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Abstract: Evapotranspiration (ET) is a parameter of major importance participating in both
hydrological cycle and surface energy balance. Trends of ET are discussed along with the
dependence of evaporation to key environmental variables. The evaporation paradox can be
approached via natural phenomena aggravated by anthropogenic impact. ET appears as one of the
most affected parameters by human activities. Complex hydrological processes are governed by
local environmental conditions thus generalizations are difficult. However, in some settings,
common hydrological interactions could be detected. Mediterranean climate regions (MCRs) appear
vulnerability to the foreseen increase in ET, aggravated by precipitation shifting and air temperature
warming, whereas in tropical forests its role is rather beneficial. ET determines groundwater level
and quality. Groundwater level appeared to be a robust predictor of annual ET for peatlands in
Southeast Asia. In semi-arid to arid areas, increases in ET have implications on water availability
and soil salinization. ET-changes after a wildfire can be substantial for groundwater recharge if a
canopy-loss threshold is surpassed. Those consequences are site-specific. Post-fire ET rebound
seems climate and fire-severity-dependent. Overall, this qualitative structured review sets the
foundations for interdisciplinary researchers and water managers to deploy ET as a means to
address challenging environmental issues such as water availability.

Keywords: actual evapotranspiration; potential evapotranspiration; reference evapotranspiration;
evaporation; evaporation paradox; global dimming; wind stilling; forest fires; groundwater

1. Introduction

The importance of evapotranspiration (ET) is demonstrated by its participation in the
hydrological cycle (as a hydrological process) and in the surface energy balance (as a flux)
[1]. Taking into account that a high percentage of the precipitated water is evaporated and
transpired (e.g., 65% Ireland [2]; 62% Greece [3]) it is obvious that water budgets are
dictated by the fluctuations of ET and subsequently by the dependency of ET on several
environmental parameters [4-6]. ET according to researchers is a component that is not
perfectly understood yet. Thus, it should be thoroughly studied as a major key parameter
involving numerous mechanisms, mediating fluctuations of other variables, and
controlling processes or causing considerable problems after intense disturbances by
human activity or climate change.

1.1. Types of ET

Actual evapotranspiration (AET), which constitutes the actual water amount
evaporated and transpired under the existing environmental conditions of a specific area,
is challenging to measure. Thus, many studies attempt to obtain potential
evapotranspiration (PET), pan evaporation (PE), or reference evapotranspiration (RET)
values depending on their specific methodological approaches and research objectives.
PET determines the evaporative demand of the atmosphere [7]. It can be defined as the
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amount of water (in mm of water depth) that can be evaporated by the soil of a land
surface and transpired by the plants of the specific area, under the occurring conditions,
providing that water supply is not a limitation. Usually, PET constitutes the upper limit
of AET. As Lv et al. (2019) [8] underline, PET is higher than precipitation in arid areas,
thus AET is close to the latter, whereas precipitation is higher than PET in humid areas,
therefore, PET is close to AET. Pan evaporation (PE), meaning the depth of the water
evaporated from the wet surface of an evaporation pan, can serve according to Sun et al.
(2018) [9] as a proxy of PET since, besides their differences, they both quantify the
evaporative demand. The usual types of pans are the following: class-A evaporation pan
(d=120.1 cm), Colorado sunken pan (area equal to 0.846 m?), ®20 evaporation pan (d =20
cm), large-pans (area equal to 20 m?), and floating evaporation pans [9-11]. The latter two
are preferentially used to estimate the evaporation from free waterbodies such as lakes
and dam reservoirs [12]. PE measurements have been used in several studies as reference
or “truth data” [13,14]. Reference evapotranspiration (RET) is defined as the evaporation
rate from a reference surface of grass with a height of 0.12 m, surface resistance of 70 m/s,
and an albedo value of 0.23 [10]. In addition, alfalfa is another reference surface used by
the Food and Agriculture Organization (FAO)
http://www .fao.org/3/x0490e/x0490e0b.htm#alfalfa%20based %20crop%20coefficients
(accessed on 6 October 2021), [15]. According to Jiang et al. (2019) [16], variations in RET
is the resultant of the integrated effect of climatic variables, thus RET in several cases
reflects the impact of climate change on meteorological and hydrological cycles (e.g.,
increase in RET of water fed crops in arid or semi-arid areas indicates a high risk of
drought). AET values for crops are determined from RET values using an appropriate
crop coefficient [10]. RET and AET depend, among other variables, on air temperature
which is in turn dictated to a large degree by the incoming solar radiation, thus RET and
AET are prone to be affected by the ongoing rise in air temperature compared to the pre-
industrial era, a phenomenon known as global warming. The former is supported by the
findings of several studies which indicate that RET has been increased during the last 50
years in numerous regions of the globe [17].

1.2. Parameters Affecting ET

There are several parameters affecting ET such as climatological-meteorological,
hydrogeological, topographical, and physiological. The parameters mainly affecting ET
as a climate variable (i.e., PET, RET types) are solar radiation, air temperature, humidity,
and wind speed, whereas AET mainly depends on water availability [10].

Sensitivity analysis regarding ET is the procedure that investigates the change in ET
values caused by the change of a specific variable in the employed models. In other words,
it identifies the parameters which dictate ET variability and the order (i.e., the ascending
degree) the former affects ET [18]. Research on the sensitivity of PET to climatological-
meteorological factors is of major importance since it aims to explain the hydrological
cycle at different regions [7]. RET is considered as an integrated measure of four key
climatological-meteorological variables: radiation, wind speed, air temperature, and
atmospheric humidity [19]. Differentiations are detected among studies concerning the
variables which employ parameters such as air temperature (T), radiation (net radiation,
sunshine hours, or sunlight duration), and atmospheric humidity (relative humidity,
vapor pressure, vapor pressure deficit) [7,19]. The vapor pressure deficit (VPD) is defined
as the difference between the saturation and actual vapor pressure for a specific period of
time [10]. Relative humidity represents the degree of saturation of the air as a ratio of the
actual to the saturated vapor pressure at the same temperature [10].

1.3. Developments in ET Measurement and Estimation

As the relevant research continued over decades more sophisticated interpretations
were presented, incorporating the mediating factors of PET sensitivity, such as
topographic parameters (e.g., shading) and characteristics (e.g., complex terrain), climatic
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conditions (e.g., different climatic zones), and the timing of certain weather episodes.
Furthermore, partitioning ET into components in complex land covers such as forests
refined the assessment of the accuracy of several methods which have been developed to
estimate forest ET types (AET, PET). The latter is of great importance since forest
contribution to global climate responses to disturbances is critical [20]. Tie et al. (2018) [21]
asserted that forest ET can be divided into three components: understory ET (soil
evaporation and transpiration from understory vegetation), transpiration, and
“interception loss from the overstory canopy” (i.e., the evaporation of the water
intercepted by the overstory canopy).

The spatial scale of forest ET estimation and the observation height can differentiate
the estimated contributions by each component depending on the geological parameters
of the study area. Amongst the most frequently used methods, the catchment water
balance method (annual or longer temporal scale) might overestimate forest ET by
underestimating subsurface runoff if fractured bedrock occurs [21], suggesting the role of
lithology, tectonics, and also of erosion (related to climate change) to ET estimation.
Upscaled sap flow methods estimate transpiration and demonstrate diurnal lag for actual
ecosystem transpiration compared to the eddy covariance method. Soil water budget
methods give point-scale estimations of understory ET and overstory transpiration and
reflect the general trend and dynamics of forest ET [21].

The inclusion of canopy evaporation or interception loss in the late years refined
hydrological modeling. Interception expresses the difference between gross rainfall and
rain passing through the crowns [22]. According to the literature, canopy evaporation
alters the microclimate of the field by reducing VPD which in turn reduces the evaporative
demand. Transpiration is suppressed during sprinkler irrigation and this is a reason why
a number of researchers assert that intersection loss does not constitute a loss, since, in the
case of a dry canopy, transpiration would occur instead [5]. Canopy storage is the amount
of water held on the canopy. Bart and Tague (2017) [23] suggested that reduced postfire
ET values in catchments across California were due to the reduced canopy interception,
as a result of canopy removal. Bulcock and Jewitt (2012) [4] after investigating interception
in a humid forest in the Seven Oaks area in South Africa consisting of pinus, acacia, and
eucalyptus species, found that the former parameter, often neglected in estimations,
accounted for 40% of the gross precipitation loss. Interception includes the water
evaporated both during and after a rainfall or an irrigation event, over a certain period
[4,5]. Interception is divided into canopy interception and litter interception which have
been reported to reach 26.6% and 13.4% of the total evapotranspiration, respectively [4].
The latter is primarily dependent on the storage capacity which in turn varies with rainfall
intensity, constituting a parameter that should be taken into consideration in modeling
for improving the accuracy of the results, since intensity variation is a common
denominator of rainfall events in the frame of climate change. Canopy interception
depends on PET, rainfall intensity, duration, and storage capacity. Moreover, it has been
documented that broad leaves are associated with high litter interception [4]. On the other
hand, in some cases, the plant species with the highest leaf area index (LAI) had the lowest
canopy interception because of the angle and the smooth surface of their leaves, which
both reduced water retention. LAI is defined as the cumulative one-sided area of leaves
per unit area [4]. Rainfall is also intercepted in urban areas by building walls and roofs
and urban trees [24].

Isotope technics are useful tools to detect hydrological processes and useful
alternatives to upscaling methods in the partitioning of evaporation and transpiration in
arid and semi-arid areas [25]. Recent implementations over the arid Upper Yellow River
and Qilian Mountains in China showed that the stable isotopes O and 2H can reflect the
characteristics of water sources and evaporation [26,27]. Given that the light-isotope
evaporation rate is high compared to heavy-isotope evaporation, evaporation in lakes and
surface water bodies can be easily detected since the condensed water is enriched in heavy
isotopes whereas precipitation water is depleted (of heavy isotopes) [21]. In the same
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direction, the depth of the soil where evaporation takes place between rainfall or irrigation
events could be identified by the stable-isotope vertical profile of soil [26].

ET is a part of complex mechanisms, thus both its measurement and estimation are
challenging. Measurement techniques include lysimeters and micrometeorological
methods for fluxes such as Bowen Ratio and Eddy Covariance often used as reference
estimates for remote sensing-based algorithms validation [5,28]. Empirical equations have
been developed, adapted, and widely used over the decades. However, climate change
has fueled the need for empirical formulae to be tested in terms of accuracy and recalibrate
at each area of application due to ongoing alterations in climatic variables and shifts in
climatic patterns. Valipour et al. (2017) [29] tested 15 empirical models widely used in the
literature for RET estimation and deducted that the radiation-based formulae were
adapted to climate change better than the temperature-based ones in Iran. Specifically,
radiation-based formulae appeared to be more accurate in arid, semi-arid, and
Mediterranean areas, whereas temperature-based formulae outperformed the rest in very
humid areas [29]. Besides direct measurement and the employment of well-established
empirical formulae and empirical models (e.g., Stephens-Stewart’s model, Griffith’s
model) based on meteorological data from stations, ET has been obtained via remote
sensing data (MODIS, Landsat, etc.) either as remote sensing derived-products (e.g.,
MODIS products) [30], or can be estimated by surface energy balance models, employing
satellite and ground-based data, such as ALEXI, METRIC, SEBAL, SEBS, STSEB models
[31-36] or via empirical and physical-based methods [37-42]. ET time-series are used to
calibrate hydrological models such as Sacramento, SWAT, and CropPwat [10,43,44].
Models employing complex algorithms such as general circulation models (GCMs) have
also been used for long-term projections of evaporation, although questions for their
reliability for future projections of ET had been raised [45]. Zhao et al. (2019) [46]
developed a method for post-processing seasonal GCM outputs to predict monthly and
seasonal RET. Several models on heuristic and fuzzy-logic science for estimations of PE
and RET and machine learning algorithms such as combined neural networks, genetic
algorithm model, linear genetic programming, fuzzy genetic, adaptive neuro-fuzzy
inference system, artificial neural networks, multi-layer perceptron neural network, co-
active neuro-fuzzy inference system, radial basis neural network and self-organizing map
neural network showed high accuracy in different climate zones [15,47-51].

1.4. Objectives of the Review

What are the latest trends in ET globally? In what ways do climate change and
anthropogenic footprint (e.g., air pollution, land use/ land cover (LU/LC) changes) affect
ET? What are the interactions reported between ET and the main hydrological
components (e.g., groundwater, streamflow)? How do wildfires affect ET and how do ET
pre-fire values lead to forest fire risk identification? The objective of the present study is
the attempt to respond to the aforementioned scientific questions by combining reported
findings by eligible studies in a holistic way and underline any potential conflicts. In other
words, the aim of the present study is twofold: First to qualitatively review the footprint
emerging from ET trends over the latest decades in areas with different environmental
conditions in the context of the ongoing climate change. Second, to focus on critical
components such as the anthropogenic impact on ET, the mechanisms in which ET
participates regarding forest land-cover and wildfires, croplands (irrigation and
cultivation practices), groundwater (quantity and quality), and ambient air. Studies on
climate change and water cycle usually address ET as a secondary component whereas
studies concerning ET are focused on very specific objectives (i.e., measurement or
estimation or sensitivity analysis of one form of ET under specific spatiotemporal
conditions, development of a specific model, or testing an algorithm) thus, they do not
combine different aspects and roles of ET. Acknowledging the contribution of the former
types of research on ET, this is an attempt to compare, link, and synthesize findings
around the world and extract useful conclusions on the role of ET. To the authors’
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knowledge, such an integrated and holistic synthesis of ET mechanisms, complex
interactions, services, and impacts based on the latest research findings and conclusions
does not yet exist. This qualitative review aims to constitute a useful background for
interdisciplinary scientists and a reference point for water managers.

2. Materials and Methods

The methodology which has been followed was based on the criteria of a systematic

review as developed by Boaz et al. (2002) [52] usually followed in environmental sciences
[53], adapted to the qualitatively synthesizing character of the present review. Those
criteria are elaborated as follows:

i

ii.

ii.

iv.

vi.

Vii.

Procedure based on protocols: The collecting of literature was based on two
combined criteria: the most recent bibliography would be analyzed, from reliable
repositories (e.g., Scopus (https://www.scopus.com/ (accessed on 10 May 2021);
PubMed https://www.ncbi.nlm.nih.gov/pmc/ (accessed on 10 May 2021); and
Science Direct https://www.sciencedirect.com/ (accessed on 10 May 2021)) and
scientific reports (https://www.ipcc.ch/ (accessed on 12 May 2021);
https://iahs.info/Publications-News.do; http://www.fao.org/ (accessed on 13 May
2021))). Studies were scrutinized, similarities and differences among them were
marked, and elaborating literature was sought to verify every piece of information
before an association to be made or a conclusion to be reached. All the references of
the articles were checked to validate the background of every study before
employing them. Some of the cited articles were selected in a scheme of snowball
collection of studies and added to the references after following the same procedure.
In the process, several studies were neglected if the aforementioned criteria were
not met.

Since this review has a holistic approach, a number of research questions were posed
in order to serve as axons of the review. The question that constituted the common
denominator of all stages of the review was “Is there quantifiable evidence that a
relationship occurs between ET and a specific meteorological factor or process”?
Identification of relevant research: 141 research articles of trustworthy peer-
reviewed scientific journals obtained from literature repositories were employed in
an iterating way already described.

Validation of the quality of the used research: Cross-referencing of every study was
carried out and multiple studies with similar findings were sought to aim to
strengthen the validity of the conclusions.

Synthesis of the findings of the employed studies: findings were synthesized in a
deductive way, where reported cases with similar climate conditions, vegetation,
and type of disturbance were examined to find out if the same relationship between
ET and one other party (meteorological factor or process) occurs (e.g., relationship
between the number of the years for ET to reach pre-fire levels and fire severity for
eucalyptus forests in Mediterranean climate regions (MCRs)).

Objectivity was reached by comparing corresponding methodologies and results
and seeking verification from multiple sources (e.g., PE trends for the same region
for overlapping time periods).

Updated information: the conclusions of the review can be easily updated as ET
trends are presented in tables and the relationships and interactions are clearly
thematically presented in paragraphs (e.g, ET and wildfires, ET affects
groundwater recharge, etc.).

The used methodology is schematically presented in Figure 1.
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Figure 1. Flowchart of the review’s methodology.

3. The Conflict of Increasing and Decreasing Trends of ET Types

The Evaporation paradox is the reported decreasing trends in PE (or RET) until the
mid-1980s (or mid-1990s for regions in USA and Australia; Table 1) which contradicted
the anticipated long-term increasing trends in the atmospheric evaporative demand, in a
concurrently warming atmosphere [54,55]. The latter phenomenon is important since PE
is considered “a clue to the direction of the change in AET” [56]. There is a considerable
number of studies on ET trends over the last decades reporting decreasing or increasing
trends or ET rebound after a critical period of time [9,16,57-87], (Table 1). These temporal
breakpoints have been associated with anthropogenic impacts on regional climate (e.g.,
air pollution due to industrialization) and global phenomena (e.g., wind stilling, global
dimming, and brightening) (see Figure S1). In the direction to investigate the reasons for
which some trends seem conflicting at first sight, sensitivity analysis of ET (PE, RET) on
key meteorological factors has been applied by researchers to determine the governing
factors in each case (Table 1).
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Table 1. Trends in ET (i.e., RET, PE, and LE) categorized as decreasing, increasing, of insignificant variability (no trend),
and of high variability (both increasing and decreasing trends—no pattern), and the dominant climate variable affecting
ET for each area, as obtained by the latest studies.

Dominant Climate Variable

ET Type Period of Analysis Study Area Affecting the Trend Reference
Decreasing trends
LE 1950-2000 Southern Canadian Prairies Wind speed Burn and Hesch, 2007 [57]
NW China (Gobi Desert) Wind speed Wang et al., 2017 [19]
RET 1982-2013 SE China Sunlight duration Wang et al., 2017 [19]
PE 1960-1991 China Wind speed + solar radiation Liu et al., 2011 [61]
SW Chin (Western-Sichuan
RET 1961-1996 Plateau, Sichuan Basin, Sunshine hours + wind speed Jiang et al., 2019 [16]
Yunnan-Guizhou Plateau, and !
Guangxi Basin
RET Until early 1980s Greece Global dimming Papaioannou et al., 2011 [64]
PE Until 1979 Nigeria (4 climate zones) n.d. Ogolo, 2011 [66]
RET 1979-2000 India (NW, whole) Net radiation + wind speed Jhajharia et al., 2009 [62]
RET 1965-2005 C. Iran Wind speed Dinpashoh et al., 2011 [76]
PE 1961-2010 Mexico Wind speed + solar radiation Brefia-Naranjo et al., 2017 [72]
PE after 1970 Thailand Wind speed Limjirakan & Limsakul, 2012 [78
PE 1975-1999 Australia (whole) Wind speed Johnson and Sharma, 2010 [46]
PE 1975-1994 Southern and Western Wind speed Stephens et al., 2018 [87]
Australia
PE 1990-2016 Central, Northern Australia Wind speed Stephens et al., 2018 [87]
Increasing trends
LE 1950-2000 Northern Canadian Prairies VPD Burn and Hesch, 2007 [57]
RET 1975-2006 Turkey Airtemperature trelative o Celik et al,, 2016 [68]
humidity
RET 1961-2016 Slovenia (2 mountainous sites) Solar radiation Macek et al., 2018 [63]
RET After late 1980s Greece Global warming + brightening Papaioannou et al., 2011 [64]
PE After 1979 Nigeria (4 climate zones) n.d. Ogolo, 2011 [66]
RET 1986-2007 NW Iran n.d. Azizzadeh and Javan, 2015 [75]
RET 1965-2005 Iran (NW, NE) Wind speed Dinpashoh et al., 2011 [76]
E ET 1992-2009 S. Florida USA Air humidity Abtew et al., 2011 [79]
RET 1961-1982 NW China (Gobi Desert) Wind speed Wang et al. (2017) [19]
PE 1992-2007 China Air temperature Liu et al. (2011) [61]
SW China (Western Sichuan
Plateau, Sichuan Basin, Air temperature + relative .
RET 19972016 Yunnan-Guizhou Plateau, and humidity Jiang et al, 2019 [16]
Guangxi Basin)
RET 1951-2020 China, Upp;z;flngtze River Relative humidity Wang et al. (2021) [59]
PE 2008-2014 China (Lower Yellow River) Heat waves and droughts Sun et al., 2018 [9]
PET! 2020-2080 Ireland (Shannon River Basin) n.d. Gharbia et al., 2018 [2]
PET! 2071-2100 taly (High Plain Veneto and nd. Baruffi et al,, 2015 [88]
Friuli)
PE 1975-2002 Australia (whole) Solar radiation Roderick & Farquhar, 2004 [85]
PE 1975-2004 Australia (whole) Wind speed Rayner, 2007 [86]
PE 1975-1990 Central, Northern Australia Wind speed Stephens et al., 2018 [87]
PE 1994-2016 Southern and Western Air temperature Stephens et al., 2018 [87]
Australia
Insignificant variability
PE 1964-1998 Israel Global dimming Cohen et al., 2002 [67]
PE 1975-2000 W. Turkey (Buyuk Menderes n.d. Yesilirmak, 2013 [69]
Basin)
PE 1973-2014 Uruguay n.d. Vicente-Serrano et al., 2018 [71]
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PE
PE
PE

1950-2002
1980-2009
2030, 2050, 2070!

High variability 2
Conterminous U.S. Radiation + advection Hobbins et al., 2004 [54]
. 5 .
Conterminous U.S. 1of 4 variables > depending on Hobbins, 2012 [82]
season
Australia (whole) Radiation + advection Johnson and Sharma, 2010 [46]

Note: ! Projected PET values (GCMs). 2 Both increasing and decreasing trends. ® Air Temperature, Specific Humidity,
Downwelling Shortwave Radiation and Wind Speed. “n.d.” stands for “not defined”.

4. ET Affects Groundwater Recharge

Climatic change is defined, as any change in climatic conditions, as a result of natural
or anthropogenic causes [89]. By altering ET and groundwater-recharge rates climate
change has the potential to affect both the quantity and the quality of groundwater [89].
Precipitation, snow thaw, interactions with surface water bodies (e.g., rivers, lakes, and
wetlands) are the main sources of groundwater recharge [89]. Thus, alterations in
precipitation patterns, ET, and air temperature affect groundwater recharge. An increase
in precipitation frequency and intensity would contribute to runoff and global warming
would rise ET rates [89]. Although there are projections that the overall water recharge
could potentially increase as a result of climate change (e.g., due to snow-packs thaw), it
is rather that changes in water supplies, storage, and baseflow depend on regional
conditions [89]. There are arid or semi-arid regions where recharge rates are low and
water demand is high [90]. Groundwater recharge would potentially increase over
regions where snow thaw occurs (depending on infiltration, lateral recharge, etc) [90].
Furthermore, as soon as snowpack thaws soil temperature rises, both photosynthesis and
water use by vegetation increase [91]. Soil humidity serves as a mediating factor.
However, even if the amount of water increases, water availability will still be limited due
to the expected increase in evaporation [89]. In addition, precipitation in arid regions is
anticipated to be even more scarce in the future [92].

Future implications in groundwater recharge are critical not only for arid or semi-
arid regions. As Gharbia et al. (2018) [2] indicated, 65% of gross precipitation over
Shannon River Basin, Ireland, is annually evaporated or transpired. The projected PET
values reflect an increasing trend of 0.9-1.3% by 2020 and up to 13.5% by 2080 with serious
implications on water availability [2]. Baruffi et al. (2015) [88] projected evaporation of
High Plain Veneto and Friuli in Italy (300-600 m altitude) for 2071-2100 and found a 25%
increase in PET during winter, 15% during summer, and more than 20% during fall.
Although projected gross precipitation is 20% higher compared to the reference period
(1971-2000), summertime rainfall is expected to be lower by 15%. As a result, runoff is
expected to increase by 60% in winter and decrease up to 45% in summer [88].
Groundwater storage is projected to be reduced by 70% in the former area [88]. According
to Lionello and Scarascia (2018) [70], winter precipitation in South Mediterranean areas is
predicted to decrease, thus, aquifer recharge during the hydrological year, along with the
increasing evaporative demand, is expected to aggravate.

Forests can enhance both ET and infiltration rates, thereby reducing surface runoff
and enhancing groundwater recharge [8]. It has been documented that in tropical forests
soil moisture in the top 1-1.5 m layer is lower than 34 mm, hence deeper soil moisture and
groundwater contribute to the transpiration demand of vegetation during the dry season
[93]. Moreover, in tropical forests the rapid soil saturation during the rainy season which
follows vegetation removals greater than 45% due to disturbances such as wildfires causes
post-fire floods, deteriorating the high water deficit during the dry season [94]. ET in
tropical forests is a beneficial process since it reduces excess humidity, (indirectly)
enhances infiltration during rainfalls, and moderates flood peaks during the rainy season
[93,94].
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5. ET and Wildfires
5.1. AET Rates After Wildfires

Wildfires differentiate the hydrological cycle and the surface energy fluxes by
altering the microclimate of the subject area along with the soil structure and soil
properties [95]. Latent heat flux (AE) represents the energy flux that is directly converted
into AET in the atmosphere. AE is the form in which evaporation participates in the
surface energy balance. This component varies between burnt and control (unburnt) sites
[95]. As a rule, after a fire event, AET decreases due to the removal of tree crowns and
understory (thus the rise of albedo value). Hausler et al. (2018) [95] studied the difference
of ET between fire-subject sites and control sites of eucalyptus forest cover in NC Portugal.
They reported that the post-fire disturbances in the water cycle constituted by limited
water vapor and higher water demand. Not only AET but also the AE ratio from the
canopy and soil dramatically changed post-fire. Specifically, 80% from canopy and 20%
from soil (pre-fire) became 30% and 70%, respectively, shortly after the fire [95]. Fire
severity has been associated with AET differences. Pre-fire ET levels of eucalyptus forest
of MCRs were reached 2 years after the fire for low-to-moderate fire severity [95], after 5
8 years for moderate severity, and after 8-12 years for high severity [96]. The observed
paradox for certain plant species such as eucalyptus is that 2-3 years after the wildfire
AET was 29% higher than in unburnt sites in South Australia [96], and 2% higher after 4
years in Portugal. This paradox has been attributed to the epicormic regrowth and the
partial regrowth of foliage (temporarily higher LAI) which increased water demand.
Unlike eucalyptus forest, the AET of burnt sites of pine forest cover in SE Spain remained
lower than the corresponding AET of the control sites for 11 years after the fire [97].

Liu et al. (2019) [20], after studying the global fire-climate response for the wildfires
of 2003-2014, suggested that the positive warming response accounted for a decrease in
ET, which lasted for 5 years post fire and the consecutive increase in albedo resulted in
lowering the cooling effect. Tropical forests exhibit a net cooling effect as a result of their
high ET rates. However, after undergoing extended wildfires, tropical areas exhibit lower
but persistent positive surface warming response, driven by reduced evaporative cooling
[20]. Dynamic interactions between ET and albedo at different ecosystems worldwide
govern the surface warming and the radiative budget response after fires. According to
the authors, the severity and frequency of fires will result in considerable changes in
climate and the adiative budget especially for high latitudes [20]. Albedo values’ offset
between snow and non-snow periods allow the decreasing ET during the vegetation
growth period to dictate the surface energy balance, resulting in warming over boreal
forest areas which lasted for 5 years post fire. This positive feedback is a result of canopy
loss. Liu et al. (2019) [20] deduced that these alterations in biophysical processes are not
satisfactorily captured by satellite observations of burned areas.

High latitude biomes are found to be more sensitive to climatic change [20]. Wang et
al. (2018) [98] put forward a mechanism potentially implemented to temperature-limited
high latitude forests when there is a high diffuse of photosynthetic active radiation (PAR),
given that increased longwave radiation is emitted from clouds. Successively, canopy
temperature increases enhancing gross primary productivity and transpiration. Thus,
diffuse solar radiation is another parameter considered to be critical regarding ET
variations [52]. Moreover, this mechanism might be a reason that top-down models using
remote sensing data to estimate ET are often biased towards clear sky conditions [98].
Hirano et al. (2015) [99] reported that the less-vegetated part of the burnt ex-peat swamp
site was studded with open water which resulted in lower albedo in 2004-2005, while in
2006 El Nifio drought dried off the burnt surface increasing the areal albedo. The latter
parameter is critical especially for models employing satellite retrieved data.

The combined effects which LU/LC change along with climate change triggers on
AET should be thoroughly studied since they cause alterations to variables such as albedo,
LAl and root depth which in turn lead to different ET rates [8]. Abatzoglou and Williams



Hydrology 2021, 8, 163

10 of 23

(2016) [100] after analyzing the consequences of several fire events in Western continental
US forests over 1984-2015, found that anthropogenic climate change is responsible for 2/3
of the increase in RET which, along with VPD, is the most affected parameter by
anthropogenic climate change. Therefore, they put forward RET as a metric of fuel aridity,
interannually related to the burnt area. Hausler et al. (2019) [101] showed that using AET
values acquired by remote sensing in drought indices would enhance the identification of
fire risk areas by providing higher resolution. The main interactions between albedo and
ET are displayed in Figure 2.

endangered of
desertification

EF, RET: indicators ) + \_,/
RE:: ": d "'::t_or @ Govern surface
(=l iy warming &

responses Intensification
of agricultural
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Fertilizers,

Extended
irrigation,
no till & fallow
practices

Figure 2. Contributions (positive (+) or negative (-)) of key environmental drivers to the fluctuation
of actual ET rate.

5.2. Post-Fire ET and Groundwater

Poon and Kinoshita (2018) [102] underline the usefulness of evaporation time series,
since pre-fire and post-fire biogeological processes would potentially substantially change
due to fire disturbances. Alterations in vegetation and soil properties could create a water
repellent topsoil layer which would increase surface runoff [102]. Thus, wildfires increase
water repellency (or hydrophobicity) of soils, an attribute that substantially affects ET and
water infiltration [23]. Johnk and Mays (2021) [103] reported a two-year post-fire
reduction of groundwater level in Beaver County, Utah, USA, attributed to the wildfire of
1996. Bart and Tague (2017) [23] examined catchments in California (MCRs), where PET
showed a statistically significant impact on baseflow recessions. An increase in the
baseflow recession of 33.5% per mm of daily PET increasement has been predicted for
eight catchments [23]. Hirano et al. (2015) [99] examined three sites of tropical peat swamp
forest in SE Asia. Their results verified that in some settings ET appears strong
relationship to groundwater level since the minimum mean value of monthly
groundwater level appeared to be a robust predictor of annual ET for peatlands, showing
statistically significant positive linearity for all sites despite their different disturbances
(i.e., slight drainage, heavy drainage, fire) [99]. Specifically, according to the authors, a
drawdown of 10 cm indicates decreases in annual ET between 19-33 mm for the three
studied sites [99]. Kurylyk et al. (2015) [104] concluded that the decrease in ET due to
canopy loss results in energy excess which warms the land surface. This warming can lead
to successive warming of soil water and shallow aquifer water [104], thus ET may
indirectly affect groundwater temperature.
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These findings are in accordance with the research conducted by Menberg et al.
(2014) [105] who underlined the vulnerability of shallow groundwater temperature to
disturbances related to climate change.

5.3. Post-Fire ET and Streamflow

Wine and Cadol (2016) [106] suggested that there is a pattern between burn severity
magnitude and overland flow in large catchments. Kinoshita and Hogue (2011, 2015)
[107,108] found that reduced basin transpiration and infiltration after the wildfire in 2003
in California led to an increase in annual low flow by 118-1090%, which could potentially
recharge water supplies in semi-arid areas (Figure 3). On the other hand, elevated flows
deliver high loads of sediments. Streamflow increases are reported to sustain for longer
than 7 years after the fire depending on the percentage of the burnt area and precipitation,
and the types of vegetation loss and reestablishment [107]. Bart (2016) [109] attributed the
intense fire effect during the first post-fire year in California to the larger effect on ET
which is caused by postfire reductions in shrubland and other vegetation types of the
watershed, compared to corresponding post-fire increases in herbaceous vegetation. Since
both magnitude and sustainability of post-fire flow depend on scale, Wine and Cadol
(2016) [106] highlighted that in large catchments, there is a threshold of 20% affected
vegetation of the watershed in order for alterations in hydrogeological processes to have
a measurable impact, a finding in line with Bosch and Hewlett’s (1982) [110] research on
catchment-scale post-fire ET and water yield.

Northwestern Europe
—— ETE———
WilG o\
£

Precipitation: Projections 2071- Projection 2030
Sustained a—— increase in winter, 2100 (Italy): increase . (Irelantd_:-.b
increases in : . decrease in ET by 25% in winter, UEECEEDI
surface runoff Fire severity EEIICTATD summer 15% in summer 13.5%

and streamflow pre-fire levels
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baseflow recession groundwater recharge
per 1mm of daily recharge in semi-arid critically
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Tropical Forests

Groundwater monthly minimum
mean level: a predictor
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Figure 3. The main effects of ET variability on surface and ground water over Mediterranean
Climate Regions, Northwestern Europe, and Tropical forests.

6. The Anthropogenic Footprint
6.1. Anthropogenic Impacts on ET

The effect of human activities on ET is twofold. One component is atmospheric
pollution. The second component is LU/LC change. Global warming has decreased the

differences between tropical and polar air temperatures leading to weak global
atmospheric circulation, therefore, to a decrease in evaporative demand during past
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decades [16]. McVicar et al. (2012) [58] suggested that the elevated carbon dioxide
concentrations in ambient air during past decades have enhanced vegetation growth. On
the other hand, elevated carbon dioxide concentrations lead to a decrease in ET and an
increase in soil moisture [111], a finding that may have partially offset the expected
increases in ET [77]. Stomatal conductance, which constitutes a direct indicator of plant
stress [112], is lower in elevated carbon dioxide environments, thereby decreasing
transpiration sometimes by more than 20% [96]. As Liu et al. (2019) [20] demonstrated, an
important service of forests is sequestering the carbon of the Earth’s atmosphere. On the
other hand, wildfires contribute to carbon dioxide and aerosol accumulation in the
atmosphere [20]. However, aerosol is another factor that human activities are primarily
accounted for. Wang and Yang (2014) [113] attributed the observed decrease in solar
radiation, also referred to as dimming, at North China Plains to aerosols. They also
suggested that the decreasing trend in PE in China (evaporation paradox) could be
interpreted via surface solar radiation decrease (sunshine hours serve as a proxy of surface
solar radiation) [113]. Sun et al. (2018) [9] attributed the decreasing trend in large-pan
evaporation during 1985-2008 in North China Plain to the decrease in sunshine hours and
VPD. The increasing trend during 2008-2014 was due to the increase in sunshine hours,
VPD, and air temperature via heat waves and droughts during summer and spring [9].
Aerosols affect surface energy balance by absorbing and scattering solar radiation. Hallar
et al. (2017) [114] refer that organic aerosol increases the optical depth of the atmosphere
inhibiting radiation to reach the Earth’s surface. Wildfires constitute significant sources of
organic aerosols and are projected to increase optical depth in West US during
summertime by 40% until 2050 [114]. As a result, net radiation is reduced by aerosol
accumulation from anthropogenic emissions [17]. Jiang et al. (2019) [16] interpreted the
larger magnitude of increase in minimum air temperature compared to maximum air
temperature (also reported in Central Italy [115]) by the action of aerosols which absorb a
part of solar radiation and emit longwave radiation at night. Industrialization of the recent
decades in several regions in East Asia led to a significant increase in aerosol aggregation.
However, in contradiction to East Asia, Central Mediterranean and NE America exhibited
downward trends of aerosol optical depth in the 2000s as a result of the enforcement of
emission-decreasing policies [116]. Urbanization density has been correlated with aerosol
accumulation by Zhao et al. (2014) [117] in China, while it is asserted that high buildings
in big cities inhibit aerosol diffuse by blocking wind flow, thus contributing to a decrease
in solar radiation [17].

Human activities such as LU/LC change over the past decades account for ET
variations by several researchers. Lv et al. (2019) [8] analyzed AET between 19862016 in
the Yellow River basin. They found that the extended LU/LC change including conversion
of the sloped terrain into terraced fields, dam constructions, forest, and vegetation
implementation led to an increase in AET. They concluded that 90% of the AET increase
was due to human activities and only 10% due to precipitation shift [8]. They attributed
the former ratio for the thirty-year period to the reduction in surface runoff and to the
increase in vegetation which increased the AET. The LU/LC changes affect the values of
the physical parameter called “surface roughness”. Human activities often increase the
surface roughness. Even McVicar et al. (2012) [58] asserted that vegetation cover was due
to agricultural abandonment of lands, surface roughness was shown to be increased due
to agricultural land expansion [16]. The latter can be explained by the intensification of
crop yielding the years following the former study, especially across specific areas (e.g.,
California). For example, Mueller et al. (2017) [77] referred that cropland expansion could
affect climate by changing, among other parameters, the surface roughness. It seems that
vegetation greenness along with agricultural land expansion affect AET variations by
increasing surface roughness [8]. McVicar et al. (2012) [58], after analyzing numerous
studies, concluded that terrestrial (wind) stilling has been observed in many regions
globally during the last 30 years and led to a decline in evaporative demand reflected on
PE and RET measurements.
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6.2. Agricultural Practices Affect ET

The impacts of agricultural plantations on ET variations have attracted the interest of
researchers especially at regions with high rates of crop yield and financial interest.
Mueller et al. (2017) asserted that intensification of productivity, which incorporates
extended irrigation, influences climate via increasing ET [77]. This fact results in regional
cooling effect in accordance with the globally documented cooling trend in intensified
croplands over the last decades, compared to adjacent regions. This could be attributed to
the mediating role of vegetation in land—atmosphere coupling through controlling surface
energy fluxes such as ET [118]. Irrigation directly affects the hydrological cycle of an area
and the extra water on the soil enhances AET rates [1,119]. Uddin et al. (2016) studied the
case of a cotton crop in Queensland, Australia (subtropical climate), during irrigation
events, concluding that irrigation also changes the albedo value of the (wet) canopy [5].
They found that both during and following an irrigation event a considerable amount of
the intercepted water evaporates: 11% of the applied water evaporates in highly advective
conditions, while 8% in non-advective conditions [5]. Irrigation of croplands has been
reported to increase ET in several regions globally such as the U.S., Asia, and Sudan [77].
The implementation of specific practices, such as multi-cropping, enhanced seasonal
variation of ET at Brazilian Cerrado and North China Plain [77]. In addition, the
availability of nitrogen at croplands (e.g., via land application of fertilizers, amendments,
and biosolids [120]) has been correlated with an increase in ET since nitrogen availability
is a limiting factor that governs plant biochemical processes (stomatal conductance, water
uptake, photosynthesis) [121]. Garcia-Llamas et al. (2019) underlined that PET is
associated with the theoretical limit of the process of photosynthesis of plants [122].
French et al. (2016) asserted that a measure of relative ET such as the evaporative fraction
(EF), which is a key factor in energy balance algorithms (equal to the ratio of latent heat
flux to available land surface energy; [123]) could serve as a water stress indicator [124].

Irrigation decision making relies on the accuracy of ET estimations which in cases of
remote sensing approaches depends on the overpass frequencies. Remote sensing is the
usual approach for district-scale (regional) estimation, often used for fields too (local
scale). French et al. (2016) [124] found significant benefit in ET accuracy when 8-day
satellite ET products were used instead of 16-day products. The differences of seasonal
water use estimation between 8-day and 16-day overpassing were up to 20%, suggesting
considerable implications in regional water management in the second case.

6.3. ET Potentially Aggravates Soil Water and Groundwater Pollution

Nitrogen stress constitutes a control on ET rates by hindering the stomatal
conductance, the leaf area, and the root development [77]. Post-fire ash is enriched in
nutrients but is easily erodible and transported by wind and foremost by runoff. After
intense rainfall events, nutrients are eluted from the topsoil layer. Recurrences of fires
over the same site deteriorate soil deprivation in nutrients [125], jeopardizing stream
water quality and, potentially, shallow aquifer or karst aquifer water quality which are
vulnerable to pollution [126,127]. Tsypkin and Brevdo (1999) [128] after studying the
evaporation impacts on groundwater quality, indicated a mechanism of pollutant
deposition in groundwater caused by ET. They found that evaporation produces a
gradient of the solute concentration with a vertical upward direction. For certain
substances, such as NaCl, the maximum concentration at the evaporation front was
greater than solubility, the latter defined as the critical concentration above which
pollutant deposition begins [128]. Gran et al. (2009) [129] explained that the evaporation
front divides soil into the upper dry area with salt content and the one below the front
where salinity is low, suggesting that evaporation could serve as a moderating control on
soil salinization since at least half of irrigated lands in arid and semi-arid regimes are
subject to some degree of salinization). The salinization of soil has been correlated to
erosion and desertification [130] and also to the salinization of rainfall that reaches the soil
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[131]. Considerable salt load is transported to freshwater ecosystems via runoff with
potential salinization risk for shallow aquifers [131]. This conclusion becomes of major
importance in the ongoing climate crisis. Chen et al. (2015) [132] reported that there has
been a global increase in drought land since the late 1990s, with those in humid areas
being the most concerning. They found that the ongoing air temperature rise accounts for
5% (humid areas) up to 45% (arid areas) of droughts in China [132]. On the other hand,
high ET rates inhibit the infiltration of dissolved pollutants towards the aquifers. The
evaporation enrichment concerns croplands’ irrigation applied during periods when the
evaporative demand is high, hence salt enrichment is considerable [133]. This water
enriched in salts could potentially reach the aquifer triggering a cycle of successive
enrichment if the enriched groundwater is pumped and used for irrigation, depending on
the depth of the unsaturated zone, water fluxes in the saturated zone, and the evaporation
rate [133]. The former process could lead to enhanced enrichment in cases where
reclaimed water with high salt content is used for irrigation [134], a practice that has
gained popularity not only for croplands but also for forests [135,136].

7. Discussion

This review has been carried out following the appropriate steps of a structured
review [52,53,137] as shown in Figure 1, analyzing 141 studies, the majority of which were
published during the last decade. The main findings are presented below:

ET is beneficial to tropical forests since it reduces excess humidity, moderating flood
peaks [93] (see Figure 3). Moreover, ET could serve as a salinization control for regions
endangered by desertification (see Figure 2).

A decrease in AET was found to be responsible for post-fire warming at a global scale
after the extended wildfires during 2003-2014 [20]. The latter resulted in an increase in
albedo which consequently reduced the net cooling effect [20]. The cooling effect is typical
across tropical forests due to the high AET rates. However, the vegetation loss in tropical
forests reduced the evaporative cooling resulting in a rise in the air temperature [20].

Moreover, droughts often increase albedo whereas studded open water after
wildfires results in decreased albedo [99]. Overall, interactions between ET and albedo in
different ecosystems govern surface warming and radiation budget responses [20] (see
Figure 2). LE contributions of soil and canopy can be almost interchanged shortly after the
fire [95].

Fire severity has been associated with AET differences in MCRs (see Figure 3) and
with the number of years needed for AET to rebound to pre-fire levels [95-97].

ET rates affect groundwater recharge (see Figure 3). Projections for years 2071-2100
in Italy showed an increase in ET by 25% in winter, at least by 20% in fall, and by 15% in
summer. This projection along with the anticipated alterations in precipitation patterns
led to predicted groundwater recharge critically reduced in South Mediterranean [88].
However, this is not the case only for the endangered of high warming and drought in
Southern Europe [60,138], which as a rule exhibits different precipitation patterns to North
Europe. According to projections of ET for 2020 and 2080 in Ireland, North Europe is also
anticipated to be critically affected [2]. Canopy removal reduces transpiration and can
lead to increases in low baseflow and streamflow by 118-1090%. These alterations can
sustain more than 7 years as reported in California (MCRs) [107,108]. This fact could be
beneficial for groundwater recharge in semi-arid areas. The sustaining increases in low
flow were also linked to the severity of the fire. Researchers concluded that 20% canopy
removal from a catchment could be considered as a threshold above which alterations in
hydrological processes occur [106,110]. Across MCRs, PET appeared statistically
significant impact on baseflow recessions, quantified as a 33.5% increase in baseflow
recession per 1 mm of daily PET increasement [23]. Furthermore, the minimum mean
value of monthly groundwater level appeared to be a predictor of annual ET across
tropical peat swamp forests in SE Asia, despite the different regional disturbances (see
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Figure 3). This relationship appears linearity: drawdown of 10 cm led to a decrease in
annual ET by 19-33 mm [99].

Anthropogenic climate change has been accounted for 2/3 of the increase in RET [94].
The latter, along with VPD, appeared to be the most affected meteorological parameters,
thus Abatzoglou and Williams (2016) [100] put forward RET as a metric of fuel aridity. It
has been also shown by Hausler et al. (2019) [101] that AET values in fire risk indices
would enhance spatial fire risk identification. Moreover, RET estimates constitute an
indicator of water stress in areas prone to drought [139].

Wind stilling is the phenomenon responsible for the majority of decreasing ET trends
during past decades on a global scale [58]. Wind stilling has been associated with the
observed increase in surface roughness and led to a decrease in evaporative demand and
successively to a decline of PE and RET values during past decades [8,58] (see Figure S1
on evaporation paradox in Supplementary Materials). According to McVicar et al. (2012)
[58], the aforementioned drivers could explain the Evaporation paradox reported in
several countries of the globe (see Figure S1 in Supplementary Materials). Roderick and
Farquhar (2004) [85] shared the same opinion. However, in numerous countries, a
rebound of PE occurred during the decades of 1980 and 1990. According to ET trends,
benchmarks of ET rebound have been reported in the early to middle 1980s for Greece
[64], Iran [1], and Nigeria [66], and in the 1990s for China [16,20] and Australia [87], while
South Florida also exhibited an increasing trend at least since 1992 [79]. Air pollution is
likely to affect ET rates: elevated carbon dioxide concentrations in the ambient air can
decrease transpiration in some cases by more than 20% [77]. The latter may have offset the
anticipated increase in ET trends [77]. Another phenomenon that has been accounted for
decreasing trends in ET is global dimming, attributed to aerosol accumulation over past
decades linked to industrialization and urbanization (see Figure S1). Global dimming was
followed by global brightening [65,140,141]. The observed increase in solar and thermal
radiative heating after the mid-1980s facilitated the intensification of the hydrological
cycle and scattered aerosol loads [140,141]. For instance, the delay of ET rebound in China
compared to Greece as reported above [9,64], is in line with the findings by Zerefos et al.
(2009) [142] regarding the periods when the rebound in aerosol optical depth
(brightening) was observed in those countries.

Several researchers have examined ET variations in light of the anthropogenic
footprint. Lv et al. (2019) [8] deducted that 90% of the reported increase in AET was due
to human activities and only 10% due to shifted and altered precipitation patterns which
are associated with the climate crisis. AET was increased as a result of LU/LC shift towards
large constructions such as dams, vegetation implementation (e.g., agriculture), and
implemented reforestation. In addition, intensification of agricultural productivity
involving extended irrigation and no-till and fallow practices increased ET via albedo,
resulting in some cases (e.g., USA) in regional net cooling effect [8,77] (see Figure 2).
Nitrogen availability has been also associated with elevated transpiration rates since
nutrients constitute a limiting factor for plants’ biophysiological processes. Nutrient
sources are chemical fertilizers, amendments, raw sludge, or biosolids from wastewater
treatment plants, and wastewater overflows which end up in natural receivers. In
addition, some amount of nutrients also becomes available by the usage of fire retardants
during fire distinguishing, since their composition resembles that of fertilizers [126,127]
(see Figure 2).

It is apparent that the anthropogenic footprint in LU/LC, ambient air, and climate
change have affected ET rates globally. Even if the evaporation paradox can be
approached, the changeable climate patterns along with the significance of ET impacts on
ecosystems, water supplies, and sustainability call for systematic research on PET, RET,
PE, and AET to many more countries with different environmental conditions, aiming to
quantify the relations between them [46,87,143]. Moreover, the mechanisms in which ET
participates are related to cropland irrigation and practices, forest implementation, LU/LC
management, fire management (preventing and mitigating), and water management
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(surface waterbodies and aquifers). Thus, it is recommended that stakeholders (scientists,
engineers, water managers, and policymakers) consider the integrated role of ET in the
elaborated mechanisms.

8. Conclusions

Climate change along with LU/LC change have aggravated or even triggered
alterations to climatic variables and disturbances such as frequent droughts and extended
wildfires which enlarge the effects of ET in the hydrological cycle and the surface energy
balance. Thus, ET constitutes a major control of the prementioned processes. The specific
hydrogeological, physical, and topographical characteristics along with the dynamics of
regional climate conditions in the frame of the ongoing climate change practically turn
each study area into a case study. Complex interactions and dynamics of several
combinations of meteorological, lithological, hydrogeological, and physiological
components with ET cannot lead to the formation of a general pattern of ET behavior or
be reproduced, due to the nature of those relationships and the fact that numerous
interfering factors such as weather conditions appearing temporal variability or even
stochasticity govern the outcomes of the hydrological processes. Moreover, the review has
a qualitative character and the deducted conclusions cannot be quantified. Consequently,
the limitations of the present study are the impracticability of quantification and broad
generalization. The latter could result in overgeneralization and oversimplification of
mechanisms and interactions with many degrees of freedom. Furthermore, although all
the main climate zones are covered, the review focuses on areas with considerable water-
stress and desertification issues as the latter constitute severe impacts of climate change,
bearing socio-economic consequences.

However, in some climate zones, some common behaviors of hydrological
interactions could be detected, still need thorough future investigation aiming patterns to
be extracted. This study does not aspire to discuss all possible interactions and impacts of
ET in the environment. Instead, this study aims at setting the foundation for future
research which addresses the integrated picture of ET as a major controlling factor of
climate and sustainability. It provides a general overview of the main mechanisms in
which ET participates, by pointing out the main interactions between ET, key
environmental variables, and disturbances in different settings. Overall, since useful
literature-based connections were made for specific areas under specific environmental
conditions the former limitations are not considered critical for the validity of the
conclusions.

Five broad conclusions can be deducted: First, MCRs appear to be vulnerable to the
impacts of the ongoing increase in ET, especially during summertime, due to the ongoing
precipitation shifting in winter and the air temperature warming (especially the rise of
minimum air temperature values) which is expected to be more severe in MCRs such as
Southern Europe, in the summertime. Air temperature is considered as a proxy of the
energy state of the system. In water-limited areas, EF could serve as a water-stress
indicator. Second, ET in tropical forests plays a rather beneficial role since it moderates
the flooding risk during the wet season resulting in a net cooling effect. Third, in semi-
arid to arid areas, an increase in ET and especially of evaporation constitutes an important
problem due to sustained baseflow recessions which aggravate the limited water
availability. In those drought-prone areas, ET exacerbates soil salinization. Fourth, the
relationship between ET and wildfires is of major importance. The impacts are site-
specific, climate, and fire-severity-dependent. The hydrological processes may be altered
if a critical amount of canopy loss (e.g., 20% for semi-arid regions, 45% for tropical forests)
occurs. Concurrently, RET could serve as a fuel aridity measure to assess forest fire risk.
The case of Australia, with high rates of evaporation reported, may be a verification of the
former deduction. Fifth, along with climate change, human activity consequences such as
air pollution (aerosols, CO:z emissions), LU/LC shifting to agricultural uses with intensive
productivity practices, large reforestation implementation, and large constructions (e.g.,
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dams, dense and high urban buildings) have substantially changed AET rates during last
decades. Via the human footprint, the interpretation of the evaporation paradox has been
made plausible.

In this context, future research is proposed to be designed towards two
complementary axons. First, more refined, sophisticated ET modeling for global, regional,
and local scales employing remote sensing techniques can be supported by eddy
covariance, lysimeter, or pan evaporation measurements. Second, investigations that
assess and quantify the dynamic anthropogenic impact on ET variability, aiming
scientists, engineers as well as water managers to consider ET as a means to address the
challenging environmental issues in two axons; either by finding methods to control it or
by using it as an index of fire risk or water stress to help prevent or mediate the climate
change impacts on water availability.

Supplementary Materials: The figure showing the evaporation paradox is available online at
www.mdpi.com/article/10.3390/hydrology8040163/s1, Figure S1: Anthropogenic derived concepts
which contribute to the interpretation of the evaporation paradox.
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