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Abstract. Potential evaporation (B} is a basic input for  sensitivity than the FAO’s. Both VPD and the model’s hu-
many hydrological and agronomic models, as well as a keymidity gradient, as well as the aerodynamic resistance have
variable in most actual evaporation estimations. It has beefeen identified as key parameters in governing E&nds.
approached through several diffusive and energy balanc€&inally, the sensitivity study is extended to two empirical
methods, out of which the Penman—Monteith equation is recapproximations based on net radiation and mass transfer
ommended as the standard one. In order to deal with the dif(Priestley—Taylor and Rohwer, respectively). The sensitivity
fusive approach, EFmust be estimated at a sub-diurnal fre- of these EF estimates is compared to the one provided by
quency, as currently done in land surface models (LSMs)USEB to test if simplified equations are able to reproduce
This study presents an improved method, developed in théhe impact of climate change on ET

ORCHIDEE LSM, which consists of estimating Eihrough
an unstressed surface-energy balance (USEB method). The
results confirm the quality of the estimation which is cur-
rently implemented in the model (Milly, 1992). The EUln-

derlying the refere.nce. evaporation proposed by the .Foo.d anggtential evaporation (EJ is a basic input for many hydro-
Agriculture Organization, FAO, (computed at a daily time |qgical and agronomic models that describes their interac-
step) has also been analysed and compared. tions with the atmosphere. In addition, £ the basis of
First, a comparison for a reference period under curreniyost actual evaporation estimations (Milly, 1992; Wang and
climate conditions shows that USEB and FAO’sgEstima- Dickinson, 2012). Consequently, changes inpEilie to cli-
tions differ, especially in arid areas. However, they producemate change will likely produce an effect on actual evapora-
§|m|lar yqlues yvhen the FAO's assqmptlon of neutral Stab_"-tion and more generally on the primary production of plants.
ity _cond|t|ons is relaxed, by replacing FAO's agrodynamlc In 2007, the UNFCCC (United Nations Framework Con-
resistance by that of the model's. Furthermore, if the vapoulsention on Climate Change) estimated the additional annual
pressure deficit (VPD) estimated for the FAO'S equation, iSjnyestment needed by 2030 to be able to bear the adaptation
substituted by ORCHIDEE’s VPD or its humidity gradient, costs brought about by climate change. It was predicted to be
the agreement between the daily mean estimates efi€T 10 171 billion dollars at a global scale, out of which 8 and
further improved. o _ _ 6.5 % correspond to the agricultural and water sectors, re-
In a second step, B sensitivity to climate change is as- gpectively (Parry et al., 2009). As ETetermines agronomic

sessed by comparing trends in these formulations for the 218{,q ater resources estimates, the uncertainties in predicted
century. It is found that the USEB method shows a higheriyands for EB should be taken into account.

1 Introduction
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4626 A. Barella-Ortiz et al.: Potential evaporation estimation

McMahon et al. (2013) explains that the term "potential for agronomic and hydrological models which do not have
evaporation" has been defined in several ways and providean explicit representation of the surface-energy balance and
examples of three different lEdefinitions. In this study itis  need an Ep estimation. Approximations have been derived
considered to be the amount of evaporation that would occufor the FAQ'’s equation for various time discretizations, from
if enough water was available at the surface. As no land surwhich the daily time step is retained for this study, as it is the
face process limits the potential evaporation determined bymost commonly used.
available energy and aerodynamic resistance, this flux ends The lack of data availability, the desire to simplify the
up being the atmospheric demand for water (Hobbins et al.estimation of E, or the need to perform local estimates
2008). Several methods have been developed to estimate itsave led to a number of approximations. Such is the case
value. They can be grouped in two different families. One of radiation and mass-transfer-based methods. For example,
of them is dominated by the turbulent diffusion equation the Priestley—Taylor equation approximatesEirough the
and mostly used in land surface models (LSMs). The othemet radiation (Xu and Singh, 2002). Another example is its
one is centred on a surface-energy balance equation (Morestimation through pan evaporation (Campbell and Phene,
teith, 1981). The Penman—Monteith equation, which is rec-1976). In this case, the method of Kohler et al. (1955) is used.
ommended as the standard method to estimateli€longs  Simplifications have also been made for reference evapo-
to the second group. Even though both families treat the twaation, like the Hargreaves method, which approximates it
equations (turbulent diffusion and surface-energy balance)through the air temperature (Xu and Singh, 2002). It is also
each one estimates RkTputting more emphasis on one of estimated by means of remote sensing (de Bruin et al., 2010),
them. This paper will refer to them as the diffusive and the using geo-stationary satellite observations, daily downward
surface-energy balance approaches. It must be remarked thaplar flux at the surface, through a radiation-temperature-
ETp is a conceptual flux, since it can not be observed. Fur-based approximated formula given by Makkink (1957).
thermore, as each method uses different hypotheses and ap-All of the aforementioned approximations have been
proximations they can only provide an estimate opET adapted to provide comparable estimates of BT the cur-

Concerning the first approach, Budyko’s scheme (Budykorent climate; however, it is known that variables used to
1956) uses a diffusive equation to estimate potential evapoedetermine Ep are affected by climate change. Kingston
ration. It is obtained by taking the ratio of the humidity gra- et al. (2009) analysed the climate change signal provided
dient and the aerodynamic resistance, multiplied by the aiby six different ET estimates. To perform this study, a sce-
density. The gradient is the difference between the saturatedario with a 22C rise in global mean temperature was used
humidity at the surface and the air's humidity. The virtual with five different global climate models. It was found that
surface temperatur&,, which differs from the actual one in the simulated climate change signal differed between the
the fact that it is related to a hypothetically wet surface, ismethods used, and this was identified as an important fac-
used to compute the saturated humidity. The most commottor in global freshwater availability projections. Therefore,
way to implement this method in a general circulation modelthe assumptions made in different methods when approxi-
(GCM), however, is by using the actual surface temperaturanating ET> may not provide the correct sensitivity needed
instead of the virtual one (Manabe, 1969). Since this leads tdor a changing climate. This would result in a misleading
an overestimation of B} Milly (1992) proposed a corrective estimation of EF and eventually lead to poor projections
term which takes into account the soil moisture stress’s effectvhich affect decisions regarding water resource management
on the actual surface temperature. This paper presents a fuor crop yields.
ther step in the EF computation by estimating virtual sur- The aim of this paper is to study the sensitivity of £T
face temperature through an unstressed surface-energy bab changes in atmospheric parameters which are expected
ance (USEB method). Thereby, the diffusive equation used tdo occur with climate change. To do so, EWill be es-
estimate Ep is closer to the original Budyko hypothesis and timated using different methodologies. On the one hand,
the Penman—Monteith method. It has been implemented ithree LSM-based methods will be used. In this way, ad-
the ORCHIDEE (ORganising Carbon and Hydrology In Dy- vantage will be taken of the LSM’s sub-diurnal time step
namic EcosystEms) LSM, developed by the Institut Pierre—and the fact that it solves the energy balance and provides
Simon Laplace. access to all atmospheric parameters needed. On the other

The second approach focuses on the energy partition behand, ETF will be computed using the FAO’s reference equa-
tween sensible and latent heat fluxes to obtaip.En ex- tion and by means of two empirical approximations. These
ample is the Penman—Monteith equation, which is the ba-are a radiation-based (Priestley—Taylor) and a mass-transfer-
sis for further simplifications, like the Food and Agricul- based (Rohwer) methods. Special attention will be paid to
tural Organization (FAO) formulation that provides a refer- the aerodynamic resistancg)( as well as the vapour pres-
ence evaporation (Allen et al., 1998). In this case, the assure deficit (VPD) and the humidity gradient, since they are
sumed EP (which can be computed setting the surface re-approached in different ways in the methods and are found
sistance to zero) is obtained using only standard meteoroto be critical in the estimation of BTl
logical data over a reference surface. This is an advantage

Hydrol. Earth Syst. Sci., 17, 46254639 2013 www.hydrol-earth-syst-sci.net/17/4625/2013/
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Table 1. The different methodologies used in this study to computg.ET

4627

ETp methodologies

Method Equation Comments

Bulk ETp Buk = £ [4s(Ts) — qa] SinceTs is higher than
Tw, ETp is overestimated.

Milly ETp mily = r% [gs(Ts) — qa) (ﬁ) Ts andgs (Ts) are computed
through the normal surface
energy balance. Milly’s correction
for soil moisture stress is applied.

USEB ETp uses= £ [¢s(Tw) — ga] Tw andgs(Ty) are computed
through an unstressed surface
energy balance.

1 AR—G)+ MCD FAO = | 7ty U2VPD
FAO ETp Fa0= —— [ iy | e The surface is considered

Aty
(saturated surface)

to be unstressed and no surface
resistance has been considered.

Rn

Priestley—Taylor EfFpr=0 ﬁ Ro

Radiation-based method

Rohwer EP ron= 0.44(1+ 0.27U5) VPD

Mass-transfer-based method

Table 2. Description of E yses ETp BuLk, ETp milly and the cases defined to computestrho, according to the variables they depend

on and the assumptions made for their calculation. The computation has been carried out at a daily time step, except for the following cases:
@ The time step computation of EThas been the LSM's one, 30 min. A daily mean has been computed afterwards.

b The parameter’s time step computation has been the LSM’s one, 30 min. Next a daily mean has been saved to use it in FAO’s equation.

ETp methodologies and assumptions

Method Temperature Deficit/Gradient Aerodynamic Resistance

3USEB Tw qs(Tw) — qa raorc= (Cp orcU2) !

aBulk and Ml"y Ts qs(Ts) — qa As USEB

FAO case 1 M FAO'’s proposal FAQO'’s proposal
VPD = Ps(Ta) — Pa rarao= (Cp paoU2) ™1

FAO case 2 As FAO Case1l ORCHIDEE's computation As FAO Case 1
Gradient= Ps(Ts) — P3

FAO case 3 AsFAOCasel AsFAOCasel As USEB

FAO case 4 As FAO Case1l AsFAO Case 2 As USEB

FAO case 5 As FAO Case 1 P ORCHIDEE’s computation As FAO Case 1
VPDorc= Ps(Ta) — Pa

FAO case 6 As FAO Case1l AsFAO Caseb5 As USEB

ETp's estimation and the USEB method’s implementa- paper will conclude with a recommendation for estimating
tion in ORCHIDEE are described, as well as FAO’s refer- ETp in a changing climate.
ence equation. The two empirical approximations are also ex-
plained. A result section will follow, showing a comparison
between the LSM and FAO methodologies and how under
the current climate, the difference between them is reduce@ Methodology
when the atmosphere’s stability is taken into account in the
FAO equation. Afterwards, the impact of climate change onThe different methodologies used to estimatepHif this
ETp will be studied. In addition, variables used for estimating study will be explained and summarised in Table 1. Next,
ETp will also be analysed in order to identify the key param- the forcing data used will be presented. Lastly, a comparison
eters which are sensitive to the expected changes. Finally th@ill be made between the VPDs, humidity gradients, and

definitions from FAO and ORCHIDEE. This will lead to the

www.hydrol-earth-syst-sci.net/17/4625/2013/ Hydrol. Earth Syst. Sci., 17, 4628639 2013
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definition of six different options to compute ETsing the  2.1.2 Milly’s method
FAO equation, which will be detailed in Table 2.
In order to reconcile the estimation of EUising7s instead of
2.1 Definition of potential evaporation in ORCHIDEE: Tw, Milly proposed to apply a correction to the bulk formula
bulk, Milly and USEB methods in 1992. He did so by computing the relative errgy given

] o _ by the use of the actual surface temperature:
Before this study was initiated and the USEB method imple-

mented in ORCHIDEE, there were already two methods for ETp(Ts) — ETp(Tw) f_—;’qg(Ta)[l— Bl

computing potential evaporation implemented in the LSM: & = = 3 P Ip . @
the bulk method and Milly’s method (de Rosnay et al., 2002). ETp(Tw) deo T3 + 77 + 7745(T) Bs
21.1 Bulk method wheree is the emissivityg the Stefan—Boltzmann constant,

andgg the derivative ofys with respect to temperature, eval-
Potential evaporation is computed following Manabe’s uated at7,. From now on, the EF computed by means of
scheme, (Manabe, 1969). It is based on Budyko’s approachkg. (1) with the application of Milly’s correction (see Ta-
where E is the product between the air densityand the  ble 1) will be referred to as By .
humidity gradient, divided by the aerodynamic resistance
By definition, the gradient’s saturated humidity should be 2.1.3 USEB method

computed using a virtual temperatufg,. However, the way ]
in which this method is usually implemented in LSMs is to The aim of the USEB (Unstressed Surface-Energy Bal-

use the actual surface temperatufe, ance) method is to estimate gTn a LSM considering
a non-stressed surface. This is a new means of computing

ETp(Ts) = L [9s(Ts) — qa] . (1) E_Tp which has been developgd in the OR_CHIDEE LSM_.
Ta Like the other two methods, it has been implemented in

wheregs is the specific humidity of saturated air apgis ~ the SECHIBA module, Schématisation des EChanges Hy-
the specific air humidity. The actual surface temperature condriques a I'lnterface Biosphere-Atmosphere (de Rosnay and

firms the following simplified energy balance equation: Polcher, 1998), which simulates physical processes between
the ground, the vegetation and the atmosphere, as well as
Lp PCp the ground’s hydrological cycle. The LSM can be run cou-
Rn— G = Bs— Ts) — + —I[Ts— T4, 2 . . L .
n Ps ra [45(T9) ~ 4a] a (75— T @ pled with the general circulation model LMDZ, which was

developed by the Laboratoire de Météorologie Dynamique
(LMD), or on a stand-alone mode. For this study, uncoupled
simulations have been carried out. The computation time step
« is typically 30 min, allowing for a full representation of the
"diurnal cycle.
The first step is to compute a hew energy balance in OR-
CHIDEE, differing from the existing one by the fact that the
ET = BsETp(Ts). (3) surface is considered to be saturated, as proposed by Milly
(1992). This is achieved by neglecting the surface resistance
From now on the EF computed by means of Edl)(willbe in the energy balance calculation. The soil heat flux is the
referred to as Ef guLk. one used in the normal energy balance. The effeet an
Models computing potential evaporation as indicated inthe unstressed surface-energy balance has been assumed to
Eq. (1) will overestimate it, sincd’s is greater or equal (if pe negligible. Next, the virtual temperature is used to cal-
the surface is unstressed) Ta. As the surface gets drier, cuylate the saturated humidity. Finally, ETs obtained fol-
the difference betweefy and7s will increase, amplifying  Jowing Budyko (1956). The relation used is Ed),(but the
the overestimation of B In order to obtain a better esti- virtual temperature7,,, is used instead of; (see Table 1).
mate, the humidity gradient must be reduced. There are twg-rom now on the Ef computed using the USEB method will
ways to do this: The first is to develop a correcting factor for pe referred to as Bluses
the bulk formula (Ml”y, 1992), and the second is to Compute Actual evaporation may be Computed through an un-
a virtual temperature and use that to calculate the humiditystressed surface-energy balance. In order to do this, it is com-
gradient (USEB method). puted using Eq.3), but ETp(7y) and B have to be used
Since it has been proven that the bulk method overestiinstead of EB(7s) and Ss. fw and s are not likely to be
mates EP (Milly, 1992), this method’s estimation will not  equal, because the different assumptions about the tempera-
be analysed in this paper. Its response to climate change willyre used in EF will lead to a very different atmospheric de-
nevertheless be analysed and compared to the responsesghnd. Therefore, it is very likely that the different assump-
the other methodologies. tions made in LSMs regarding Twill lead to a different

Ry being the net radiation an@ being the soil heat flux.
T, is the air temperaturd, is the latent heat of vaporization
of water and the specific heat of the air is denotedcpy
Bs is a parameter named the "moisture availability function
which reduces Ed to actual evaporation (ET) when water
supply is limited:

Hydrol. Earth Syst. Sci., 17, 46254639 2013 www.hydrol-earth-syst-sci.net/17/4625/2013/
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adaptation of the parameters used in the formulation of the Finally, if these approximations are substituted into B. (
moisture availability function. together with Eq.§) to Eq. @), the ET, given in mmd 1 is

2.2 FAO reference evapotranspiration equation FA (R —G)+ [%CD FAO%] 74273U2VPD
The Food and Agriculture Organization Irrigation and _ +7 (A +1rsCorrol U2)
Drainage Paper no. 56 provides a methodology to estimaté‘;Vh,ereNd is the number of seconds per day. The numera-
a daily mean reference evaporation (E®n a reference sur- {0r'S term in square bracke’Fs is approxmateq to 900 and the
face, using meteorological data from a height of 2m. Thisdénominator's to 0.34. As it has been explained in the pre-
reference surface is defined as a “hypothetical reference cropiOUs section, no surface resistance has been considered in
with an assumed crop height of 0.12m, a fixed surface rethe USEB method implementation. Our aim is to estimate
sistance of 70smt and an albedo of 0.23". It is described the ETe underlying the FAO equation. Therefore, according
as an extensive surface of green grass of equal height, ad? the definition of EP provided,rs=0in FAO's equation.
tively growing, not short of water and where the ground canFrom now on the E§ computed using FAO’s method, will
not be seen. The ETassumed in the FAO formulation can Pe referred to as Erao. , _
be obtained for the reference surface by setting the surface 10 estimate E by means of FAO's reference equation,
resistance to zero. This EWill be the variable analysed in  the daily mean f(l)rcmg variables which are required are the
this study. While various time averages are provided by theVind speed (ms”), for the ra,ialnd the net short-wave and
FAO, we limit ourselves to the daily mean estimate as it is!0ng-wave radiation (MJ mPd1), to computeR,, and G.
the most widely used. Moreover, the maximums and minimums of both the rela-
The Penman—Monteith combination method, which com-tive humidity (%) and the temperatureQ) are also needed

bines the surface-energy balance and diffusive approaches, { obtain the daily average of VPD amxi which is a func-
adopted as the standard for reference evaporation: tion of temperature. Section 2.4 details how they have been

obtained.

A (Rn— G) + pcp PP -
LET = fa (5) 2.3 Radiation and mass-transfer-based methods

A+y(1+§—§>

Two different formulations have been used in this study
whereA is the slope of the vapour pressure cugvehe psy-  t0 compute empirical estimates of the atmospheric de-
chrometric constant ang the surface resistance. The VPD mand: Priestley—Taylor (radiation-based-method) and Ro-
represents the vapour pressure deficit of the air. It is the difhwer (mass-transfer-based method), both detailed in Xu and
ference between the saturation vapour pres®y(&,) and  Singh (2002). These methods were selected because there
the actual vapour pressuf. In order to obtain the FAO's Was more data available about them and because methods
reference equation, theand thecy, are replaced by the fol- were desired for which the atmospheric demand was approx-

lowing expressions: imated through different variables. The equations are pre-
sented in Table 1.

o — yeL ©) Priestley and Taylor (1972) simplify the combination

P P equation (Penman, 1948), basing thepEEBtimation on the

net radiation. Apart from th&,, the A andy from FAQO’s

and equation and a coefficient= 1.26 are also used.
_ P 7 Rohwer’s method (Rohwer, 1931) is a version of the Dal-
p= Sy (Ta+273 R’ ) ton equation and approximates gihrough the VPD and

U>. The VPD has been computed as it is proposed in FAO’s

where éy = 1.01 is used to approximate the virtual tem- (eference equation.
perature throughoutfa. R is the specific gas constant  gince these formulations include site specific parameters
(kJkg tK™), e the ratio of molecular weight of water \hich need to be calibrated for each location, their repre-
vapour/dry air and® the atmospheric pressure. sentation of the atmospheric demand over the globe for the

Neutral stability conditions, together with the fact that ¢yrrent climate will not be examined in this paper. Never-
a fixed reference surface is taken into account, allow theneless, their sensitivity to the impact of climate change on
approximation of the surface resistance to 704rand the  the atmospheric forcing can be considered to a first order as
aerodynamic resistance to independent of the site specific parameters. Therefore, this
paper will examine the general global shape of the response
of these empirical formulations, assuming that they will be
mostly independent of site specific adaptation, which would
have to be undertaken before they could be applied to impact
models.

rarao= (Cp FaoU2) 72, 8)

whereCp pao = 2081 is referred to in this paper as FAO's
drag coefficient and/; is the wind speed.

www.hydrol-earth-syst-sci.net/17/4625/2013/ Hydrol. Earth Syst. Sci., 17, 4628639 2013
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2.4 Forcing data erence surface (Walter et al., 2005). Therefore, the aero-
dynamic resistance differs between the two types of crops.

The study has been carried out for two different periods:Sincer, will be lower for tall crops than for short ones, ET

a reference period (from 1990 to 2000) and a future scewill increase for the former.

nario period (from 2000 to 2100). The ORCHIDEE simu- FAO's ry assumes neutral stability conditions and a ref-

lation for the reference period permits a comparison betweermerence surface with specific characteristics. This results in

the model and FAQO'’s output. The future scenario simulationa constant drag coefficien€6 Fao) and the wind speed be-

is performed in order to examine the sensitivity of thepET ing the only time evolving variable in the calculation Qf

estimations to climate change. On the contrary, the drag coefficient in ORCHIDEE's com-

The Water and Global Change (WATCiww.eu-watch.  putation (G orc) varies as a function of the surface rough-

org) Forcing Data (WFD) used for the reference period simu-ness and atmospheric stability following the Louis scheme

lation consists of sub-daily, regularly gridded meteorological (Louis, 1979). This is used in the bulk formula, the USEB,

forcing data, obtained using a bias correction of the ECMWFand Milly’s method, and is obtained according to

re-analysis. It has a resolution of half a degree, and extends

from 1958 to 2001 (Weedon et al., 2011). Regarding the fua orc= (Cp orcU2) . (10)

ture period, the forcing data employed is the bias corrected . , o

IPSL A2 scenario (Piani et al., 2010) which includes dataUnlike FAO's treatment, ORCHIDEE is not limited to

from the year 2000 until 2100. It is considered to be a green Unique reference surface, meaning that roughness is vari-

house gas increase scenario, based on the IPCC fourth Sp@Ple in space and time. It provides a representation of the
cial Report on Emissions Scenarios. vegetation variability considering 13 different PFT (Plant

FAO and the empirical approximations’ estimates will use Functional Type), detailed in Krinner et al. (2005). So if OR-
daily averages of WFD/IPSL A2 scenario except for vari- CHIDEE'Srareplaces that of the FAO, we will not only take
ables which are affected by land surface properties. For thesi't0 @ccount the different surface types, but the time evolving
variables, daily averages diagnosed within ORCHIDEE are@tmospheric stability as well. ,
used. Therefore, atmospheric variables, namely, the wind 10 replace FAO's with ORCHIDEE's 4, the drag co-
speed and the maximums and minimums of both the relativéficient computed in the LSMUp orc) has been saved for
humidity and the air temperature, correspond to those give'Sag€ in FAO's equation. For the cases whererghis re-
by the WFD/IPSL A2 scenario. On the other hand, surfaceP/ac€d, EB rao will be computed as follows:
related parameters, like the net radiation, contain informa- ARG +[MC i]LU CooreypD
tion from both the WFD/IPSL A2 scenario and ORCHIDEE. g, 12U =% [T C0m0s [ 7mznb2cone PP 4,

In addition to producing direct estimates of & Tetailed in Aty

Sect. 2.1, the simulations for the reference period and the fu2_5'2 VPD and humidity gradient

ture scenario period also provided the variables affected by

land surface properties. These were needed to compuie ETpjlen et al. (1998) states that the difference between the wa-

using the FAO equation and the empirical approximations de+er vapour pressure from the evaporating surface and the sur-
scribed in the previous section. As a result, the climate conyounding atmosphere is the driving force that removes wa-

ditions are equal for all estimations of ET ter vapour from the surface. This process is approached in
_ . a different way depending on the methodology used to cal-
2.5 Comparison of methodologies culate E. For example, estimations based on observations

will only use a VPD, becausg, can not be measured. The
FAQO’s approximation of the and VPD differs from their  penman—Monteith combination method, which is the basis of
computation in ORCHIDEE. So, apart from the originallET paQ's equation, computes a VPD. However, iEdstimates
estimation proposed by the FAO, five alternative estimationsy models generally use the gradient, as surface information
were performed replacing the originel by ORCHIDEE's s available. In the first case, the calculation is limited to the

and its VPD by the VPD computed in ORCHIDEE and the ajr at 2 m, while in the second one both the air and the surface
model's humidity gradient. These as well as ORCHIDEE's gre considered.

estimations are explained in Table 2. FAO’s equation proposes several approximations of the
_ _ VPD, and the user chooses between them based on the avail-
2.5.1 Aerodynamic resistance ability of atmospheric data. For this study the approxima-

) ~ tion detailed in Allen et al. (1998), which uses the maximum
When a reference surface is chosen for the computation 0knd minimum 2 m temperatures and relative humidities, RH,

ronmental and Water Resources Institute (EWRI) providesthese variables have been obtained from the WFD/IPSL A2
a standardized reference evapotranspiration equation, whicfcenario data sets.

distinguishes between tall and short crops regarding the ref-

Hydrol. Earth Syst. Sci., 17, 46254639 2013 www.hydrol-earth-syst-sci.net/17/4625/2013/
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Table 3.Mean ETp for the reference period regarding the USEB and Milly methods, as well as the FAQO's six cases.

ETp (mmd-1) for the reference period

Method Australia  Sahel Central Europe Amazon Basin
ORCHIDEE USEB 14.5 9.5 2.1 3.8
Milly 13.8 95 2.2 4
FAO Case 1 5.8 54 1.6 25
Case 2 57 49 1.2 24
Case 3 142 93 25 4.2
Case 4 135 7.9 1.8 3.5
Case 5 56 52 1.5 24
Case 6 133 8.9 2.3 3.6

On the other hand, BlguLk, ETp usegand ETp miny are 3 Results and discussion

computed using a specific humidity gradient. Taking advan-

tage of ORCHIDEE, the LSM uses the Clausius—ClapeyronThe various estimations of ETwill be compared in this

equation with a 30 min time step, resulting in a precise rep-section. To begin with, the reference period will be as-

resentation of the diurnal cycle. Two different gradients aresessed, showing ORCHIDEE’s computation (using USEB
computed in ORCHIDEE: the first is used in the bulk for- and Milly’'s methods) as well as FAO’s equation results com-
mula and Milly’s method, whergs is computed witils. The puted as explained in Tables 1 and 2. Afterwards; E&nds
second is used for the USEB method implementationgand for ORCHIDEE’s computations, FAO’s reference equation
is computed by means of the virtual temperatdig, (considering the six cases) and the two simplified approxima-

In order to test the differences between the two representions will be analysed with respect to the effects of climate
tations of the water vapour removal, Efao has been com- change.

puted, replacing its VPD by ORCHIDEE’s humidity gradi-  We would like to point out that as EsTis a conceptual

ent, converted to a vapour pressure gradient. Since the FAO'Bux, we will always deal with estimates. Therefore different

equation considers an actual temperature instead of a vilSM’s estimates may differ from each other. In our study
tual one, the LSM'’s gradient from the bulk formula, which the different methodologies’ estimates and trends have been
is calculated usings, is more appropriate for use in FAO's compared with those from the USEB method. In our opinion,
formulation. To compute this gradient, ORCHIDEE's daily this methodology contains most of the physical processes
estimates of the humidity of the air and the saturated surwhich are important for Eg estimation and its sensitivity
face have been used. Separately, the difference between the climate change. The atmospheric stability, which has been
saturated vapour pressure and the air vapour pressure at 2shown to be considered by ORCHIDEE’s aerodynamic resis-

(VPDoRrc) was also saved from the WFD/IPSL A2 scenario, tance computation, but not by FAO's, is one example.

in order to calculate EFpao. This will allow the comparison In order to facilitate the comparison, four regions have

with the ETp pao results obtained using the humidity gradi- been selected for analysis using the different methodologies,

ent and test the quality of FAO’s estimation of the daily meanwith the aim of sampling different climates, surface charac-

VPD. teristics, and vegetation types. Two dry areas were chosen,

Daily potential evaporation was computed for the differ- situated in northern Australia (118-14C0 E, 10° S-30 S)

ent methodologies and cases. Afterwards, the monthly anénd in the Sahel (20/-15 E, 10° N-20° N), representing

yearly means were calculated. Negative monthlpB&cur-  semi-arid and arid regions. Two humid areas were chosen,

ring under inconsistent atmospheric forcings were set to zer@ne in a temperate region, Central Europe (0-H444 N—

in the averaging processes. 54°N), and one in a tropical region, the Amazon Basin

In order to approach the climate change sensitivity study,(70° W-50 W, 2° N-14 S).

trends for the different Efmethods, as well as the VPD, gra-

dients,, andRy, have been computed. The significance level 3.1 Comparison of ETp estimates

chosen in this analysis is 95% (computed using the Cox—

Stuart test). Table 3 shows mean annual E£Values for the selected re-
gions computed using the USEB and Milly methods, as well
as the six cases defined for the FAO's equation. This com-
parison between methodologies is also analysed at a global
scale in Fig. 1. It must be stressed that the results from
Table 3 are general across the globe, as can be observed
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Fig. 1. The USEB method's EF mean annual values (mntd) for the reference periog). Differences, given in %, between the USEB and
Milly methods(b), as well as between the USEB method and the first four cases defined for FAO's eqaatidy {Vhereas red colours
provide higher values dealing the USEB method, blue ones imply that FAO's reference equation or Milly’s method provide hpgher ET
values.

in Fig. 1. This figure shows mean annual EEValues for = mations made for the VPD ang, have been analysed. The
the USEB method (Fig. 1a), its percentage difference withdifferences between cases 1, 2 and 5 will provide informa-
Milly’s method (Fig. 1b), and FAO'’s Eg estimation (Fig. 1c  tion about the effect of FAO’s VPD approximation compared
to f). Cases 5 and 6 for FAO's computation have not beento ORCHIDEE's gradient and to the VRJRc (computed at
included, due to their similarity with cases 2 and 4. a higher frequency). Case 1 compared to case 3 will serve to
First, the USEB and Milly methods provide equivalent re- test the impact of the aerodynamic resistance effect when the
sults in humid and arid regions. This result shows that usingassumption of neutral stability conditions defined in FAO’s
the actual surface temperature overestimates, Bfd that  estimation is lifted. Finally, cases 4 and 6 will show the com-
both methodologies succeed in estimating a more accuratbined effect of the LSM’s gradient/VRixc with its ra.
value (Milly, 1992). Table 3 and Fig. 1e identify case 3 as the one that shows
Second, values estimated by the FAO's equation (case 1the largest increase of RTin FAO’s equation. According
are lower than those provided by the USEB method, speto its definition (see Table 1), ETincreases if the; de-
cially in arid areas, as shown in Fig. 1c. For example, increases. Taking into account the fact that highep Elues
the Australian region, the FAO’s ETis 60 % lower than are yielded when ORCHIDEEIs, is used in FAO's equation
that of USEB, whereas in the Central European region it is(cases 3, 4 and 6), we conclude that the assumption of a neu-
24 % lower. Smaller differences are expected between the egral atmosphere and the neglect of surface roughness in the
timations in humid regions, since FAQ’s equation was de-FAQ’s formulation leads to the overestimationgf Com-
signed for continuously wet areas. In order to explain theparing case 1 to cases 3, 4 and 6, it can be concluded that
differences between these two methodologies, the cases déie assumption about the surface layer turbulence plays an
fined for FAO’s equation, and thus the role of the approxi- important role. If it is relaxed by using the LSMis, the
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difference from the USEB method is strongly reduced, as3.2 Sensitivity of physically based E} estimates to
shown in Fig. 1e and f. climate change
The gradient obtained from the bulk formula and the
VPDorc are smaller than FAQ'’s VPD, leading to higherfeT This section analyses the sensitivity of estimate@ Ercli-
estimates of FAO's case 1 compared to cases 2 and 5. Amate change, as simulated by the IPSL model for the A2 sce-
expected, VPBrc and FAO'’s VPD are very close to each nario. Special attention is paid to the USEB method and the
other, but the humidity gradient differs slightly more. The FAQO's reference equation because they are based on robust
FAO’s way of calculating VPD is expected to overestimate equations and represent the two families of approaches by
ETp in non-reference (arid) areas because there is a highawvhich ETp estimations are made. This study is performed
T, and a lowerP; in these areas, which would yield a higher after analysing the causes of the different behaviours shown
VPD than that which would occur under reference conditionsby both formulations (see Sect. 3.1). The Priestley—Taylor
(Allen et al., 1998). As a result, FAO’s VPD approximation and Rohwer approximations have also been studied, in the
using the maximum and minimum 2 m temperatures and relnext section, to analyse their sensitivity to the evolution of
ative humidities overestimates the atmospheric demand. Oatmospheric conditions expected in a changing climate.
the other hand, deriving VPExkc or using ORCHIDEE’s Climate change is driven by an increase in greenhouse
humidity gradient implies a sub-diurnal frequency computa-gases which leads to higher incoming long-wave radiation,
tion, the availability of all the variables needed, and a betterresulting in warmer surface and air temperatures. This, added
representation of the diurnal cycle. For this reason, we recto a lower diurnal amplitude of surface temperature, will af-
ommend the use of a LSM to compute the VPD instead offect both the VPD and the gradients between the surface and
the approximation of the FAO. Apart from VRJRc, FAO’s the atmosphere. Although rainfall and actual evaporation will
equation has also been computed with the bulk formula’s graexperience changes as well, they are only expected to affect
dient and the results match each other. If Fig. 1c and d ar&Tp in an indirect way.
compared, the effect of using FAQO’s approximation or the The linear dependence of gDn the VPD/humidity gra-
humidity gradient from the bulk formula can be observed. dient and its inverse relation with thg are two common
Figure 1f shows that the combined effect of ORCHIDEE's characteristics shared by ORCHIDEE's femethodologies
ra With the bulk formula’s gradient (case 4) provides anbET and FAO’s equation. However, while th®, is considered
which is in good agreement with the USEB method. Re-through the gradient computation in the LSM, it is an addi-
sults are similar if VPIQrc and ORCHIDEE’sr; (case 6) tive factor to the VPD in the FAO’s equation. Climate change
are used. In both cases, the difference compared with ORmodifies several variables that are important for the estima-
CHIDEE's computation is below 20 % in most parts of the tion of ETp, namely, (i) ther,, (ii) the VPD/humidity gra-
world. These are the configurations of the FAO'’s equationdient, and (iii) theR,. For this reason these variables have
that best match the USEB method globally. It is notable been analysed in order to evaluate their impact op. F1g-
that case 3 provides estimates which are closer to the USEBre 2 shows the trends which are statistically significant in
method concerning certain arid regions; however, this is dugercentage per decade.
to the overestimation of the FAO’s VPD. The impact of climate change on wind speed directly af-
In summary, both Eg ysegand ETp miiy provide similar  fects thera as used in FAO. Itis shown in Fig. 2a, whegs
results, confirming the idea that usifigleads to an overes- trends are driven by the wind speed. Fig. 2b shows the trends
timation of potential evaporation. Eysesand ETr pap are in ORCHIDEE'sr,, which is impacted by climate change by
different due to certain assumptions made in the derivationvay of the wind speed and the atmospheric stability. Because
of the FAQ’s equation, such as the treatment of the atmo-of this additional dependence, it shows a stronger and more
spheric stability, as discussed above. ORCHIDER pro- diverse response to climate change, yielding trends which
vides a more detailed characterization of the surface andange from—209% to 20 % per decade. In contrast to FAO’s
a better description of the atmospheric stability. When usedequation, ORCHIDEE's, displays stronger negative trends,
in FAO’s equation, the differences with the USEB method which can induce increases of ETTherefore, it has to be
are reduced by more than 50 % in some regions. The gradientoted that even in regions where the trendtis not statis-
used in the bulk formula, as well as the VBkt: are lower tically significant, it can still impact Ef.
than FAO's approximation of the VPD, which is knownto be  Of the three sets of variables considered, the VPD and the
overestimated in arid regions. Globally, the combined effectbulk formula’s gradient show a systematic increase over the
of the VPDprc and the LSM'sr, (case 6), followed by that world, as seen in Fig. 2c and d, just as thepEA sim-
of the gradient and the LSMis, (case 4), provide the closest ilar behaviour is shown by USEB'’s gradient in Fig. 2e,
match to the Ep estimates yielded by the USEB method.  which shows a general positive trend for most continental
surfaces, but shows negative ones in some mountainous re-
gions. The trend coherence shown between the & the
VPD/humidity gradient, is supported by the spatial correla-
tion between them, which is 0.54 for the FAO’s case and 0.61
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Fig. 2. Significant trends showing the increasing or decreasing % per decade for the aerodynamic resigtaheeMPD, the humidity
gradient, and the net radiatioR(), regarding the IPSL A2 scenario and the different formulations. The blank areas correspond to regions
where no significant trends have been found.

for USEB's. Spatial correlation was also computed betweenas % of the value yielded by the USEB method has been
the ETp andr,, obtaining weaker relations. These reasons, asliagnosed. Therefore, Fig. 3b to e display differences in %
well as the fact that there is a linear dependence betwepn ETof % per decade. This information is also detailed for the
and VPD/humidity gradient, prove that these are the domi-selected regions and the methodologies chosen to compute
nant terms in the trend seen for gTor the climate change ETp in Table 4. The E® computed using the bulk formula
scenario we are considering. has also been considered in the sensitivity study, and thus

Finally, the sensitivity of the net radiation has also beenincluded in Table 4.
studied, because it determines the energy available at the In addition to the fact that Ediy provides estimates
surface for evaporation. ORCHIDEE’s computation ofd=ET  which are in good agreement with the USEB method (see
FAO’s reference equation, and Priestley—Taylor's equationSect. 3.1), the similarity in trends between the two meth-
use the same radiation dependence. The trengtg,ishown  ods indicates that their sensitivities are also comparable (see
in Fig. 2f, are positive in most cases as a direct consequencgig. 3b). The bulk formula overestimates g5 sensitivities,
of an increase in greenhouse gases (Philipona and Durhecause it usess in its computation without applying a cor-
2004). recting factor.

Figure 3a shows a significant increase ofEver the en- Compared with the case 1 defined for the FAO’s reference
tire globe (up to 8% per decade), computed with the USEBequation, the USEB method provides higher trends and thus
method. Based on the discussion above regarding the parangher sensitivity to climate change, as shown in Fig. 3c.
eters it depends on, we conclude that it is essentially driveriFor example, a difference of 54 % is found over part of the
by the humidity gradient. region defined for Australia. This means that if the USEB

In order to compare the trends obtained for the various esmethod has an increase of 2.45 % per decade, FAO’s trend is
timates of EP with that of USEB’s, the difference in trends only 1.13 % per decade. Since the fElalues provided by
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Fig. 3. The USEB method’s EF significant trend showing the increasing % per dedajeDifferences, given in % of percent change per
decade, between the USEB and Milly methddys between the USEB method and FAQ'’s cadg)l and between the USEB method and
the approximations of Priestley-Taylor and Rohweiaqde). The blank areas correspond to regions where no significant trends have been
found.

the two formulations differ (see Table 3), these percentagesontrast shown by the USEB method and not by the FAO's

correspond to increases of 0.33 and 0.06 miper decade  method.

for the USEB method and the FAQ'’s equation, respectively. Comparing case 1 with cases 2 and 5 in Table 4, the sen-

Therefore, it must be emphasised that a difference of an ordesitivity of ETp increases when VPfkc or ORCHIDEE's

of magnitude can result between the two methodologies.  gradient are used in the FAO’s equation. This implies that
Table 4 shows that the differences are reduced when ORthe FAO's estimation of the VPD is less sensitive to climate

CHIDEE's 5 is used in the FAO’s equation (cases 3, 4 and change than VPBrc and ORCHIDEE's gradient.

6) in all regions except the Amazon Basin. This implies that As found for the reference period, the combined effect

considering atmospheric stability generally amplifiessBT  of ORCHIDEE’s humidity gradient or the VRikc with r

trends. Therefore, even thoughmay not drive a global EFT (FAO's cases 4 and 6), provides trends which are in good

trend, it does amplify or decrease it. For instance, Fig. 3cagreement with USEB’s. For the Amazon region, where no

shows that the difference in trends betweerplg3eg and strong trends were found regarding the VPD agcdo sig-

ETp rao is higher in the north than in the south of Australia. nificant difference is expected between the two methodolo-

Cases 1 and 3 were compared and FAO case 1 has a diffegies, as shown in Table 4.

ence in trends of 1 % between the northern and southern Aus- This study has been performed focusing on annual mean

tralian regions, while if the atmospheric stability simulated ETp, but, the analysis has also been carried out in the Sahe-

by ORCHIDEE is taken into account (case 3), this differencelian region for the humid and arid seasons. No fundamental

rises to 38 %. Therefore, the VPD/humidity gradient drives difference has been found at the seasonal scale and thus have

the trend in E and the spatial variation af, produces the  not been shown above. The VPD and humidity gradient are

confirmed to be the key parameters that drive the positive
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Table 4. Significant increases of Eplare given in % per decade. Their relative changes compared to the USEB method are expressed as a %:
(u%&ggthod) 100.

ETp sensitivity study for the future scenario

Method ETp change (% per decade) Trend difference to USEB (%)
Australia Sahel Central Amazon Australia Sahel Central Amazon
Europe Basin Europe Basin
ORCHIDEE USEB 2.45 1.85 2.05 1.24
Milly 2.1 1.62 2.26 1.4 14 12 -10 -13
Bulk 49 4.36 5 3.61 —100 -136 —144 —-191
FAO Case 1 11 0.57 1.31 1.05 55 69 36 15
Case 2 1.45 0.8 1.63 11 41 57 20 11
Case 3 2.04 1.36 2.01 1.01 17 26 2 19
Case 4 2.51 1.69 2.39 1.46 -2 9 -17 -18
Case 5 111 0.64 1.32 1.05 55 65 36 15
Case 6 2.06 1.46 2.04 1.04 16 21 0 16
Simplif. Approx.  Priestley— 0.43 0.44 1.59 1.1 82 76 22 11
Taylor
Rohwer 4.05 3.61 4.01 2.56 —-65 —-95 —-96 —106

trend of ETp. Their sensitivities increased during the humid to unbias EF estimates originating in GCMs, than the vari-
season. ables needed to compute it by means of FAO's equation.
The impact of the approximations that the FAO’s method
uses to compute the VPD ang on their climate change 3.3 Sensitivity of empirical ETp estimates to climate
signals as well as on BB climate change signal has been change
analysed in this section. Both parameters produce trends that
are underestimated if compared with those computed in ORThe two empirical approximations (Priestley—Taylor and Ro-
CHIDEE. Consequently, BIs sensitivity is reduced when hwer) show different behaviours regarding their sensitivity
computed with the FAO’s method. to climate change. None of them considers changes in atmo-
Deficiencies found in the FAO’s Erlsensitivity to climate  spheric stability, which is a key aspect in the FAO formu-
change also apply to FAO's ETThe reason is that both the |ation as it has shown to amplify BB trends for a chang-
VPD andr, are used in its estimation, as shown in Eqg. (9). ing climate. Rohwer’s equation shows higher trends than the
During our study, we have analysed the sensitivity of FAO’s USEB method, in some cases by more than 400 %, as shown
ETo to climate change. The same analysis has been pein Fig. 3e. The cause is that ETs approximated by only
formed for an empirical formulation developed from FAO’s keeping the dependence on the wind speed and the VPD,
methodology. This is the Hargreaves’ method, which approx-which provides positive trends from 0 to 30 % per decade,
imates ET, by the air temperature (Hargreaves and Samanishown in Fig. 2c, and has been identified as the driving vari-
1982, 1985). Differences between their trends were found taaple of ET's trends. On the other hand, the Priestley—Taylor
be under 12 % for all of the four regions selected, except themethod shows a positive difference in trends in Fig. 3d,
Amazon Basin (where no significant trend was provided bywhich implies that it has a lower sensitivity to climate change
Hargreaves’ method). The equivalence in trends highlightshan the USEB method. Its trend is driven by #eand pro-
the need to take into account the impact of the assumptiongides lower/higher trends than FAO’s equation in arid/humid
made on the, and the VPD, not only because of their effect regions. This result is in good agreement with (Weedon et al.,
on FAO’s ET, sensitivity, but also on that of further derived 2011) as well as (Kingston et al., 2009), who found that the
simplified formulations. lack of dependence on VPD in this formulation is significant
Another issue to be taken into account is the fact thatin arid regions.
GCMs may have significant errors and thus estimates of ET  McVicar et al. (2012) suggests that when dealing with
can have a strong bias. However, even though they might belimate change, the impact of four primary meteorological
affected by systematic biases, the estimate of the trend willariables (wind speed, atmospheric humidity, net radiation
include aspects of climate change in the wind speed and turand air temperature) should be considered to better under-
bulence that can not be integrated into the more classical esstand E. Because the empirical methods do not include
timates of EF's daily equation. So it might be more suitable the complex interaction between the key variables in the ET
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estimates Rn, ra, VPD/gradient) they are not able to repro- equation. The USEB method produces higher estimates of
duce the trends found with the more physically based esti-ETp and higher contrast in annual spatial variance, as well as
mates. Furthermore, they are also regionally constrained. Faa higher climate change signal. Significant differences have
instance, Fig. 2f shows that th&, has a high impact in the also been found in the amplitude of the trends provided by the
Amazonian region and the approximation that provides theempirical approximations and within their spatial structures.
closest sensitivity to the USEB method is that of Priestley-The sensitivity study done of BB parameters has revealed
Taylor, which is radiation-based. Rohwer’s method does nota similar behaviour between FAO’s VPD approximation and
consider the net radiation; as a result, its trend differs byORCHIDEE’s VPD and humidity gradient, the last two be-
106 % from the USEB's trend in that region. ing more sensitive to climate change. FAO'’s scheme for the
As discussed in Sect. 3.1, the values analysed from Taaerodynamic resistance has been found to reduce the spatial
ble 4 show results which are representative of the generastructures and the global average offsTtirends when com-
behaviour of the trends provided by the different methodolo-pared to ORCHIDEE’s methods. Correlation studies between
gies. the ETp and the evolution of these parameters have shown
Summing up the sensitivity study performed forgasti-  strong spatial relations between the VPD/humidity gradient
mates, the VPD/humidity gradient has been identified as thend the atmospheric water demand. Such relations were not
key parameter that drives the increase opdr the IPSL A2 found for the aerodynamic resistance.
climate change scenario. The stability assumption made by It can be concluded from the study that the consistency of
FAO is probably an oversimplification which leads to a lower the USEB and Milly methods shows that they are reason-
sensitivity than the USEB method. The two empirical esti- able estimates of Penman—Monteith’'s fE@stimation. Al-
mations of E show different sensitivity to climate change, though the USEB method implies more computational time,
depending on the region selected and the parameters useditchas fewer assumptions than Milly’s correction and should
compute Ep, and none of them seem compatible with the thus be more robust. Both of them agree that the BB-
physical estimates. tained through the bulk formula is overestimated, because of
a humidity gradient which is exaggerated through the usage
of the actual surface temperature instead of the virtual tem-
4 Summary and conclusions perature. It can also be concluded that the sensitivity of the
ETp assumed in FAO’s equation underestimates its sensitiv-
The study detailed in this paper consisted of three stages. lity to climate change when compared to the USEB and Milly
the first one, a new method to compute Penman—Monteith’snethods. As for the empirical approximations, the simplifi-
potential evaporation (E9) through an unstressed surface- cations made in the BEsTestimation neglect processes that
energy balance (USEB) was implemented in the ORCHIDEEplay an important role when the climate changes. Concern-
land surface model. During the second stage, a compariing ETp’s key parameters, it was found that the assumption
son between several methodologies was performed for thef neutral stability conditions is one of the weakest made in
current climate. These are the USEB method, the previou$AQO’s formulation. The humidity gradient and the VPD have
estimation implemented in ORCHIDEE (Milly, 1992) and been identified as the driving variables for the estimate of
FAQO’s reference evapotranspiration equation. In the thirdETp carried out with the USEB and FAO’s methodologies,
stage, Ep’s sensitivity to climate change was studied for respectively.
the same methodologies, as well as for two empirical ap- Agronomic and hydrological models which need to esti-
proximations (Priestley—Taylor and Rohwer). The sensitivity mate actual evaporation will use one of thepEstimations
study was extended to B parameters in order to identify presented above. They will then apply a surface resistance
the key ones for a changing climate. in order to take into account the vegetation or soil capac-
The USEB method is based on Budyko’s hypothesis andty to provide water for evaporation. When these models are
thus is a more robust equation than the FAO’s recommenthen applied in a climate change scenario, attention has to be
dation of the Penman—Monteith method (Allen et al., 1998).paid to the sensitivity of the Blformulation underlying the
The FAO's equation has been developed for a reference suevaporation model. This paper has shown that various meth-
face and assumes a neutral atmosphere. In order to adapt dds developed to estimate gdo not provide equivalent esti-
the aerodynamic resistanog)(as proposed by ORCHIDEE mates nor do they provide comparable sensitivities to climate
has been introduced in the FAQ'’s equation. Furthermore, thehange. The estimation of ETin the LSM is the method
humidity gradient (used in ORCHIDEE’s estimations) and that contains most of the physical processes that we believe
the VPD, also computed in the land surface model, have beeare important for determining the climate change impact on

used in the FAQ’s equation as well. ETp. These processes have been identified and in some cases,
The results have shown that USEB and Milly’s estimationsfound to be missing in other Eslestimations.
are in good agreement regardingd=Tglobal average as well For all these reasons, we hypothesise that the USEB and

as its sensitivity to climate change. However, thesEdund Milly’s methods not only provide a good estimate for cur-
by USEB differs from the Ef# underlying the FAO reference rent climate, but also produce a realistic sensitivity opET
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