reference evapotranspiration estimation. When relative
humidity, radiation, and temperature are available, the Valiantzas 2 method is recommended. The use
of the Valiantzas 3 method is only encouraged when radiation and temperature are the only climate
variables available. Finally, the HS method can be used when only temperature data are available.
These results constitute a source of information on the choice of an adequate model for estimating
reference evapotranspiration in the Senegal River Basin. This information can be useful for hydrological
modeling, irrigation management, reservoir management, planning, and management of the basin’s
water resources. However, the types of data (reanalyses) used can cause uncertainties in the results.
In addition, the use of a single reanalysis product can also be a source of uncertainty. It would therefore
be important to validate these results with in situ data even from a few stations when the availability
and accessibility of the information allow.
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44. Čadro, S.; Uzunovi, M.; Žurovec, J.; Žurovec, O. Validation and calibration of various reference
evapotranspiration alternative methods under the climate conditions of Bosnia and Herzegovina. Int. Soil
Water Conserv. Res. 2017, 5, 309–324. [CrossRef]

45. Djaman, K.; Tabari, H.; Balde, A.B.; Diop, L.; Futakuchi, K.; et Irmak, S. Analyses, calibration and validation of
evapotranspiration models to predict grass-reference evapotranspiration in the Senegal river delta. J. Hydrol.
Reg. Stud. 2016, 8, 82–94. [CrossRef]

46. Bodian, A. Approche par Modélisation Pluie-Débit de la Connaissance Régionale de la Ressource en
Eau: Application dans le Haut Bassin du Fleuve Sénégal ( Rain-Flow Modeling Approach to Regional
Knowledge of Water Resources: Application in the Upper Basin of the Senegal River ). Ph.D. Thesis,
Université Cheikh Anta Diop de Dakar, Dakar, Senegal, 2011; 211p. (In French). Available online:
http://hydrologie.org/THE/BODIAN.pdf (accessed on 10 March 2020).

47. Dione, O. Evolution Climatique Récente et Dynamique Fluviale dans les Hauts Bassins des Fleuves Sénégal
et Gambie ( Recent Climate Evolution and Fluvial Dynamics in the High Basins of the Senegal and
Gambia Rivers). Ph.D. Thesis, Université de Lyon 3 Jean Moulin, ORSTOM, Paris, France, 1996; 438p.
(In French). Available online: http://horizon.documentation.ird.fr/exl-doc/pleins_textes/pleins_textes_7/
TDM_7/010012551.pdf (accessed on 10 March 2020).

48. SDAGE-OMVS. Etat des Lieux et Diagnostique; Rapport Provisoire 2009, Rapport de Phase III; SDAGE-OMVS:
Dakar, Senegal, 2011.

49. Bodian, A.; Dezetter, A.; Deme, A.; Diop, L. Hydrological evaluation of TRMM rainfall over the upper
Senegal River Basin. Hydrology 2016, 3, 15. [CrossRef]

50. Srivastava, P.; Han, D.; Ramirez, M.A.; Islam, T. Comparative assessment of evapotranspiration derived
from NCEP and ECMWF global datasets through Weather Research and Forecasting model. Atmos. Sci. Lett.
2013, 14, 118–125. [CrossRef]

51. Poccard-Leclercq, I. Etude Diagnostique de Nouvelles Données Climatiques: Les Réanalyses. Exemples
D’application aux Précipitations en Afrique Tropicale (Diagnostic Study of New Climate Data: Reanalyses.
Application to Precipitation in Tropical Africa). PhD. Thesis, Géographie. Université de Bourgogne, Dijon,
France, 2000; 255p. (In French)

100



Hydrology 2020, 7, 24

52. Ruane, A.C.; Goldberg, R.; Chryssanthacopoulos, J. Climate forcing datasets for agricultural modeling:
Merged products for gap-filling and historical climate series estimation. Agric. For. Meteorol. 2015, 200,
233–248.

53. Martins, D.S.; Paredes, P.; Razia, T.; Pires, C.; Cadima, J.; Pereira, L. Assessing reference evapotranspiration
from reanalysis weather products. An application to the Iberian Peninsula. Int. J. Climatol. 2016, 37, 1–20.
[CrossRef]

54. Stackhouse, P.W.; Westberg, D., Jr.; Chandler, W.S.; Zhang, T.; Hoell, J.M. Prediction of Worldwide Energy
Resource (POWER): Agroclimatology Methodology. 2018; 52p. Available online: https://power.larc.nasa.gov/
documents/POWER_Data_v9_methodology.pdf (accessed on 20 December 2018).

55. Purnadurga, G.T.V.; Kumar, L.; Rao, K.K.; Barbosa, H.; Mall, R.K. Evaluation of evapotranspiration estimates
from observed and reanalysis data sets over Indian region. Int. J. Climatol. 2019, 39, 5791–5800. [CrossRef]

56. Gupta, H.V.; Kling, H.; Yilmaz, K.K.; Martinez, G.F. Decomposition of the mean squared error and NSE
performance criteria: Implications for improving hydrological modeling. J. Hydrol. 2009, 377, 80–91.

57. Valipour, M. Calibration of mass transfer-based methods to predict reference crop evapotranspiration.
Appl. Water Sci. 2015, 1–11. [CrossRef]

58. Bogawski, P.; Bednorz, E. Comparison and validation of selected evapotranspiration models for conditions
in Poland (Central Europe). Water Resour. Manag. 2014, 28, 5021–5038. [CrossRef]

59. Taylor, K.E. Summarizing multiple aspects of model performance in a single diagram. J. Geophys. Res. Atmos.
2011, 106, 7183–7192. [CrossRef]

60. Singh, V.P.; Xu, C.Y. Dependence of evaporation on meteorological variables at different time scales and
intercomparison of estimation methods. Hydrol. Process. 1997, 12, 429–442.

61. Djaman, K.; Koudahe, K.; Sall, M.; Kabenge, I.; Rudnick, D.; Irmak, S. Performance of twelve mass transfer
based reference evapotranspiration models under humid climate. J. Water Resour. Prot. 2017, 9, 1347–1363.
[CrossRef]

62. Ndiaye, P.M.; Bodian, A.; Diop, L.; Djaman, K. Evaluation de vingt méthodes d’estimation de
l’évapotranspiration journalière de référence au Burkina Faso. Physio-Géo 2017, 11, 129–146.

63. Tabari, H.; Talaee, P.H. Sensitivity of evapotranspiration to climatic change in different climates. Glob. Planet.
Chang. 2014, 115, 16–23.

64. Irmak, S.; Allen, R.G.; Whitty, E.B. Daily grass and alfalfa-reference evapotranspiration estimates and
alfalfa-to-grass evapotranspiration ratios in Florida. J. Irrig. Drain. Eng. 2003, 129, 360–370. [CrossRef]

65. Ambas, V.T.; Baltas, E. Sensitivity analysis of different evapotranspiration methods using a new sensitivity
coefficient. Glob. Nest J. 2012, 14, 335–343.

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

101





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Hydrology Editorial Office
E-mail: hydrology@mdpi.com

www.mdpi.com/journal/hydrology





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34 

Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-3324-7 


	Advances cover
	Advances in the Ecohydrology of Arid Lands.pdf
	Advances cover.pdf
	空白页面



