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Abstract. The total volume of CO, emissions is building up dramatically, and because
of the effect of this gas on the growth, physiology, and biochemistry of plants, it is
becoming increasingly necessary to look into the impact of the relentless rise of car-
bon dioxide. Although there are several developed approaches that tried to model the
canopy resistance, many of these methodologies ignored the effect of CO, or were not
incorporated with the existing evapotranspiration calculation methodologies, mainly
due to the complexity of the modeling procedure and the short time framework of the
conducted studies. This review explores the few models estimating crop water require-
ments that account for this effect and examines their assumptions and theories. The
inclusion of canopy resistance models in evapotranspiration calculation may be of
questionable utility without improvements in some modeling aspects, such as the rela-
tionship between the stomatal conductance and CO, and the climatic variables taken
in consideration in the modeling process.
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INTRODUCTION

According to UNDESA (2017), the world popula-
tion is foreseen to grow between 20-30% by 2050, going
from 7.7 billion people in 2017 to between 9.2 and 10,2
billion. Naturally, the global demand for food produc-
tion is also expected to increase by almost 60% by 2025
(Alexandratos and Bruinsma, 2012; OECD, 2012). On
the other side, global water consumption has already
known a leap of 600% over the last century (Wada et al.,
2016), and it keeps increasing by 1% yearly (AQUASTAT
n.d.). Water demand is currently evaluated at 4.600 km?
and could reach almost 6000 km? by 2050 (Burek et al.,
2016). All this will put more pressure on the agricul-
tural sector, which is the actual largest world consumer
of freshwater, mostly for irrigation, accounting for 70%
of freshwater withdrawals, up to 90% by 2050 (WWAP,
2012). Agriculture is also expected to face a fierce com-
petition for water resources from other sectors, resulting
in a decrease in its share of total water use in developing
countries from 86% in 1995 to 76% in 2025 (Rosegrant
et al., 2002). In addition, global warming is meanwhile
affecting the water cycle and shifting weather patterns
(IPCC, 2014a). Therefore, the agricultural sector is in
great need of creating strategies to improve water man-
agement and, consequently, attain greater levels of water
savings in order to face these aforementioned challenges
(de Fraiture and Wichelns, 2010).

One of the key components to improving the man-
agement of water resources is accurately determining
the water requirements of irrigated crops. These needs
depend on the management strategy chosen, and are
based on the demand for atmospheric water, known as
evapotranspiration. Evapotranspiration (ET) is a major
component of the hydrological cycle and has an impor-
tant effect on the quality of water, since in the evapo-
ration process the water is purified. This clean H,O
restores about 60% of global land surface water. For
vegetated ecosystems, it is also the main component of
energy balance, employing more than 50% of absorbed
solar radiation (Trenberth et al., 2009). In fact, evapo-
transpiration is a component of the energy budget
involving incoming energy and outgoing water, occur-
ring at the crop surface. The other components of the
budget are net radiation, sensible heat flux, soil heat flux,
and solar radiation stored as photochemical energy. This
exchange process creates an atmospheric demand that
is satisfied by transferring water out of the plant system
through evapotranspiration. Such phenomenon is regu-
lated by the principle of energy conservation or energy
balance: energy arriving at the vegetation surface equal
energy leaving the same surface for the same time peri-
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od. The energy balance equation for an evaporating sur-
face can be written as:

R,-G-AET-H=0 1)

where R, is net radiation, H sensible heat, G soil heat flux
and AET is the latent heat flux. Terms can be either posi-
tive or negative: positive R, supplies energy to the veg-
etation surface and positive G, AET and H remove energy
from the vegetation surface. The latent heat flux (AET) is
the evapotranspiration fraction and can be derived from
the energy balance equation, if all other components
are known. ET is an important hydrological variable
for irrigation water management, hydrological modeling
and water balance calculations. Penman (1963) defines
ET as the combination of two separate processes occur-
ring simultaneously, evaporation from the soil surface
and transpiration from the crop. Since the evapotran-
spiration is strongly affected by crop type, crop devel-
opment and management practices, there was a need to
find a concept to express the evaporative demand of the
atmosphere independently of those factors. Hence, refer-
ence evapotranspiration (ETo) was introduced for this
purpose. ETo is defined as the evapotranspiration rate
from a well irrigated hypothetical grass reference crop
with specific characteristics. It expresses the evaporat-
ing power of the atmosphere at a specific location and
time of the year and does not consider crop character-
istics and soil factors. Instead, it is driven by weather
parameters, which are solar radiation, air temperature
humidity and wind speed. A thorough understanding
of ETo is the first step to achieving efficient and effec-
tive water management and irrigation scheduling. The
United Nations Food and Agriculture Organization
(FAO) has adopted an updated Penman-Monteith equa-
tion (FAO-PM) as a global standard for estimating grass
reference evapotranspiration (Allen et al., 1998). This
equation was chosen as it provides a better prediction
compared to other methods in a wide variety of geo-
graphic locations and climatic conditions (Kashyap and
Panda, 2001; Yoder et al., 2005; Lopez-Urrea et al., 2006;
Suleiman and Hoogenboom, 2007; Adeboye et al., 2009;
Rasul and Mahmood, 2009; Récz et al., 2013). It includes
all the different atmospheric variables that influence ET,
which makes it suitable for climate change impact stud-
ies (Kingston et al.,, 2009; Islam et al.,, 2012; Priya et al,,
2014). However, despite the completeness of this equa-
tion, it simulates poorly the effect of CO,, that is repre-
sented by the “canopy resistance” or “surface resistance”
term, r.. In fact, daily r, is fixed at 70 s m™ and is con-
sidered constant regardless of climate type and change
in climate patterns, thus contradicting published reports
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(Long et al., 2004; Damour et al., 2010). Although Allen
et al. (2006) considered that fluctuation in its value
would have a negligible effect on the ETo calculation,
many experimental studies disagree with their statement
on hourly, daily and seasonal scales (Steduto et al., 2003;
Katerji and Rana, 2006, 2011, 2014; Yan et al., 2017). This
is particularly true when the crop is under well-watered
conditions, i.e. when the physiological component of r, is
at its minimum. The alarming increase of CO, concen-
trations due to climate change, the physiological effects
that it would have on crop plants (Tubiello et al., 2000;
Long et al., 2004; Mall et al., 2017) and the uncertain-
ties affecting the calculation of ETo using the FAO-PM
equation, have prompted many researchers to develop
other approaches and models to estimate reference evap-
otranspiration, taking into account the variability of the
canopy resistance r.. Following a short discussion on the
effect of rising CO, on crops evapotranspiration, this
paper provides an overview of these different methods,
delineating their main theories and assumptions, and
exploring their strengths and weaknesses.

EFFECT OF CO, ON CROPS EVAPOTRANSPIRATION

Our planet’s atmosphere witnessed a gradual change
throughout history, experiencing a wide range of CO,
concentration. Studies suggest that this concentration
may have been about 4000 to 5000 ppm some 500 mil-
lion years ago (Ehleringer et al., 2005). Then, this concen-
tration decreased to around 1000 ppm between 35 and 55
million years ago, falling abruptly to about 390 ppm dur-
ing Oligocene by approximately 32-25 million years ago
(Tipple and Pagani, 2007). This decline in CO, limited
the efficiency of photosynthesis, triggering the evolution
of C, plants from ancestral C; species as a clever solu-
tion to the problem of low atmospheric CO,. Since the
pre-industrial era, anthropogenic greenhouse gas (GHG)
emissions have been causing new increases in the atmos-
pheric concentrations of carbon dioxide, going from 270
ppm before 1700 to about 410 ppm in 2020, reaching
unprecedented levels in at least 800,000 years. The con-
centration will keep increasing if no additional efforts are
made to reduce emissions (IPCC, 2014a, 2014b). These
increasing concentrations have important physiological
effects on plants, e.g. faster rate of photosynthesis, greater
leaf area, increase in biomass and yield and decrease in
stomatal conductance and transpiration rate (Allen, 1990;
Ainsworth and Long, 2004; van der Kooi et al.,, 2016).
The latter effect has been confirmed by several experi-
mental studies conducted in open-top and closed-top
chambers or using the Free-Air Carbon dioxide Enrich-

ment (FACE) method (Wullschleger et al., 2002; Shams et
al., 2012). On the other hand, more biomass means more
evapotranspiration because of a higher leaf area index
(LAI) (Wand et al., 1999; Piao et al., 2010), potentially
offsetting the effect of the reduction in stomatal conduct-
ance (Bernacchi et al., 2007). However, even under exper-
imental conditions, there is a large uncertainty in the
CO, induced change in stomatal conductance, especially
when scaling from the single leaf to a full canopy where
other factors affect the whole process (Polley, 2002). For
example, CO, effect is significantly different between C;
and C, plants and between trees and smaller plants (Taiz
and Zeiger, 1991), but also seems to depend on the scale
of the experiment (Jarvis and McNaughton, 1986; Bunce,
2004). In fact, most of the existing knowledge on plants
response to higher CO, concentrations is based on small
scale research experiments conducted in open field with
controlled environment. Even if there are techniques
such as FACE that allow the exposure of plants to elevat-
ed CO, concentrations under natural and fully open-air
conditions, they can be difficult and expensive to con-
struct and operate, which limits the inference space of
these experiments with regards to the range of global
ecosystems (Norby et al., 2016). Moreover, there could
be an overestimation of the CO, effect due to artificial
ventilation and advection from outside the FACE area
(Kruijt et al., 2008). Given the complexity of the effect of
CO,-sensitivity of evapotranspiration on future climate
simulations and the large uncertainty in the CO, induced
change in stomatal conductance under experimental con-
ditions (Kruijt et al., 2008), understanding plant respons-
es to CO, is becoming increasingly important.

This review paper summarizes some of the most
documented r, models, precisely those directly used or
modified to account for the effect of CO, on the evapo-
transpiration. The models presented (Table 1) have their
limitations that the authors tried to underline. However,
because the literature is limited regarding this particu-
lar topic, the primary purpose of this review was to pro-
vide a brief reference document for researchers and the
scientific community in general on the different models
developed so far and their main findings and challenges.

DESCRIPTION AND DISCUSSION OF
EVAPOTRANSPIRATION APPROACHES ACCOUNTING
FOR CO, EFFECT

Penman-Monteith method adapted to an increase in CO,
concentrations

The standardized Penman-Monteith equation (FAO-
PM) (Allen et al., 1998) is based on the Penman-Montei-
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th equation (Monteith, 1965). It is the most widely used
method and has been proven to be a good ETo estimator
when compared with other methods, especially for daily
computations (Chiew et al., 1995; Liu et al., 1997; Ventu-
ra et al.,, 1999; Jacobs and Satti, 2001; Garcia et al., 2004;
Temesgen et al., 2005). For a grass reference surface and
for a daily time step, this equation is expressed as:

900
04084 (Ry=G)+y 575 (eea)

ETo=
© A+y(140.34u,)

2

where ETo is the reference evapotranspiration (mm day
D; R, is the net radiation at the crop surface (MJ m
day'); G is the soil heat flux density (M] m? day!); T,,, is
the mean daily air temperature at 2 m height (°C); u, is
the wind speed at 2 m height (m sV); e, is the saturation
vapour pressure (kPa); e, is the actual vapour pressure
(kPa); (e, — e,) is the saturation vapour pressure deficit
(kPa); A is the slope of the vapour-pressure curve (kPa
°C') and y is the psychometric constant (kPa °C1).

The canopy resistance r, describes the resistance of
vapour flow through the transpiring crop and evaporat-
ing soil surface. It is represented in the equation above
by the value 0.34 in the denominator:

r,

0.34u,= T, 3

208/u;
where r, is the aerodynamic resistance (s m), which
describes the transfer of heat and water vapour from the
evaporating surface into the air above the canopy. For a
grass reference surface, assuming a constant crop height
of 0.12 m and a standardized height for wind speed,
temperature and humidity at 2 m, r, becomes:

r,=208/u, 4)

Under the same reference conditions, and knowing
that the stomatal resistance r; of an actively transpiring
C, grass leaf surface has a value of about 100 s m’!, 7, is
represented as the following:

t,

3 100
"< 05LAI 0.5x2.88

=69=70 s m'! (5)

where LAI is the leaf area index of the upper half of
dense clipped grass, which is generally the only part
actively contributing to the surface heat and vapour
transfer (LAI = 24 x crop height (h) = 24 x 0.12 = 2.88)

Assuming that the r, = 70 ss-m™ applies to a specific
CO, concentration, estimating a new r, value for higher
CO, concentration provides a method to estimate possi-
ble impacts of higher CO, on ETo. Thus, the following
form of FAO-PM equation should be adopted:
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900
0.408A(R,-G)+y 7 — 35 -a(es-¢a)

ETo= (6)

A+y(1+r./1,)

Lovelli et al. (2010) and Snyder et al. (2011) used this
method in a Mediterranean climate, introducing in the
equation published values regarding atmospheric CO,
on stomatal conductance (Long et al., 2004; Ainsworth
and Long, 2004), and considering the temperature incre-
ment effect on the reference evapotranspiration (ETo)
variation. They concluded that the effect of increasing
CO, concentration may be annulled by an increase in air
temperature and subsequent increase in evapotranspira-
tion rate. On the other hand, Moratiel et al. (2011) found
out that the CO, increase from 372 ppm to 550 ppm
would create a reduction of the ETo increment by half,
from 11% to 5% in the next 50 years, as compared to the
current situation in northern Spain. By recalibrating the
canopy conductance for the widely acclaimed and rec-
ommended FAO-PM equation, this approach may be
particularly effective in evaluating the effects of climate
change on crop water use. However, The FAO-PM model
is based on the “big leaf” approximation with constant

Tab. 1. Some of the models referenced in this work

Model Reference Slmul.atlon oz .
Period concentration
Penman Lovelli et al.
Monteith with a (2010) 2071 - 2100 550 ppm
modified r, Moratiel etal. o . 372and 550
(2011) ppm
L.
Sn’ggrl f; a 2050 550 ppm
CO,-factor Easterling et al. Analog period: 330 and 660
(1992) 1931 - 1940 ppm
Ficklin et al., NA 550 and 970
(2009) ppm
Islam et al., 2010 - 2099 450 ppm to 900
(2012) ppm
Wu etal, (2012) 2071-2100  -20and 660
ppm
Fares et al., NA 330, 550, 710
(2015) and 970 ppm
F factor Olioso et al. 2020 — 2049 and 540, 703 et 836
(2010) 2070 - 2099 ppm
Salmon- 1961-1990,
Monviola et al 2010-2039, 330, 430, 545
(2013) " 2040-2069 and and 640 ppm
2070-2099
Medl .
Jarvis 6?2%‘5 le)t al NA 350-700 ppm
Katerji and Katerji et al. 1981 - 2006 and 600 and 850
Perrier (2017) 2070 - 2100 ppm
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canopy resistance, which is a simplistic assumption that
could limit the accuracy of the predictions of the model.
Considering the driving meteorological variables at a
particular site, estimates made with the FAO-PM equa-
tion rely on the correct modeling of the effective values
of both aerodynamic resistance r, and canopy resistance
r.. Hence, the fixed value for r. may be the cause of the
tendency for the FAO-PM method to underestimate the
higher values of measured ETo, and to overestimate the
lower ETo values in semi-arid and windy areas with a
high evaporative demand (Hussein, 1999; Ventura et
al., 1999; Berengena and Gavilan, 2005). As r, can be
calculated from meteorological conditions, in order to
provide more accurate estimations of evapotranspira-
tion using the FAO-PM equation, it may be necessary
to parameterise r, as a primary factor in the evapotran-
spiration process (Monteith, 1965). Canopy resistance r,
is a physiological parameter with an aerodynamic com-
ponent (Alves et al., 1998). It is difficult to estimate it
for different climatic and crop water conditions, as it is
influenced by solar radiation, temperature, vapor pres-
sure deficit and soil water content (Lecina et al., 2003;
Pereira et al., 1999). Nevertheless, a simple attempt to
model this resistance may yield a better estimation when
the FAO-PM equation is applied over both short and tall
crops (Alves and Pereira, 2000; Pereira et al., 1999) and
over other types of vegetation (Chavez and Lopez-Urrea,
2019; Margonis et al., 2017). It could also be useful to
incorporate the effects of the resistance due to vegetation
into climatic and hydrological models (Yang et al., 2019;
Bie et al., 2015).

In this context, some studies incorporated a “CO,-
factor” into the FAO-PM equation (Easterling et al,,
1992; Ficklin et al., 2009; Parajuli, 2010; Islam et al.,
2012; Wu et al,, 2012; Priya et al., 2014; Fares et al,,
2015). Then, equation (1) can be rewritten as:
0.408A(RH—G)+y%.uz(es—ea)

0.341,
COZ—factor)

ETo= )

A+y(1+

where, in the denominator, a linear relationship for sto-
matal conductance as a function of CO, level is intro-
duced. It was developed by Stockle et al. (1992), and
based on 80 data sets comparing leaf conductance at 330
ppm and at 660 ppm of CO, concentration for a wide
range of species including C; and C, crops:

co
8eo,=8[14-04 “P7/33] ®

where gqo, is the leaf conductance modified to reflect
CO, effects (m s?); g is the conductance without the

effect of CO, (m s!); CO, is the actual atmospheric CO,
concentration (ppm) and 330 represents the baseline
atmospheric CO, concentration (ppm). The new r.is as
follows:

1

I 9
" S, < 05 LAI ©

The “CO,-factor” is based on experimental observa-
tions of a 40% linear decrease in stomatal conductance
between 330 and 660 ppm CO, concentrations (Morison
and Gifford, 1983). Islam et al. (2012) incorporated this
model in the FAO-PM equation to evaluate the effects
of possible future anthropogenic climate change on ETo.
Results of the different simulation studies showed an
increase in ETo with changing climate, but the impact
of increasing temperatures was almost offset by increas-
ing CO, levels. In fact, sensitivity analysis showed that
the effect of a 1°C rise in temperature was offset by an
increase in CO, levels up to 450 ppm, whereas the effect
of a 2°C temperature rise was offset by CO, concentra-
tions of 660 ppm, thus in close agreement with results
found by Priya et al. (2014) using the same model.
Authors pointed out that, due to its linearity, this “CO,-
factor” is only valid in the range of 330 to 660 ppm. For
CO, concentrations beyond 660 ppm, factors for spe-
cific crops reported by Allen (1990) were used. The same
remark was made by Ficklin et al. (2009) when increas-
ing CO, concentration to 970 ppm and temperature by
6.4 °C caused watershed-wide average evapotranspira-
tion, averaged over 50 simulated years, to decrease by
37.5%, resulting in an increase of water yield by 36.5%.
They explained that the linear assumption of eq. (8)
means that it is suitable for all plant species, which may
lead to an overestimation of the aforementioned reduc-
tion in ETo in the presence of multiple types of land cov-
er. They concluded that because of this broad simplifica-
tion of the effects of CO, on plant growth, their analysis
was still too uncertain for water management purposes.
The presumed overestimation of ETo is because this
“CO,-factor” is based on the assumption that a doubling
of CO, concentration would lead to a general decrease of
40% in stomatal conductance (Morison, 1987) irrespec-
tive of the land cover type. This reduction of conduct-
ance is assumed to be linear over the entire range of CO,
concentrations between 330 ppm and 660 ppm (Mori-
son and Gifford 1983). To overcome this issue, Wu et al.
(2012) proposed an optimised equation:

Sco, =8| +p)-p “%33] (10)
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where p is the percentage decrease in leaf conductance
specific to vegetation types (Authors provided differ-
ent values in their study). The modified equation inher-
ently gave a better representation of this increasing CO,
effects than the original equation by incorporating the
CO, effects dynamically in more process-based details.

Olioso et al. (2010) suggested multiplying the FAO-
PM ETo by another factor F to correct the daily values
of reference evapotranspiration taking into account the
effect of higher CO, concentrations. This factor was
derived from evapotranspiration simulations of the
ISBA-A-gs model (Calvet et al., 1998) at different CO,
levels, and used in different studies (Martin et al., 2011;
Lardy et al., 2012, 2014; Salmon-Monviola et al., 2013;
Katerji et al., 2017):

F=1.1403-3.8979x10*x[CO, ] (11)

The value of F is approximately 1 when the mean
annual value of the air CO, concentration is equal to
370 ppm. F decreases or increases when the CO, con-
centration is higher or lower than this threshold. For
example, the decrease in ETo is approximately 8 and
20 % when the CO, concentration reaches 550 and
900 ppm, respectively (Olioso et al., 2010). The fac-
tor is also based on a linear relationship between the
decrease of ETo and the increase of the CO, concentra-
tion, which raises the same concerns previously dis-
cussed.

According to Katerji et al. (2017), the issue of the
approaches mentioned above is that they are insufficient
to adapt the FAO-PM equation to the increasing con-
centrations of CO,. These solutions always consider the
resistance 7, to be constant by neglecting its reliance on
climatic variables, which means that r, parameterisation
is required to reduce the difference between the direct-
ly measured ETo values, and those estimated using the
FAO-PM model.

PENMAN-MONTEITH METHOD WITH VARIABLE
CANOPY RESISTANCE MODELS

Jarvis Model

Jarvis model is a phenomenological and multiplica-
tive empirical model that interprets field measurements
of stomatal conductance g¢o, in relation to environ-
mental variables. It calculates g, by multiplying the
maximum conductance g,,., which is a value which
represents the highest g recorded under optimal condi-
tions (Korner et al., 1979), with a number of empirical
response functions, including one for CO,-sensitivity,
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and it is assumed that each variable acts independently
(Jarvis, 1976; Whitehead, 1998):

gcoz:rlszgmxf (DATIACHVPDIAY) (12)

where I is the absorbed photosynthetic photon flux den-
sity (umol m?2 s1), T, is the air temperature (°C), C, is
the CO, concentration (ppm), VPD is the Vapour Pres-
sure Deficit (kPa) and ¥ is the soil water potential (Pa).

Same as the aforementioned models, Jarvis model
is also based on a linear function between the stomatal
conductance gco, and atmospheric CO,. In fact, Jarvis
(1976) concluded that g., decreased linearly when the
increase in CO, concentration is within the range of
100-1000 ppm, and that it stays constant when the CO,
concentration is <100 ppm or >1000 ppm. Also, equa-
tion (12) may underestimate gy, when relative humid-
ity (RH) is high because it correlates .o, linearly to RH
(Wang et al., 2009). In this case, a nonlinear function of
RH or VPD may reduce the bias (Leuning, 1995; Wang
et al., 2009).

Nevertheless, Jarvis model has been used in differ-
ent forms in many studies (Hanan and Prince, 1997,
Gharsallah et al., 2013; Zhang et al,, 2016; Zhou et al.,
2019). In the east coast region of North America, elevat-
ed atmospheric CO, was found to reduce ET at a rate of
0.84 mm/year between 1901 and 2008 when calculating
stomatal conducatance with a Jarvis-type equation in
the Dynamic Land Ecosystem Model (DLEM) 2.0 (Yang
et al,, 2015). Using the same model in a global scale, Pan
et al. (2015) concluded that increasing atmospheric CO,
will lessen the positive effect of warming temperature
and increasing precipitation on ET by the end of the 21
century. Medlyn et al. (2001) analysed data from 13 long-
term (>1 year) field-based studies of the effects of elevated
CO, concentration (350 ppm and 700 ppm) on European
forest tree species by fitting data to two models namley
Jarvis and Ball (Ball et al., 1987). Their meta-analysis
indicated a significant decrease (21%) in stomatal con-
ductance in response to growth in elevated CO, concen-
trations across all studies, resulting in a decrease of ET.

Some authors think that another limit of the Jarvis
model is that each response function has to be adjusted
to the data to be able to provide good predictions for any
type of vegetation, since they are specific for only certain
crops and climate conditions and they cannot be used
for general purposes (Yu and Wang, 2010). Consequent-
ly, a site-specific calibration of the empirical response
functions becomes necessary. Another criticism for-
mulated against this approach is that the knowledge
of stomatal resistance r, alone may not be sufficient to
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calculate ET because the FAO-PM equation requires r,.
Hence, the upscaling of r, to the canopy level is required
to calculate r,, which could be quiet challenging (Irmak
et al.,, 2008). Besides, Alves and Pereira (2000) ques-
tioned the validity of the multiplicative model because
it only includes the physiological component of r, but
not the aerodynamic component r, and because of the
assumption of environmental variables acting indepen-

dently.

Katerji and Perrier (KP) model

Based on the fact that r,, for well-watered crops, var-
ies during the day with different climatological variables,
Katerji et al. (1983) suggested a new semi-empirical pro-
cedure to determine both resistances r, and r, by apply-
ing the Buckingham mn-theorem (Kreith and Bohn, 2001).
They established a linear relationship between the cano-
py resistance r, and the climatic resistance r* (Monteith,
1965):
rdr,=ar’lr,+b (13)
where a and b are empirical calibration coefficients
which vary with crop type but not with site (Rana et al.,
1998). Parameter values for a few crops were provided by
Katerji and Rana (2014). r" (s m!) is represented by the
following equation:

. A+ypC,D

- 14
"7y R, G a4)

where p is the air density (kg m?), C, the specific heat of
moist air (J kg! C') and D is the vapor pressure deficit
(VPD) (kPa).

However, this model still does not take into account
the impact of the air CO, concentration value on the
resistance r,. After incorportating their model into the
FAO-PM equation (PM-KP), Katerji et al. (2017) used a
CO, correction factor (Olioso et al., 2010) with the PM-
KP equation to compare it to the standard Penman-
Monteith method (FAO-PM) with a fixed r, value. PM-
KP yielded better performances in forecasting the ETo
directly measured by weighing lysimeters during the
summer season for the measured period (1986-2006) in
Apulia region in southern Italy (Katerji et al., 2017). The
results demonstrated that the FAO-PM formula underes-
timated the measured ETo values by 20 %, whereas the
underestimation is only 3 % for the PM-KP formula.

This semi-empirical KP approach has been widely
used in the subsequent literature (Peterschmitt and Per-
rier, 1991; Alves and Pereira, 2000; Lecina et al., 2003;
Steduto et al., 2003; Pauwels and Samson, 2006; Liu et

al., 2012b; Margonis et al., 2017). However, one of its
main limitations is the need for a specific calibration,
even if it can be unnecessary under certain circum-
stances (Rana et al., 1998, 2001; Katerji and Rana, 2008).
Furthermore, Gharsallah et al. (2013) insisted that the
model’s performance would probably be improved cali-
brating the a and b parameters for the main phenologi-
cal phases of crops, making the use of this model even
more complicated. A second limitation is the fact that
it depends on the temporary value of the Bowen ratio
B, which is not readily available (Perez et al., 2006).
Besides, the KP model seems to fail under irrigated con-
ditions in semiarid to arid regions (Allen et al., 2006).

MODIFIED MAKKINK EQUATION

Makkink model (Makkink, 1957) is a simple empiri-
cal method for ETo estimation that uses only tempera-
ture and radiation parameters:

S
A (S+y)

where K| is the incoming short-wave (global) radiation
(W m?2), A is the latent heat of vaporization of water (J
kg'), S is the temperature-dependent gradient of the sat-
urated vapour pressure curve (Pa K') and « is an empir-
ical coefficient (= 0.65).

This formula does not take into consideration the
effects of CO,. To fix that, Kruijt et al. (2008) multiplied
eq. (15) with a correction factor c:

ET,=a K| (15)

= SXSXFrXxAcon (16)
S, =(dg/g)/dCO, 17)
Sr=(dT/T)/(dglg) (18)

where g is the stomatal conductance (mol m? s™), S, is
the sensitivity of g to CO, (ppm™), Sy is the relative sen-
sitivity of transpiration T to g (kg m2s), Fy is the tran-
spiration share of evapotranspiration and Acg, is the
change in atmospheric CO, concentration (ppm).

After parametrizing S,, Sy and Fy based on the lit-
erature, Kruijt et al. (2008) provided correction factors
applied to a projected additional increase of atmos-
pheric CO, concentrations in 2050 and 2100 by 150 and
385 ppm respectively for various vegetation categories.
Results of their study suggest that direct effects of CO,
reducing evapotranspiration can be expected to be mod-
erate, up to 5% in the coming 50 years and up to 15%
by 2100. Applying their methodology in Central and



92

Eastern Europe resulted in a decrease in reference evap-
otranspiration rates compared with runs that did not
consider increases in CO, levels (Eitzinger et al., 2013).
Similarly, Huntington et al. (2016) concluded that crop
evapotranspiration is projected to increase in all basins
of Western United States, especially areas where peren-
nial crops are grown, and with smaller increases in areas
where annual crops are grown.

Based on the extensive number of manuscripts on
the topic reviewed by the authors, there is an abun-
dance of models with a modified canopy resistance r,
(e.g. Shuttleworth and Wallace, 1985; Massman, 1992;
Stannard, 1993; Todorovic, 1999; Irmak and Mutiibwa,
2010). However, very few of them took in consideration
the change in atmospheric CO,, hence the small num-
ber of models discussed in this study. This is essentially
because when the time span of the research is short, the
change in atmospheric CO, concentration is very small
and is generally ignored (Li et al., 2014; Zhang et al,,
2008). Furthermore, some of these models were not even
incorporated into the FAO-PM equation to estimate ET
responses to increased CO, concentration (e.g. Ball et
al., 1987; Wang and Wen, 2010). The main issue with
the previously reviewed models is that the relationship
between stomatal conductance and CO, concentration is
assumed to be a simple linear one, which is an assump-
tion only valid within the limited range of 330-660 ppm
(Li et al., 2019). In fact, those models rarely went beyond
that range where data are better fitted with a nonlinear
curve. This observation is consistent with the findings of
Health and Russell (1954), Morison and Gifford (1983)
and Wang and Wen (2010). Thus, it is crucial and indis-
pensable to validate the accuracy and reliability of these
models when applying them into the FAO-PM equation
especially when the CO, concentration is higher than
660 ppm, and to choose the appropriate one to improve
the estimation of ET under elevated CO, concentration.

Although some studies applied modified simple
empirical equations, such as Makkink (Kruijt et al,,
2008) and Priestley-Taylor (Rosenzweig and Iglesias,
1998; Hatch et al., 1999; Strzepek et al., 1999) to account
for the vegetation responses to an elevated atmospheric
CO,, the FAO-PM method has been always considered
to be the most reliable one for various climatic con-
ditions due to its physically based characteristic with
incorporating both physiological and aerodynamic
parameters (Xu et al., 2006). However, its use of a fixed
canopy resistance of 70 s m™ is perceived as weakness, as
surface resistance may change with climate and weath-
er parameters, variation in day length, or differences
between daytime and nighttime wind (Pereira et al.,
1999). In fact, this fixed r, hypothesis has not been veri-
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fied in experimental trials carried out on irrigated grass
surfaces which underlined significant variations in the
canopy resistance r, on daily and seasonal scales (Rana
et al., 1994; Steduto et al., 2003; Katerji and Rana, 2006;
Lecina et al., 2003; Perez et al., 2006). The same criti-
cism applies to the models discussed above since they
are replacing the constant daily values of the grass r,
with different but always constant values, or using a sim-
ple correction factor with the FAO-PM formula, which
could be because of the complexity of the canopy resist-
ance modelling (Katerji and Rana, 2006).

CONCLUSION

This paper provides an overview of surface resist-
ance models found in literature that included the effect
of CO, on crop evapotranspiration. The paper reports
a brief explanation of the main theories and assump-
tions involved in the models’ development and under-
lines their main characteristics. Using these models
would help improving the accuracy of ET estimations.
Yet, modeling canopy resistance is a difficult task as its
value depends on vegetation type, climate, plant archi-
tecture and, in water scarcity conditions, on plant and/
or soil water status (Shuttleworth and Gurney, 1990).
This complexity caused the dissimilarity in results when
using some of the aforementioned models in this review,
which is also due to the conflicting effect that increase
in CO, concentration has with increase in tempera-
ture. Hence, there is still a need to enhance the robust-
ness of the resistance modeling procedure in order to
be applied to different crops under different climatic
conditions and under diverse future climate change sce-
narios. Actually, the great bulk of studies carried out on
canopy resistance modelling compared the performance
of these models with that of the FAO-PM approach or
with different models for estimating ETo, and very few
researchers have actually attempted to estimate future
changes in ETo based on projected climate change sce-
narios and estimates of increased CO, concentrations.
Furthermore, many models were not even tested with
the FAO-PM equation, justifying Yang et al. (2019) state-
ment that many present climate models do not account
for vegetation responses to an elevated atmospheric CO,,
thus seriously questioning the claim of ‘warming leads
to drying’ in earlier studies.

We note in conclusion that there is a growing need
for improved surface resistance models, that may simu-
late better the changes in stomata physiological respons-
es, thus enhancing the accuracy, reliability and applica-
bility of ET estimates.



Evaluation of some evapotranspiration estimation models under CO, increasing concentrations: A review 93

REFERENCES

Adeboye O. B., Osunbitan J. A., Adekalu K. O., Okunade
D. A, 2009. Evaluation of FAO-56 Penman-Monteith
and temperature based models in estimating refer-
ence evapotranspiration using complete and limited
data, Application to Nigeria. E-j. - CIGR 11:1-25.

Ainsworth E. A, Long S. P, 2004. What have we learned
from 15 years of free-air CO, enrichment (FACE)?
A meta-analytic review of the responses of photo-
synthesis, canopy properties and plant production
to rising CO,. New Phytol 165:351-372. https://doi.
org/10.1111/j.1469-8137.2004.01224 x.

Alexandratos N., Bruinsma J., 2012. World agriculture
towards 2030/2050: the 2012 revision. ESA Working
paper No. 12-03. Rome, FAO.

Allen L. H., 1990. Plant responses to rising carbon diox-
ide and potential interactions with air pollutants.
J. Environ. Qual 19:15. https://doi.org/10.2134/
j€q1990.00472425001900010002x

Allen R. G., Pereira L. S., Raes D., Smith M., 1998. Crops
evapotranspiration - Guidelines for computing crop
requirements - Irrigations and Drainage Paper 56.
FAO, Rome. 300, D05109.

Allen R. G., Pruitt W. O., Wright J. L., Howell T. A.,
Ventura E, Snyder R., Itenfisu D., Steduto P, Beren-
gena J., Baselga Yrisarry J., Smith M., Pereira L. S,,
Raes D., Perrier A., Alves 1., Walter 1., Elliott R., 2006.
A recommendation on standardized surface resistance
for hourly calculation of reference ETo by the FAO56
Penman-Monteith method. Agric. Water Manage
81:1-22. https://doi.org/10.1016/j.agwat.2005.03.007.

Alves 1., Pereira L. S., 2000. Modelling surface resist-
ance from climatic variables?. Agric. Water Man-
age 42:371-385. https://doi.org/10.1016/S0378-
3774(99)00041-4.

Alves L, Perrier A., Pereira L. S., 1998. Aerodynamic and
surface resistances of complete over crops: how good
in the “big leaf” approach?. Trans. ASAE 41(2):345-
351. https://doi.org/10.13031/2013.17184.

AQUASTAT (n.d) AQUASTAT website. FAO. fao.org/nr/
water/aquastat/main/index.stm (Accessed January
2019).

Ball J. T., Woodrow L. E,, Berry J. A., 1987. A model
predicting stomatal conductance and its contribu-
tion to the control of photosynthesis under differ-
ent environmental conditions. Progress in photo-
synthesis research. Dordrecht, The Netherlands:
Martinus-Nijhoff Publishers:221-224. https://doi.
org/10.1007/978-94-017-0519-6_48.

Berengena J., Gavilan P, 2005. Reference evapotran-
spiration estimation in a highly advective semi-

arid environment. J. Irrig. Drain. Eng. ASCE
131(2):147-163. https://doi.org/10.1061/(ASCE)0733-
9437(2005)131:2(147).

Bernacchi C. J., Kimball B. A., Quarles D. R, Long S. P,
Ort D. R., 2007. Decreases in stomatal conductance
of soybean under open-air elevation of [CO,] are
closely coupled with decreases in ecosystem evapo-
transpiration. Plant Physiol 143:134-44. https://doi.
org/10.1104/pp.106.089557.

Bie W., Casper M. C., Reiter P., Vohland M., 2015. Sur-
face resistance calibration for a hydrological model
using evapotranspiration retrieved from remote sens-
ing data in Nahe catchment forest area. Proc. Int.
Assoc. Hydrol. Sci 368:81-86. https://doi.org/10.5194/
piahs-368-81-2015.

Bunce J. A., 2004. Carbon dioxide effects on stomatal
responses to the environment and water use by crops
under field conditions. Oecologia 140:1-10. https://
doi.org/10.1007/s00442-003-1401-6.

Burek P, Satoh Y., Fischer G., Kahil M. T., Scherzer A.,
Tramberend S., Nava L. E, Wada Y., Eisner S., Florke
M., Hanasaki N., Magnuszewski P., Cosgrove B.,
Wiberg D., 2016. Water Futures and Solution - Fast
Track Initiative (Final Report). Available at: http://
pure.iiasa.ac.at/id/eprint/13008/.

Calvet J. C., Noilhan J., Roujean J. L., 1998. An interac-
tive vegetation SVAT model tested against data from
six contrasting sites. Agric. For. Meteorol 92:73-95.
https://doi.org/10.1016/S0168-1923(98)00091-4.

Chévez J. L., Lopez-Urrea R., 2019. One-step approach
for estimating maize actual water use: Part I. Mode-
ling a variable surface resistance. Irrig. Sc. 37(2):123-
137. https://doi.org/10.1007/s00271-018-0606-8.

Chiew F., Kamaladasa N., Malano H., McMahon T,
1995. Penman-Monteith, FAO-24 reference crop
evapotranspiration and class-A pan data in Aus-
tralia. Agric. Water Manage 28:9-21. https://doi.
org/10.1016/0378-3774(95)01172-F

Damour G., Simonneau T., Cochard H., Urban L., 2010.
An overview of models of stomatal conductance at
the leaf level. Plant Cell Environ 33:1419-1438. htt-
ps://doi.org/10.1111/j.1365-3040.2010.02181 .x.

De Fraiture C., Wichelns D., 2010. Satisfying future
water demands for agriculture. Agric. Water
Manage 97:502-511. https://doi.org/10.1016/j.
agwat.2009.08.008.

Easterling W. E., Rosenberg N. J., McKenney M. S., Jones
C. A, Dyke P. T, Williams J. R., 1992. Preparing the
erosion productivity impact calculator (EPIC) model
to simulate crop response to climate change and the
direct effects of CO,. Agric. For. Meteorol 59:17-34.
https://doi.org/10.1016/0168-1923(92)90084-H.


https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.2134/jeq1990.00472425001900010002x
https://doi.org/10.2134/jeq1990.00472425001900010002x
https://doi.org/10.1016/j.agwat.2005.03.007
https://doi.org/10.1016/S0378-3774(99)00041-4
https://doi.org/10.1016/S0378-3774(99)00041-4
https://doi.org/10.13031/2013.17184
file:///D:\Documents\Cours\PhD\Review%20Paper\fao.org\nr\water\aquastat\main\index.stm
file:///D:\Documents\Cours\PhD\Review%20Paper\fao.org\nr\water\aquastat\main\index.stm
https://doi.org/10.1007/978-94-017-0519-6_48
https://doi.org/10.1007/978-94-017-0519-6_48
https://doi.org/10.1061/(ASCE)0733-9437(2005)131:2(147)
https://doi.org/10.1061/(ASCE)0733-9437(2005)131:2(147)
https://doi.org/10.1104/pp.106.089557
https://doi.org/10.1104/pp.106.089557
https://doi.org/10.5194/piahs-368-81-2015
https://doi.org/10.5194/piahs-368-81-2015
https://doi.org/10.1007/s00442-003-1401-6
https://doi.org/10.1007/s00442-003-1401-6
http://pure.iiasa.ac.at/id/eprint/13008/
http://pure.iiasa.ac.at/id/eprint/13008/
https://doi.org/10.1016/S0168-1923(98)00091-4
https://doi.org/10.1007/s00271-018-0606-8
https://doi.org/10.1016/0378-3774(95)01172-F
https://doi.org/10.1016/0378-3774(95)01172-F
https://doi.org/10.1111/j.1365-3040.2010.02181.x
https://doi.org/10.1111/j.1365-3040.2010.02181.x
https://doi.org/10.1016/j.agwat.2009.08.008
https://doi.org/10.1016/j.agwat.2009.08.008
https://doi.org/10.1016/0168-1923(92)90084-H

94

Ehleringer J. R., Cerling T. E., Dearing D. M., eds. 2005.
A history of atmospheric CO, and its effects on
plants, animals, and ecosystems. Springer.

Eitzinger J., Trnka M., Semeradova D., Thaler S., Svo-
bodova E., Hlavinka P, Siska B., Takac J., Malatin-
ska L., Novakova M., Dubrovsky M., Zalud Z., 2013.
Regional climate change impacts on agricultural
crop production in Central and Eastern Europe -
hotspots, regional differences and common trends.
J. Agric. Sci 151:787-812. https://doi.org/10.1017/
S0021859612000767.

Fares A., Awal R., Fares S., Johnson A. B., Valenzuela H.,
2015. Irrigation water requirements for seed corn
and coffee under potential climate change scenarios.
J. Water Clim. Change 7:jwc2015025. https://doi.
org/10.2166/wcc.2015.025.

Ficklin D. L., Luo Y., Luedeling E., Zhang M., 2009. Cli-
mate change sensitivity assessment of a highly agri-
cultural watershed using SWAT. J. Hydrol 374:16-29.
https://doi.org/10.1016/j.jhydrol.2009.05.016.

Garcia M., Raes D., Allen R., Herbas C., 2004. Dynamics
of reference evapotranspiration in the Bolivian high-
lands (Altiplano). Agric. For. Meteorol 125:67-82.
https://doi.org/10.1016/j.agrformet.2004.03.005.

Gharsallah O., Facchi A., Gandolfi C., 2013. Comparison
of six evapotranspiration models for a surface irri-
gated maize agro-ecosystem in Northern Italy. Agric.
Water Manage 130:119-130. https://doi.org/10.1016/j.
agwat.2013.08.009.

Hanan N., Prince S., 1997. Stomatal conductance of
West-Central supersite vegetation in HAPEX-Sahel:
measurements and empirical models. J. Hydrol
188-189:536-562. https://doi.org/10.1016/S0022-
1694(96)03192-7.

Hatch U, Jagtap S., Jones J., Lamb M., 1999. Potential
effects of climate change on agricultural water use
in the Southeast U.S. J. Am. Water Resour. Assoc
35:1551-1561. https://doi.org/10.1111/j.1752-1688.1999.
tb04237.x.

Huntington J. L., Morton C. G., McEvoy D., Bromley M.,
Hedgewisch K., Allen R., Gangopadhyay S., 2016.
Historical and future irrigation water requirements
for select reclamation projet areas, Western U.S. Dis-
sertation, Desert Research Institute. Available at: htt-
ps://www.usbr.gov/watersmart/baseline/docs/histori-
calandfutureirrigationwaterrequirements.pdf.

Hussein A. S. A., 1999. Grass ET estimates using Pen-
man-type equations in central Sudan. J. Irrig. Drain.
Eng., 125(6):324-329. https://doi.org/10.1061/
(ASCE)0733-9437(1999)125:6(324).

IPCC., 2014a. Climate Change 2014: Impacts, adaptation,
and vulnerability. working group ii contribution to

Ghaieth Ben Hamouda, Francesca Ventura

the fifth assessment report of the intergovernmental
panel on climate change, Cambridge, UK/New York:
Cambridge University Press.

Irmak S., Mutiibwa D., 2010. On the dynamics of
canopy resistance: Generalized linear estimation
and relationships with primary micrometeoro-
logical variables. Water Resour. Res 46. https://doi.
org/10.1029/2009WR008484.

Irmak S., Mutiibwa D., Irmak A., Arkebauer T. J., Weiss
A., Martin D. L., Eisenhauer D. E., 2008. On the scal-
ing up leaf stomatal resistance to canopy resistance
using photosynthetic photon flux density. Agric. For.
Meteorol. 148:1034-1044. https://doi.org/10.1016/].
agrformet.2008.02.001.

Islam A., Ahuja L. R., Garcia L. A., Ma L., Saseendran
A. S, 2012. Modeling the effect of elevated CO, and
climate change on reference evapotranspiration in
the semi-arid central great plains. Trans. ASABE
55:2135-2146. https://doi.org/10.13031/2013.42505.

Jacobs J. M., Satti S. R., 2001. Evaluation of reference
evapotranspiration methodologies and AFSIRS crop
water use simulation model. Department of Civ-
il and Coastal Engineering, University of Florida,
Gainesville.

Jarvis P. G., 1976. The interpretation of the variations in
leaf water potential and stomatal conductance found
in canopies in the field. Philos Trans R Soc Lond
B Biol Sci 273:593-610. https://doi.org/10.1098/
rstb.1976.0035.

Jarvis P. G., McNaughton K., 1986. Stomatal control of
transpiration: scaling up from leaf to region. Adv.
Ecol. Res 15:1-49. https://doi.org/10.1016/S0065-
2504(08)60119-1.

Kashyap P., Panda R., 2001. Evaluation of evapotran-
spiration estimation methods and development of
crop-coefficients for potato crop in a sub-humid
region. Agric. Water Manage 50:9-25. https://doi.
org/10.1016/S0378-3774(01)00102-0.

Katerji N., Perrier A., Renard D., Aissa A. K. O., 1983.
Modélisation de Iévapotranspiration réelle ETR
d’une parcelle de luzerne: réle d'un coefficient cul-
tural. Agronomie 3:513-521. https://doi.org/10.1051/
agro:19830603

Katerji N., Rana G., 2006. Modelling evapotranspiration
of six irrigated crops under Mediterranean climate
conditions. Agric. For. Meteorol 138:142-155. https://
doi.org/10.1016/j.agrformet.2006.04.006.

Katerji N., Rana G., 2008. Crop evapotranspiration
measurements and estimation in the Mediterranean
region. INRA-CRA, Bari. ISBN 978:173.

Katerji N., Rana G., 2011. Crop reference evapotranspira-
tion: a discussion of the concept, analysis of the pro-


https://doi.org/10.1017/S0021859612000767
https://doi.org/10.1017/S0021859612000767
https://doi.org/10.2166/wcc.2015.025
https://doi.org/10.2166/wcc.2015.025
https://doi.org/10.1016/j.jhydrol.2009.05.016
https://doi.org/10.1016/j.agrformet.2004.03.005
https://doi.org/10.1016/j.agwat.2013.08.009
https://doi.org/10.1016/j.agwat.2013.08.009
https://doi.org/10.1016/S0022-1694(96)03192-7
https://doi.org/10.1016/S0022-1694(96)03192-7
https://doi.org/10.1111/j.1752-1688.1999.tb04237.x
https://doi.org/10.1111/j.1752-1688.1999.tb04237.x
https://www.usbr.gov/watersmart/baseline/docs/historicalandfutureirrigationwaterrequirements.pdf
https://www.usbr.gov/watersmart/baseline/docs/historicalandfutureirrigationwaterrequirements.pdf
https://www.usbr.gov/watersmart/baseline/docs/historicalandfutureirrigationwaterrequirements.pdf
https://doi.org/10.1061/(ASCE)0733-9437(1999)125:6(324)
https://doi.org/10.1061/(ASCE)0733-9437(1999)125:6(324)
https://doi.org/10.1029/2009WR008484
https://doi.org/10.1029/2009WR008484
https://doi.org/10.13031/2013.42505
https://doi.org/10.1098/rstb.1976.0035
https://doi.org/10.1098/rstb.1976.0035
https://doi.org/10.1016/S0065-2504(08)60119-1
https://doi.org/10.1016/S0065-2504(08)60119-1
https://doi.org/10.1016/S0378-3774(01)00102-0
https://doi.org/10.1016/S0378-3774(01)00102-0
https://doi.org/10.1051/agro:19830603
https://doi.org/10.1051/agro:19830603
https://doi.org/10.1016/j.agrformet.2006.04.006
https://doi.org/10.1016/j.agrformet.2006.04.006

Evaluation of some evapotranspiration estimation models under CO, increasing concentrations: A review 95

cess and validation. Water Resour. Manage 25:1581-
1600. https://doi.org/10.1007/s11269-010-9762-1.
Katerji N., Rana G., 2014. FAO-56 methodology for
determining water requirement of irrigated crops:
critical examination of the concepts, alternative
proposals and validation in Mediterranean region.
Theor. Appl. Climatol 116:515-536. https://doi.

org/10.1007/s00704-013-0972-3.

Katerji N., Rana G., Ferrara R. M., 2017. Actual evapo-
transpiration for a reference crop within measured
and future changing climate periods in the Mediter-
ranean region. Theor. Appl. Climatol 129: 923-938.
https://doi.org/10.1007/s00704-016-1826-6.

Kingston D. G., Todd M. C., Taylor R. G., Thompson
J. R., Arnell N. W,, 2009. Uncertainty in the esti-
mation of potential evapotranspiration under cli-
mate change. Geophys. Res. Lett 36. https://doi.
org/10.1029/2009GL040267.

Korner G., Schell J. A., Bauer H., 1979. Maximum leaf
diffusive conductance in vascular plants. Photosyn-
thetica 13 (1):45-82.

Kreith E, Bohn M., 2001. Principles of heat transfer. New
York: Brooks/Cole Eds.

Kruijt B., Witte J-P M., Jacobs C. M., Kroon T., 2008.
Effects of rising atmospheric CO, on evapotranspi-
ration and soil moisture: A practical approach for
the Netherlands. J. Hydrol 349:257-267. https://doi.
org/10.1016/j.jhydrol.2007.10.052.

Lardy R., Bachelet B., Bellocchi G., Hill D. R., 2014.
Towards vulnerability minimization of grassland soil
organic matter using metamodels. Environ. Modell.
Software 52:38-50. https://doi.org/10.1016/j.envs-
0ft.2013.10.015.

Lardy R., Graux A. I, Bachelet B, Hill D. R., Bellocchi G,,
2012. Steady-state soil organic matter approximation
model: application to the Pasture Simulation Model.
6th Biennial Meeting of International Congress on
Environmental Modelling and Software: Managing
Resources of a Limited Planet: Pathways and Visions
under Uncertainty. Leipzig, Germany:769-776.

Lecina S., Martinez-Cob A., Pérez P. J., Villalobos F. J.,
Baselga J. J., 2003. Fixed versus variable bulk canopy
resistance for reference evapotranspiration estimation
using the Penman-Monteith equation under semiarid
conditions. Agric. Water Manage 60:181-198. https://
doi.org/10.1016/S0378-3774(02)00174-9.

Leuning R., 1995. A critical appraisal of a combined
stomatal- photosynthesis model for C-3 plants.
Plant Cell Environ 18(4):339-355. https://doi.
org/10.1111/j.1365-3040.1995.tb00370.x.

Li S. E, Hao X. M, Du T. S,, Tong L., Zhang J. H., Kang
S. Z., 2014. A coupled surface resistance model to

estimate crop evapotranspiration in arid region of
northwest China. Hydrol. Processes 28(4):2312-2323.
https://doi.org/10.1002/hyp.9768.

Li X,, Kang S., Niu J., Huo Z,, Liu J., 2019. Improving the
representation of stomatal responses to CO, with-
in the Penman-Monteith model to better estimate
evapotranspiration responses to climate change. J.
Hydrol. 572:692-705. https://doi.org/10.1016/j.jhy-
drol.2019.03.029.

Liu G., Hafeez M., Liu Y., Xu D., Vote C., 2012a. A novel
method to convert daytime evapotranspiration into
daily evapotranspiration based on variable canopy
resistance. J. Hydrol 414-415:278-283. https://doi.
org/10.1016/j.jhydrol.2011.10.042.

Liu G, Liu Y., Hafeez M., Xu D., Vote C., 2012b. Com-
parison of two methods to derive time series of
actual evapotranspiration using eddy covariance
measurements in the southeastern Australia. J.
Hydrol 454-455:1-6. https://doi.org/10.1016/j.jhy-
drol.2012.05.011.

Liu Y., Pereira L. S., Teixeira J. L., 1997. Update defini-
tion and computation of reference evapotranspiration
comparison with former method. J. Hydraul. Eng.,
6:27-33.

Long S. P, Ainsworth E. A., Rogers A., Ort D. R., 2004.
Rising atmospheric carbon dioxide: plants FACE the
future. Annu. Rev. Plant Biol 55:591-628. https://doi.
org/10.1146/annurev.arplant.55.031903.141610.

Lépez-Urrea R., Martin de Santa Olalla F.,, Fabeiro C.,
Moratalla A., 2006. Testing evapotranspiration equa-
tions using lysimeter observations in a semiarid cli-
mate. Agric. Water Manage 85:15-26. https://doi.
org/10.1016/j.agwat.2006.03.014.

Lovelli S., Perniola M., Di Tommaso T., Ventrella D.,
Moriondo M., Amato M., 2010. Effects of rising
atmospheric CO, on crop evapotranspiration in a
Mediterranean area. Agric. Water Manage 97:1287-
1292. https://doi.org/10.1016/j.agwat.2010.03.005.

Makkink G. E, 1957. Testing the Penman formula by
means of lysimeters. ]. Inst. Water Eng 11:277-288.

Mall R., Gupta A., Sonkar G., 2017. Effect of climate
change on agricultural crops. Cur. Develop. Biot. and
Bioeng:23-46. https://doi.org/10.1016/B978-0-444-
63661-4.00002-5.

Margonis A., Papaioannou G., Kerkides P., Bourazanis
G., 2017. Parameterization of “canopy resistance” and
estimation of hourly latent heat flux over a crop. Eur.
Water 59:277-283.

Martin G., Felten B., Duru M., 2011. Forage rummy: A
game to support the participatory design of adapted
livestock systems. Environ. Modell. Software 26:1442-
1453. https://doi.org/10.1016/j.envsoft.2011.08.013.


https://doi.org/10.1007/s11269-010-9762-1
https://doi.org/10.1007/s00704-013-0972-3
https://doi.org/10.1007/s00704-013-0972-3
https://doi.org/10.1007/s00704-016-1826-6
https://doi.org/10.1029/2009GL040267
https://doi.org/10.1029/2009GL040267
https://doi.org/10.1016/j.jhydrol.2007.10.052
https://doi.org/10.1016/j.jhydrol.2007.10.052
https://doi.org/10.1016/j.envsoft.2013.10.015
https://doi.org/10.1016/j.envsoft.2013.10.015
https://doi.org/10.1016/S0378-3774(02)00174-9
https://doi.org/10.1016/S0378-3774(02)00174-9
https://doi.org/10.1111/j.1365-3040.1995.tb00370.x
https://doi.org/10.1111/j.1365-3040.1995.tb00370.x
https://doi.org/10.1002/hyp.9768
https://doi.org/10.1016/j.jhydrol.2019.03.029
https://doi.org/10.1016/j.jhydrol.2019.03.029
https://doi.org/10.1016/j.jhydrol.2011.10.042
https://doi.org/10.1016/j.jhydrol.2011.10.042
https://doi.org/10.1016/j.jhydrol.2012.05.011
https://doi.org/10.1016/j.jhydrol.2012.05.011
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1016/j.agwat.2006.03.014
https://doi.org/10.1016/j.agwat.2006.03.014
https://doi.org/10.1016/j.agwat.2010.03.005
https://doi.org/10.1016/B978-0-444-63661-4.00002-5
https://doi.org/10.1016/B978-0-444-63661-4.00002-5
https://doi.org/10.1016/j.envsoft.2011.08.013

96

Massman W. J., 1992. A surface energy balance method
for partitioning evapotranspiration data into plant
and soil components for a surface with partial can-
opy cover. Water Resour. Res 28:1723-1732. https://
doi.org/10.1029/92WR00217.

Medlyn B., Barton C., Broadmeadow M., Ceulemans R.,
De Angelis P., Forstreuter M., Freeman M., Jack-
son S. B., Kellomaki S., Laitat E., Rey A., Roberntz
P, Sigurdsson B. D., Strassmeyer J., Wang K., Cur-
tis P. S., Jarvis P. G., 2001. Stomatal Conductance
of Forest Species after Long-term Exposure to Ele-
vated CO, Concentration: A Synthesis. New Phy-
tol 149(2):247-264. https://doi.org/10.1046/j.1469-
8137.2001.00028.x.

Monteith J. L., 1965. Evaporation and environment..
Symp. Soc. Exp. Biol 19:205-34.

Moratiel R., Snyder R. L., Duran J. M., Tarquis A. M.,
2011. Trends in climatic variables and future refer-
ence evapotranspiration in Duero Valley (Spain). Nat.
Hazards Earth Syst. Sci 11:1795-1805. https://doi.
org/10.5194/nhess-11-1795-2011.

Morison J. I. L., 1987. Intercellular CO, Concentration
and Stomatal Response to CO,. Stomatal Function.
Stanford University Press:229-251.

Morison J. I., Gifford R. M., 1983. Stomatal sensitivity to
carbon dioxide and humidity: a comparison of two
C; and two C, grass species. Plant Physiol 71:789-96.
https://doi.org/10.1104/pp.71.4.789

Norby R. J., De Kauwe M. G., Domingues T. E,, Duurs-
ma R. A., Elisworth D. S., Goll D. S., Lapola D. M.,
Luus K. A., MacKenzie A. R., Medlyn B. E., Pavlick,
R., Rammig A., Smith B., Thomas R., Thornicke K.,
Walker A. P, Yang X., Zaehle S., 2016. Model-data
synthesis for the next generation of forest free-air
CO, enrichment (FACE) experiments. New Phytol
209:17-28. https://doi.org/10.1111/nph.13593.

OECD,, 2012. OECD environmental outlook to 2050, OECD
Publishing, https://dx.doi.org/10.1787/9789264122246-
en.

Olioso A., Huard E, Guilioni L., 2010. Prise en compte
des effets du CO, sur le calcul de Iévapotranspiration
de référence. Climator 2010. Versailles, France.

Pan S., Tian H., Dangal S. R. S., Yang Q., Yang J., Lu
C., Tao B., Ren W,, Ouyang Z., 2015. Respons-
es of global terrestrial evapotranspiration to cli-
mate change and increasing atmospheric CO, in
the 21st century. Earth’s Future 3:15-35. https://doi.
org/10.1002/2014EF000263.

Parajuli P. B., 2010. Assessing sensitivity of hydrologic
responses to climate change from forested watershed
in Mississippi. Hydrol. Processes 24:3785-3797. htt-
ps://doi.org/10.1002/hyp.7793.

Ghaieth Ben Hamouda, Francesca Ventura

Pauwels V. R., Samson R., 2006. Comparison of differ-
ent methods to measure and model actual evapo-
transpiration rates for a wet sloping grassland. Agric.
Water Manage 82:1-24. https://doi.org/10.1016/j.
agwat.2005.06.001

Penman H. L., 1963. Vegetation and hydrology. Soil Sci
96:357.

Pereira, L. S., Perrier A., Allen R. G., Alves I., 1999.
Evapotranspiration: concepts and future trends. J.
Irrig. and Drainage. Eng., 125(2):45-51. https://doi.
org/10.1061/(ASCE)0733-9437(1999)125:2(45).

Perez P. ], Lecina S., Castellvi F,, Martinez-Cob A., Vil-
lalobos E. J., 2006. A simple parameterization of bulk
canopy resistance from climatic variables for esti-
mating hourly evapotranspiration. Hydrol. Processes
20:515-532. https://doi.org/10.1002/hyp.5919.

Peterschmitt J-M., Perrier A., 1991. Evapotranspiration
and canopy temperature of rice and groundnut in
southeast coastal India. Crop coeflicient approach
and relationship between evapotranspiration and
canopy temperature. Agric. For. Meteorol 56:273-298.
https://doi.org/10.1016/0168-1923(91)90096-9.

Piao S., Ciais P, Huang Y., Shen Z., Peng S., Li J., Zhou
L., Liu H, Ma Y,, Ding Y., Friedlingstein P, Liu C.,
Tan K., Yu Y., Zhang T., Fang J., 2010. The impacts
of climate change on water resources and agriculture
in China. Nature 467:43-51. https://doi.org/10.1038/
nature09364.

Polley H. W,, 2002. Implications of atmospheric and cli-
matic change for crop yield and water use efficiency.
Crop Sci 42:131-140. https://doi.org/10.2135/crop-
sci2002.1310.

Priya A., Nema A. K,, Islam A., 2014. Effect of climate
change and CO, on reference evapotranspiration in
Varanasi, India-A case study. ] Agrometeorol 16:44-
51.

Récz C., Nagy J., Dobos A. C., 2013. Comparison of sev-
eral methods for calculation of reference evapotran-
spiration. Acta Silv. Lignaria Hung 9:9-24. https://doi.
org/10.2478/aslh-2013-0001.

Rana G., Katerji N., Mastrorilli M., 1998. Canopy resist-
ance modelling for crops in contrasting water con-
ditions. Phys. Chem. Earth 23:433-438. https://doi.
0rg/10.1016/S0079-1946(98)00049-4.

Rana G., Katerji N., Mastrorilli M., E1 Moujabber M.,
1994. Evapotranspiration and canopy resistance
of grass in a Mediterranean region. Theor Appl
Climatol. 50(1-2):61-71. https://doi.org/10.1007/
BF00864903.

Rana G., Katerji N., Perniola M., 2001. Evapotranspira-
tion of sweet sorghum: A general model and mul-
tilocal validity in semiarid environmental condi-


https://doi.org/10.1029/92WR00217
https://doi.org/10.1029/92WR00217
https://doi.org/10.1046/j.1469-8137.2001.00028.x
https://doi.org/10.1046/j.1469-8137.2001.00028.x
https://doi.org/10.5194/nhess-11-1795-2011
https://doi.org/10.5194/nhess-11-1795-2011
https://doi.org/10.1104/pp.71.4.789
https://doi.org/10.1111/nph.13593
http://dx.doi.org/10.1787/9789264122246-en%20
http://dx.doi.org/10.1787/9789264122246-en%20
https://doi.org/10.1002/2014EF000263
https://doi.org/10.1002/2014EF000263
https://doi.org/10.1002/hyp.7793
https://doi.org/10.1002/hyp.7793
https://doi.org/10.1016/j.agwat.2005.06.001
https://doi.org/10.1016/j.agwat.2005.06.001
https://doi.org/10.1061/(ASCE)0733-9437(1999)125:2(45)
https://doi.org/10.1061/(ASCE)0733-9437(1999)125:2(45)
https://doi.org/10.1002/hyp.5919
https://doi.org/10.1016/0168-1923(91)90096-9
https://doi.org/10.1038/nature09364
https://doi.org/10.1038/nature09364
https://doi.org/10.2135/cropsci2002.1310
https://doi.org/10.2135/cropsci2002.1310
https://doi.org/10.2478/aslh-2013-0001
https://doi.org/10.2478/aslh-2013-0001
https://doi.org/10.1016/S0079-1946(98)00049-4
https://doi.org/10.1016/S0079-1946(98)00049-4
https://doi.org/10.1007/BF00864903
https://doi.org/10.1007/BF00864903

Evaluation of some evapotranspiration estimation models under CO, increasing concentrations: A review 97

tions. Water Resour. Res 37:3237-3246. https://doi.
org/10.1029/2001WR000476.

Rasul G., Mahmood A., 2009 Per.formance evaluation of
different methods for estimation of evapotranspira-
tion in Pakistan’s climate. Pak J Agr Sci 5:25-36.

Rosegrant M. W.,, Cai X, Cline S. A., 2002. World water
and food to 2025: Dealing with scarcity. Intl Food
Policy Res Inst. Washington, DC:322.

Rosenzweig C., Iglesias A., 1998. The use of crop mod-
els for international climate change impact assess-
ment. In Understanding options for agricultural
production. Springer, Dordrecht:267-292. https://doi.
org/10.1007/978-94-017-3624-4_13.

Salmon-Monviola J., Moreau P., Benhamou C., Durand P,
Merot P, Oehler E, Gascuel-Odoux C., 2013. Effect
of climate change and increased atmospheric CO,
on hydrological and nitrogen cycling in an intensive
agricultural headwater catchment in western France.
Clim. Change 120:433-447. https://doi.org/10.1007/
$10584-013-0828-y.

Shams S., Nazemosadat S. M. J., Haghighi A. A. K., Parsa
S. Z., 2012. Effect of carbon dioxide concentration
and irrigation level on evapotranspiration and yield
of red bean. J. Sci. Technol. Greenh. Cult 2:1-10.

Shuttleworth, W. J., Gurney, R. J., 1990. The theoreti-
cal relationship between foliage temperature and
canopy resistance in sparse crops. Q. J. R. Meteorol.
Soc. 116 (492):497-519. https://doi.org/10.1002/
qj49711649213

Shuttleworth W. J., Wallace J. S., 1985. Evaporation from
sparse crops-an energy combination theory. Q. J. R.
Meteorol. Soc 111:839-855. https://doi.org/10.1002/
qj-49711146910.

Snyder R., Moratiel R., Song Z., Swelam A., Jomaa L,
Shapland T., 2011. Evapotranspiration response to
climate change. Acta Hortic 922:91-98. https://doi.
org/10.17660/ActaHortic.2011.922.11.

Stannard D. 1., 1993. Comparison of Penman-Monteith,
Shuttleworth-Wallace, and modified Priestley-Taylor
evapotranspiration models for wildland vegetation in
semiarid rangeland. Water Resour. Res 29:1379-1392.
https://doi.org/10.1029/93WR00333.

Steduto P., Todorovic M., Caliandro A., Rubino P., 2003.
Daily reference evapotranspiration estimates by the
Penman-Monteith equation in Southern Italy. Con-
stant vs. variable canopy resistance. Theor. Appl.
Climatol 74:217-225. https://doi.org/10.1007/s00704-
002-0720-6.

Stockle C. O., Williams J. R., Rosenberg N. J., Jones C.
A, 1992. A method for estimating the direct and
climatic effects of rising atmospheric carbon diox-
ide on growth and yield of crops: Part I—Modifica-

tion of the EPIC model for climate change analysis.
Agric. Syst 38:225-238. https://doi.org/10.1016/0308-
521X(92)90067-X.

Strzepek K. M., Major D. C., Rosenzweig C., Iglesias
A., Yates D. N., Holt A., Hillel D., 1999. New meth-
ods of modelling water availability for agriculture
under climate change: the U.S. Cornbelt 1. J. Am.
Water Resour. Assoc 35:1639-1655. https://doi.
org/10.1111/j.1752-1688.1999.tb04242 x.

Suleiman A. A., Hoogenboom G., 2007. Comparison
of Priestley-Taylor and FAO-56 Penman-Monteith
for daily reference evapotranspiration estimation in
Georgia. J. Irrig. Drain. Eng 133:175-182. https://doi.
org/10.1061/(ASCE)0733-9437(2007)133:2(175).

Taiz L., Zeiger E., 1991. Plant physiology the benjamin.
Cummings Redwood City, CA.

Temesgen B, Eching S, Davidoff B, Frame K (2005)
Comparison of some reference evapotranspira-
tion equations for California. J. Irrig. Drain. Eng
131:73-84. https://doi.org/10.1061/(ASCE)0733-
9437(2005)131:1(73).

Tipple B. J., Pagani M., 2007. The early origins of ter-
restrial C, photosynthesis. Annu. Rev. Earth Plan-
et Sci 35:435-61. https://doi.org/10.1146/annurev.
earth.35.031306.140150.

Todorovic M., 1999. Single-layer evapotranspiration
model with variable canopy resistance. J. Irrig.
Drain. Eng., 125:235-245. https://doi.org/10.1061/
(ASCE)0733-9437(1999)125:5(235).

Trenberth K. E., Fasullo J. T., Kiehl J., 2009. Earth’s Glob-
al Energy Budget. Bull. Am. Meteorol. Soc 90:311-
324. https://doi.org/10.1175/2008 BAMS2634.1.

Tubiello E N., Donatelli M., Rosenzweig C., Stockle C.
0., 2000. Effects of climate change and elevated CO,
on cropping systems: model predictions at two Ital-
ian locations. Eur. J. Agron 13:179-189. https://doi.
0rg/10.1016/S1161-0301(00)00073-3.

UNDESA (United Nations-Department of Economic and
Social Affairs)., 2017. World population prospects:
The 2017 revision, key findings and advance tables.
Working Paper No. ESA/P/WP/248.

Van der Kooi C. J., Reich M., Léw M., De Kok L. J., Tausz
M., 2016. Growth and yield stimulation under elevat-
ed CO, and drought: A meta-analysis on crops. Envi-
ron. Exp. Bot 122:150-157. https://doi.org/10.1016/j.
envexpbot.2015.10.004.

Ventura E, Spano D., Duce P, Snyder R. L., 1999. An
evaluation of common evapotranspiration equa-
tions. Irrig Sci 18:163-170. https://doi.org/10.1007/
s002710050058.

Wada Y., Florke M., Hanasaki N., Eisner S., Fischer G.,
Tramberend S., Sotah Y., van Vliet M. T. H,, Yillia P,


https://doi.org/10.1029/2001WR000476
https://doi.org/10.1029/2001WR000476
https://doi.org/10.1007/978-94-017-3624-4_13
https://doi.org/10.1007/978-94-017-3624-4_13
https://doi.org/10.1007/s10584-013-0828-y
https://doi.org/10.1007/s10584-013-0828-y
https://doi.org/10.1002/qj.49711649213
https://doi.org/10.1002/qj.49711649213
https://doi.org/10.1002/qj.49711146910
https://doi.org/10.1002/qj.49711146910
https://doi.org/10.17660/ActaHortic.2011.922.11
https://doi.org/10.17660/ActaHortic.2011.922.11
https://doi.org/10.1029/93WR00333
https://doi.org/10.1007/s00704-002-0720-6
https://doi.org/10.1007/s00704-002-0720-6
https://doi.org/10.1016/0308-521X(92)90067-X
https://doi.org/10.1016/0308-521X(92)90067-X
https://doi.org/10.1111/j.1752-1688.1999.tb04242.x
https://doi.org/10.1111/j.1752-1688.1999.tb04242.x
https://doi.org/10.1061/(ASCE)0733-9437(2007)133:2(175)
https://doi.org/10.1061/(ASCE)0733-9437(2007)133:2(175)
https://doi.org/10.1061/(ASCE)0733-9437(2005)131:1(73)
https://doi.org/10.1061/(ASCE)0733-9437(2005)131:1(73)
https://doi.org/10.1146/annurev.earth.35.031306.140150
https://doi.org/10.1146/annurev.earth.35.031306.140150
https://doi.org/10.1061/(ASCE)0733-9437(1999)125:5(235)
https://doi.org/10.1061/(ASCE)0733-9437(1999)125:5(235)
https://doi.org/10.1175/2008BAMS2634.1
https://doi.org/10.1016/S1161-0301(00)00073-3
https://doi.org/10.1016/S1161-0301(00)00073-3
https://doi.org/10.1016/j.envexpbot.2015.10.004
https://doi.org/10.1016/j.envexpbot.2015.10.004
https://doi.org/10.1007/s002710050058
https://doi.org/10.1007/s002710050058

98

Burek P, Wiberg D., 2016. Modeling global water use
for the 21st century: the Water Futures and Solutions
(WFaS) initiative and its approaches. Geosci. Model
Dev 9:175-222. https://doi.org/10.5194/gmd-9-175-
2016.

Wand S. J. E., Midgley G. E, Jones M. H., Curtis P. S.,
1999. Responses of wild C, and C; grass (Poaceae)
species to elevated atmospheric CO, concentration:
a meta-analytic test of current theories and percep-
tions. Global Change Biol 5:723-741. https://doi.
0rg/10.1046/j.1365-2486.1999.00265.x.

Wang J. L., Wen, X. E, 2010. Modeling the response of
stomatal conductance to variable CO, concentration
and its physiological mechanism. Acta Ecol. Sin. 30
(17):4815-4820.

Wang S. S., Yang Y., Trishchenko A. P, Barr A. G,,
Black T. A., McCaughey H., 2009. Modeling the
response of canopy stomatal conductance to humid-
ity. J. Hydrometeorol 10(2):521-532. https://doi.
org/10.1175/2008JHM1050.1.

Whitehead D., 1998. Regulation of stomatal conduct-
ance and transpiration in forest canopies. Tree Phys-
iol. 18 (8-9):633-644. https://doi.org/10.1093/tree-
phys/18.8-9.633.

Waullschleger S. D., Gunderson C. A., Hanson P. J., Wil-
son K. B,, Norby R. J., 2002. Sensitivity of stomatal
and canopy conductance to elevated CO, concentra-
tion - interacting variables and perspectives of scale.
New Phytol 153:485-496. https://doi.org/10.1046/
j.0028-646X.2001.00333.x.

Wu Y, Liu S., Abdul-Aziz O. I., 2012. Hydrological
effects of the increased CO, and climate change in
the Upper Mississippi River Basin using a modi-
fied SWAT. Clim. Change 110:977-1003. https://doi.
org/10.1007/s10584-011-0087-8.

WWAP, 2012. The United Nations World Water Devel-
opment Report 4: Managing water under uncertainty
and risk. Paris, UNESCO.

Xu C., Gong L., Jiang T., Chen D., Singh V., 2006. Anal-
ysis of spatial distribution and temporal trend of
reference evapotranspiration and pan evapora-
tion in Changjiang (Yangtze River) catchment. ]
Hydrol 327(1):81-93. https://doi.org/10.1016/j.jhy-
drol.2005.11.029.

Yan H., Zhang C., Peng G., Darko R. O., Cai B,
2017. Modelling canopy resistance for estimat-
ing latent heat flux at a tea field in South China.
Exp. Agric 54:563-576. https://doi.org/10.1017/
S0014479717000242.

Yang Q., Tian H., Li X, Tao B., Ren W,, Chen G., Lu C,,
Yang J., Pan S., Banger K., 2015. Spatiotemporal pat-
terns of evapotranspiration along the North Ameri-

Ghaieth Ben Hamouda, Francesca Ventura

can east coast as influenced by multiple environmen-
tal changes. Ecohydrol. :1-12, doi:10.1002/ec0.1538.

Yang Y., Roderick M. L., Zhang S., McVicar T. R., Dono-
hue R. J., 2019. Hydrologic implications of vegeta-
tion response to elevated CO, in climate projections.
Nat. Clim. Change 9:44-48. https://doi.org/10.1038/
$41558-018-0361-0.

Yoder R., Odhiambo L., Wright W., 2005. Evaluation of
methods for estimating daily reference crop evapo-
transpiration at a site in the humid Southeast Unit-
ed States. Appl. Eng. Agric 21:197-202. https://doi.
org/10.13031/2013.18153.

Yu G., Wang Q., 2010. Ecophysiology of plant photosyn-
thesis, transpiration, and water use. Beijing: Science
Press, 2010:351-352.

Zhang B. Z,, Kang S. Z,, Li E S., Zhang L., 2008. Com-
parison of three evapotranspiration models to
Bowen ratio-energy balance method for a vine-
yard in an arid desert region of northwest. China.
Agric. For. Meteorol 148 (10):1629-1640. https://doi.
org/10.1016/j.agrformet.2008.05.016.

Zhang B., Xu D,, Liu Y, Li E, Cai ], Du L., 2016. Mul-
ti-scale evapotranspiration of summer maize and
the controlling meteorological factors in north
China. Agric. For. Meteorol 216:1-12. https://doi.
org/10.1016/j.agrformet.2015.09.015.

Zhou H., Kang S., Tong L., Ding R., Li S., Du T., 2019.
Improved application of the Penman-Monteith model
using an enhanced Jarvis model that considers the
effects of nitrogen fertilization on canopy resistance.
Environ. Exp. Bot 1591-12. https://doi.org/10.1016/j.
envexpbot.2018.12.007.


https://doi.org/10.5194/gmd-9-175-2016
https://doi.org/10.5194/gmd-9-175-2016
https://doi.org/10.1046/j.1365-2486.1999.00265.x
https://doi.org/10.1046/j.1365-2486.1999.00265.x
https://doi.org/10.1175/2008JHM1050.1
https://doi.org/10.1175/2008JHM1050.1
https://doi.org/10.1093/treephys/18.8-9.633
https://doi.org/10.1093/treephys/18.8-9.633
https://doi.org/10.1046/j.0028-646X.2001.00333.x
https://doi.org/10.1046/j.0028-646X.2001.00333.x
https://doi.org/10.1007/s10584-011-0087-8
https://doi.org/10.1007/s10584-011-0087-8
https://doi.org/10.1016/j.jhydrol.2005.11.029
https://doi.org/10.1016/j.jhydrol.2005.11.029
https://doi.org/10.1017/S0014479717000242
https://doi.org/10.1017/S0014479717000242
https://doi.org/10.1038/s41558-018-0361-0
https://doi.org/10.1038/s41558-018-0361-0
https://doi.org/10.13031/2013.18153
https://doi.org/10.13031/2013.18153
https://doi.org/10.1016/j.agrformet.2008.05.016
https://doi.org/10.1016/j.agrformet.2008.05.016
https://doi.org/10.1016/j.agrformet.2015.09.015
https://doi.org/10.1016/j.agrformet.2015.09.015
https://doi.org/10.1016/j.envexpbot.2018.12.007
https://doi.org/10.1016/j.envexpbot.2018.12.007

	_GoBack
	move27385977
	_Hlk23254842
	_Hlk22813759
	_Hlk23172739
	_Hlk22826672
	_Hlk22828087
	move273859771
	_GoBack
	_GoBack
	OLE_LINK104
	OLE_LINK111
	_GoBack
	Italian Journal of Agrometeorology
	n. 1 - 2020
	Firenze University Press
	Assessment and modelling of crop yield and water footprint of winter wheat by aquacrop 
	Serhan Yeşilköy1,2, *, Levent Şaylan2
	An agrometeorological analysis of weather extremes supporting decisions for the agricultural policies in Italy
	Barbara Parisse, Antonella Pontrandolfi, Chiara Epifani*, Roberta Alilla, Flora De Natale
	Evaluation of forage Amaranth (Amaranthus hypochondriacus l.) yield via comparing drought tolerance and susceptibility indices
	Alireza Ahrar1, Farzad Paknejad1,*, Seyed Ali Tabatabaei2, Fayaz Aghayari2, Elias Soltani3
	Effect of shading on photosynthesis of greenhouse hydroponic cucumber crops
	Evangelini Kitta, Nikolaos Katsoulas
	An empirical framework for modelling transpiration use efficiency and radiation use efficiency of biomass sorghum in Mediterranean environment
	Pasquale Garofalo*, Domenico Ventrella, Marcello Mastrorilli, Angelo Domenico Palumbo, Pasquale Campi
	Quinoa’s response to different sowing periods in two agro-ecological zones of Burkina Faso
	Abdalla Dao1,*, Amidou Guira2, Jorge Alvar-Beltrán 3, Abdou Gnanda2, Louis Nebie2, Jacob Sanou1
	Response of maize yield under changing climate and production conditions in Vietnam
	Thi Mai Anh Tran1, Josef Eitzinger2, Ahmad M. Manschadi3
	Evaluation of some evapotranspiration estimation models under CO2 increasing concentrations: A review
	Ghaieth Ben Hamouda1,*, Francesca Ventura1

