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Abstract

Using two extensive data sets of daily lysimetric measurements of reference evapotransgigatiom@ay ) under
climatic conditions ranging from humid tropical (Piracicaba, SP, Brazil) to semi-arid (Davis, CA, USA) it is here presented
an evidence that the Priestley—Taydoparameter can be set equal to the inverse of the McNaughton—Jarvis decoupling factor
0, that is,« = £2~1. This approach does not require local calibrations and it allows for a varatfeveral statistical
measures of the goodness of fit indicate that this simplification represents a good alternative to the theoretically more robust
Penman—Monteith with the parameterization scheme of the FAO-56. Selected days with almost perfect match between FAO-56
estimates and observations, wiEy varying from 0.60 to 7.0 mm day, showeds2 values from 0.69 to 0.932 decreased
linearly as a function of the wind run.

The Perrier—Katerji-Goose—ltier model f@rdid not work well for the present data sets. The main problem here is the
determination of a critical resistance with daily averages of vapor pressure deficit.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the surface in capturing the incoming radiation, and
it sets the lower limit of ET if soil water supply is not
Evapotranspiration (ET) has been the subject of limiting and also if it is not influenced by upwind or
many reports for almost a century. At first the es- overhead conditionsMcNaughton, 1976a)b Under
timates were based on empirical relationships but such conditions ET is defined as the equilibrium evap-
Penman (1948presented an equation incorporating otranspiration Eeg) by Slatyer and Mcllroy (1961)
all the weather variables with direct effect upon the  The surface—-atmosphere interactions term depends
evapotranspiration process. The Penman equationon the aerodynamic characteristics of the surface
separates the contribution of the weather elementsand it expresses the conversion of sensible heat of
into two terms. One term isolates the effect of the the surrounding air into latent heat. As a rough sur-
available radiation, while the other term groups the face interacts more strongly with the atmosphere it
elements that represents the surface—atmosphere inis able to extract more sensible heat from the pass-
teractions. The radiation term expresses the ability of ing air than a fairly smooth surface. The degree of
atmosphere—vegetation interaction can be estimated by

* Tel.; +55-19-3429-4100; fax}55-19-3422-5925. a decoupling coefficient®), defined byMcNaughton
E-mail address: arpereir@esalq.usp.br (A.R. Pereira). and Jarvis (1983)based on the Penman—Monteith
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equation. The decoupling coefficient sets the relative
importance of the equilibrium term to the overall ET
and it varies from O (a perfect coupling condition with
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Theoretical atmospheric boundary layer models
(McNaughton, 1976a;bDe Bruin, 1983 Monteith,
1995 Raupach, 2000have been used to study the

the atmosphere providing all the needed energy for variation of «; in general,o decreases as the sur-

the ET) to 1 (a complete isolation being the radiation
the only contributor to the ET process).

Likely values of2 are inversely related to the leaf
width and plant heightJarvis, 1985; Jones, 1994;
Jones and Tardieu, 1998However, experimental
results from agricultural cropsBéldocchi, 1994;
Steduto and Hsiao, 1998 forests Wullschleger
et al., 2000; Martin et al., 20Q,land windbreak trees
(Smith and Jarvis, 1998how large day-to-day and
hour-to-hour variation if2. A 3D canopy simulation
model indicated the existence of a spatial variation of
£2 within the crown of an isolated walnut tree, with

face resistance to the evapotranspiration increases.
Such models contribute towards the development of
a theory of the evaporation process of large areas
(McNaughton, 1976} but an operational model for
the everyday management activities is still necessary.
Monteith (1965)andPerrier (1975had shown that
£2 can be interpreted as the ratio between the evap-
otranspiration rate of a dry surfacE)( given by the
Penman—Monteith equation, and the rate of a wet sur-
face Ep), given by the original Penman equation, both
in the same weather, a2 = E/Ep. With this def-
inition of £ it will be tested here the goodness of

the sunlit leaves less coupled than the shaded onesthe working hypothesis that the reference evapotran-

(Daudet et al., 1999 Therefore 2 can be dealt with
in any time or space scale.

spiration can be computed &% = Q*lEeq, oroa =
22~ 1. It can be a mere coincidence but for a grass field

Based also on the Penman—Monteith equation, « = 1.26 ~ 0.87! as indicated byMcNaughton and
Allen et al. (1998)defined reference evapotranspira- Jarvis (1983) Experimental results will be presented
tion (Eo) as the amount of water used by a hypotheti- indicating thatx = £2-1 is a good approximation for
cal extensive reference surface of green, well-watered computingEg, on a daily time scale, under climatic

grass of uniform height of 0.12m, actively grow-
ing and completely shading the ground, with a fixed
surface resistance of 70s™ and an albedo of
0.23. Under such conditions, with advection hav-
ing the least effect upon the evapotranspiratiBgy
represents about 80% @&, on average® = 0.8,
McNaughton and Jarvis, 1983riestley and Taylor
(1972) proposed to neglect the aerodynamic term
and correcEeq by a dimensionless coefficient(the
Priestley—Taylor parameter) @&y = aEeq Experi-
mental results from several sites around the world,

conditions ranging from humid tropical to semi-arid.
This approach avoids the use of a fixed/alue, and

it eliminates the need for local calibrations, and for
measurements of atmospheric humidity.

2. Theory

Rearranging the Penman—Monteith equatigioi-
teith, 1965, 198} to study the relative contribution
of the radiative E5g) and aerodynamicHzerg terms

including vegetated surfaces and large water bodiesto the overall evapotranspirationE,( mmdayt),

(lake and oceans), gawevalues in the range between
1.08 £ 0.01 and 134 + 0.05, with average of 1.26
(Priestley and Taylor, 1972

Empirically,a has been found to be related to: (i) the
atmospheric vapor pressure deficlify and Tanner,
1979; (i) the soil moisture contenfavies and Allen,
1973; Williams et al., 1978; Barton, 19);%iii) the soil
moisture and the wind ruitMukammal and Neumann,
1977; (iv) the soil moisture and the incoming solar
radiation Elint and Childs, 199} (v) the atmospheric
stability condition {iswanadham et al., 19%1and
(vi) the turbulent sensible heat fluRéreira and Villa
Nova, 1992.

McNaughton and Jarvis (1983)resented it in the
following form:

E = Erad+ Eaero= QEeq"‘ (1 - 2)Eim (1)

defining £2 as the dimensionless decoupling factor,
computed by

v rc } -
S+yra
beingy (kPa K1) the local psychrometric coefficient;

s (kPa K1) the slope of the temperature—saturation
vapor pressure relation at the mean temperature point;

2= [1+ @)



A.R. Pereira/ Agricultural and Forest Meteorology 125 (2004) 305-313

re (sm1) the average canopy (surface) resistance;
andr, (s 1) the average aerodynamic resistance be-
tween the effective source of water vapor and a refer-
ence height above the surface (taken as 2 mEf)r
As noted byJones (1994)52 depends on the./r, ra-
tio rather than on their absolute values.

The equilibrium evapotranspirationEdg, mm
day 1) is given by

Rhn—G
A

N

e

Eeq= 3)
whereR, (MIJm~2day 1) is the net radiation above
the surface; ands (MJm2day 1) is the soil heat
flux, presumed to be negligible on a daily time scale
for reference evapotranspiratio& & 0, Allen et al.,
1999; andA is latent heat of vaporization here taken
as 2.45MJkg?.

Em (mmday?l) is the part of the evapotranspi-
ration imposed by the surrounding airJarvis and
McNaughton, 198p Ejy, is determined by the daily
average vapor pressure deficit of the di(kPa),
and by the canopy resistance, or

“4)

where pcp (kJm23K~1) is the volumetric specific
heat of the air at constant pressure.

Priestley and Taylor (1972uggested thdt can be
computed by

E = O{Eeq (5)

with « compensating for the discard Bfy,.

Expressing the Penman—Monteith equation as a di-
mensionless fraction of the available ene(@y; — G),
or

E

Rhn—G

_ /¥) + (pcpDa/y(Rn — G)ra)
(s/v) + ((re +ra)/ra)

Monteith (1965)defined an “isothermal resistance”
(ri) as

(6)

- pcpDa

=— 7
Y(Rn — G) ")

T
indicating thatr; is a critical value of + ra at which
E=Rn—G.

Imposing the conditioE/dra = 0 in Eq. (1)
the isothermal resistance takes the critical value
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(Monteith, 1965; Jones, 1994; Ranaetal., 1997, 1998
pD
«_ 8+ ppcpDa ®)

r =
sy(Rn — G)
defining the condition wherk is independent of,
(i.e., independent of the wind speed) afig= Eeq.
CombiningEgs. (1)—(4) and (8Perrier et al. (1980)
showed that

with
Co 1+ /(s + )™ /ra) (10)

1+ (/s + ) re/ra)

Katerji and Perrier (1983)efinedC as a crop coef-
ficient, and it has been found to vary with the growth
stage for wheatRerrier et al., 1980 for rice and
groundnut Peterschmitt and Perrier, 1991From
Egs. (2), (5) and (10} can be seen that = C =
2/,

3. Material and methods

Following Priestley and Taylor (1972Yaily equi-
librium evapotranspirationgeq) was computed using
Eq. (3)with the 24 h total of net radiation, neglecting
the heat flux into the ground, and with the average
air temperature. Daily reference evapotranspiration
rates were computed as a functionEd; using two
schemes. The first approach was that useéénrier
et al. (1980)expressed b¥gs. (8)-(10jand hereafter
referred to as the Perrier—Katerji—-Goose—ltier (PKGI)
method. InEq. (8) it was used the daytime mean
net radiation R., Wm~2), neglecting the soil heat
flux, with the average vapor pressure deficit given by
Da = es — ea, Wherees = 0.5[es{Tmax} + €s{Tmin}]
andea = [es{Tmax}RHmin + es{Tmin}RHmaxl /200, as
described inAllen et al. (1998)

The second approach is an alternative hypothesis
based onMonteith (1965)and Perrier (1975)argu-
ments and it takes = £2~1 (Alpha-Omega method),
as defined irEq. (2) For both schemes the parame-
terization for a reference grass surface giverAbign
et al. (1989, 1998)vas adopted, i.er¢/ra = 0.34U>,
andra = 208/ U, with the daily average wind at the
2m (Uo, ms1) above the ground.

Two data sets were used for testing the goodness of
such schemes. One set was obtained from 1960 to 1963
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at UC Davis, CA, USA (3832N; 121°46W; 19m J—1— Z,-Ail(Oi — E)? (13)
a.m.s.l.), where a 6.1 m diameter weighing lysimeter * — Zfil(lEi — 0| +0; — 0])2

located near the center of a 146855 m measured -

ET (Evys) from a field of perennial ryegrass mowed Z{\;l(oi — E;)?

to keep an average plant height of 0.1m, and irri- EF=1— m (14)
gated weekly Pruitt, 1963. Near the lysimeter, net 2i=1(0i = 0)

radiation and wind run were measured at 2m above |0 — E|

the ground. Maximum and minimum air temperature = (15)

(<2 1 2y/n105
and relative humidity were measured at 1 m above the [0 T 52)/N]

surface. Days with strong advection as well as those
with restrictedE,ys were discarded based on the cri-

i . ining 422 d fi .
teria 5 < Eiys/Rn+ < 0.9, remaining AYSTOT " Ihe perfect model will havé = r2 = d = EF = 1.0

analysis.
The other data set used came from measurements2nd@ = MAE = MBE = RMSE =7 = 0. The best

at Piracicaba, SP, Brazil (222'S: 4730W:; 546 m model should tend to the above limits. EF is defined
a.m.s.l) durin’g 1096. ET was obtained also from a 25 an appropriate? for the no-intercept fit and it can

weighing lysimeter but with a much smaller surface take negative V€.:1|UeS as well as values greater than 1
area €0.92nt), located about 80 m from the lead- (Ksalveth, 1985; Montg_omery and Pepk,_199249).
ing edge of the most prevailing wind direction, in a A value oft below a critical threshold indicates a sta-

35mx 90 m field of Paspalum notatum L. grass. Soil tistically reliable model.

moisture was monitored by tensiometers and kept near

field capacity by underground irrigations. The grass

was clipped to a height close to the 0.12m of a ref- 4. Results and discussion

erence surface defined llen et al. (1989, 1998)

Net radiation was measured at 1 m above the ground. Table 1summarizes the statistical measures for all

Maximum and minimum air temperature and relative approaches. Comparing equilibrium evapotranspira-

humidity, and wind speed were obtained at 2 m height. tion (Eeg) with lysimetric measurementsEys) it is

The sameEys/Rny ratio criteria used for the Davis  possible to determine an overall average Priestley—

data set was also applied to eliminate days with unre- Taylor parametew (or C for Perrier et al., 1980 For

liable data, resulting in 127 days for analysis. the tropical climate of Piracicaba, SP, Brazil, the com-
The measures of goodness of fit of the several ap- parisons resulted in = 1.20 (£0.01), 72 = 0.8218

proaches were based on linear regression between es{Fig. 1A); for the semi-arid climate of Davis, CA,

timated E) and observed() Eg. As the Y-intercept USA, it resulted ine = 1.27 (&0.01), 72 = 0.9112

did not differ statistically from zero the regression (Fig. 1B). The original Priestley—Taylor proposal of

was forced through the origin (i.e¥, = bX). Besides a fixed averager = 1.26 worked well for Davis in

the traditional coefficient of determination?), root the absence of heat advectioB {s = 1.0EpT126,

mean square error (RMSE), maximum absolute error r2 = 0.9088). For Piracicaba there was a slight over-

(MAE), mean bias error (MBE), the following statis-  prediction of 5%, on average, &sys = 0.952EpT1 26,

tics were also used: index of agreememt\Willmott, r2 = 0.8218.

1981, model efficiency (EFZacharias et al., 1996 The « value here reported for Davis is slightly

and thet-statistics for the mean with the level of sig- smaller than the 1.33-1.44 values found Byuitt

nificance chosen to be 0.5%tbne, 1993; Jacovides and Doorenbos (1977)sing monthly averages and

and Kontonyiannis, 1995Such indices are defined as different screening criteria. In the present Davis data

set it was found that, in general, there was a ten-

whereO andE are the means of the observed and es-
timated valuess?, ands are the respective variances.

MAE = max(|0; — Eil);; (11)  dency for warmer days to have a highiys/Rn
N ratio than cooler days as indicated by relationship

N with 3.9°C < Tmax < 37.2°C. For Piracicaba such
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Table 1

Summary of the statistical indices used for analysis of the performance digthmodels: slope of the regression link),( coefficient

of determination 1), maximum absolute error, mean bias error, root mean square error, index of agreénemdel efficiency (EF),

standard deviations], t-statistic (), mean of the observed value®) mean of the estimatesE), Penman—Monteith FAO-56 (PM56),
Priestley—Taylor parametet), decoupling factor £)

Method b r2 MAE MBE RMSE d EF E (mmday!) s (mmday?l) t
(mmday!) (mmday?l) (mmday?)

Piracicaba, SP, BR

«=126 0952 0.8218 1.91 0.16 0.50 0.95 0.78 4.60 1.34 1.01
a=C 1.345 0.7883 2.24 -1.18 0.54 0.73 —0.21 3.26 0.94 8.86
a=02"1 102 08628 1.24 -0.12 0.43 0.97 0.86 4.32 1.22 0.80
PM56 0.93 0.8634 1.42 0.33 0.46 0.94 0.78 4.77 1.19 2.22
Davis, CA, USA

=126 100 09088 1.49 0.02 0.51 0.98 091 3.85 1.64 0.17
a=C 0.949 0.8245 2.59 0.25 0.72 0.94 0.81 4.12 1.55 2.21
a=0"1 100 08723 262 —0.04 0.62 0.97 0.87 3.83 1.66 0.34
PM56 0.93 0.8952 2.53 0.28 0.60 0.97 0.86 4.15 1.76 2.33

20 =4.44mmday?’, so = 1.17mmday?, n = 127, 1c = 2.62.
b0 =3.87mmday?, so = 1.72mmday?, n = 422, 1. = 2.60.

tendency was not detected perhaps due to a narrowtimations in Davis had minimum temperature below
maximum temperature rang@1.5°C < Tmax < 5°C and were all in the period October—-May. The
35.3°C). Tmin threshold was selected based on visual inspec-
In regard to the Perrier—Katerji—-Goose—ltier method tion of the most discrepant pointsig. 2B. Analysis
(Fig. 2), for Piracicaba it underestimated the measure- of the 123 days withlinin < 5°C indicated gross
ments by 35%, on average, &ys = 1.346Epka, overpredictions, o\ ys = 0.763Epkal, r2 = 0.8243.
r2 = 0.7883. Thet-statistic above the critical value During such days the averagfys was equal to
rejects the hypothesis that the PKGI gives reliable 2.31 mmday?!. Results for the remaining 298 days
estimates for Piracicaba. For Davis, there was a with Ty,in > 5°C displayed a much better fit with
slight overprediction of 5%, on average, B(ys = Elys = 0.9%pkal, r?2 = 0.7963, and the average
0.94%pkg, 2 = 0.8245. Days with large overes- Eiys equal to 4.51 mmday.

10
F(A) 16
L Piracicaba, SP, BR Davis, CA, USA

s |
E 6
£ L
= L
L L
g 4r Q
g [ 0
o L O : Y=1.27X
=402 %= 0.9112 7
i n= 127 n =422
2 4 6 8 0 2 4 6 8 10

Equilibrium ET (mm/d)

Fig. 1. Overall Priestley—Taylor parameter for grass reference evapotranspiration: (A) Piracicaba, SP, Brazil; (B) Davis, CA, USA.
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Fig. 2. Grass reference evapotranspiration predicted by the Perrier—Katerji-Goose—lItier method vs. lysimeter measurements: (A) Piracicaba
SP, Brazil; (B) Davis, CA, USA.

The above results indicate that the PKGI model for
« did not work well for the present data sets. The

than on a daily basis. No attempt was made here to
check their findings due to lack of the necessary hourly
main problem with this method is the determination data set at this time. Their proposal of an empirical
of a critical resistancer{ in Eq. (8) with daily av- C = 0.11(+*/rg) + 0.9 for a daily time scale did not
erages because it depends directly on the vapor pres-change statistically the results showrHig. 2for both
sure deficit Dg), a non-linear function of the tempera- locations.

ture. Such difficulty is expressed by the many methods  The Alpha-Omega (AO) approach = 21 rep-
available for estimating averade, giving very dis- resented a better alternative than the PKGI method as
tinctive results as shown in several repoB@®¢renbos can be seen ifrig. 3. For both locations the points
and Pruitt, 1977; Sadler and Evans, 1989; Allen et al., spread around the perfect fit line (1:1), with the follow-
1998. Rana et al. (1994have found that the PKGI  ing statistical relationships—(a) PiracicabBiys =
method works better on an hourly time scale rather 1.02Ex0, 2 = 0.8628; (b) Davis:Elys = 1.00Eao,

10
A ()
Piracicaba, SP, BR Davis, CA, USA 4

8
o

— el 8

T JoYeX: o

E 6 > S

E Q80 © [e)

o o) PO O

5 > >

T 4

@

= 5

2 %v Y =1.02X O Y =1.00 X

a2 r%= 0.8628 2= 0.8723 y

n =127 n =422
0 i i i i
0 2 4 6 8 0 2 4 6 8 10

Alpha-Omega Method (mm/d)

Fig. 3. Grass reference evapotranspiration predicted by the Alpha-Omega method vs. lysimeter measurements: (A) Piracicaba, SP, Brazil;
(B) Davis, CA, USA.
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Lysimeter ET (mm/d)

n =127

8

0

2 10

PM56 Method (mm/d)

Fig. 4. Grass reference evapotranspiration predicted by the Penman—Monteith FAO-56 (PM56) vs. lysimeter measurements: (A) Piracicaba,

SP, Brazil; (B) Davis, CA, USA.

r2 = 0.8723. By all statistical standard3aple ),

caba: Eiys = 0.93Epwse, 2 = 0.8634; (b) Davis:

the performance of the Alpha-Omega approach can Erys = 0.93Epusg, r2 = 0.8952. Such results indi-
be considered as excellent. This approach allows for cate that the PM56 resulted in a overprediction of 7%
a variablex parameter and it does not require local on average.

calibrations, eliminating the need for determining the
critical resistancer(), and consequently the need for
humidity measurements The FAO-56 parameterization
r¢/ra = 0.34U, worked well and no refinement was
necessary at this time.

As the Penman—Monteith FAO-56 (PM56) is nowa-
days the only method recommended by FAO for esti-
mating reference evapotranspiratidep), even when
some input variables have to be estimatiiten et al.,
1998, the performance of this method is also here in-
cluded for the sake of comparisorisd. 4). Similarly
to the AO approach, the PM56 had almost identical
statistical relationships for both locations, or (a) Piraci-

Table 2

Another way to evaluate the performance of the
methods and approaches is to compare the correspond-
ing accumulatedeg (mm) against the accumulated
Evys. The ratio estimated/measured close to 1 indicates
good performancelable 2summarizes all results for
both locations. As discussed before the Davis results
were separated according to the daily minimum tem-
perature Tmin). Days withTimin < 5°C had the worst
estimates for all methods. Even though the PKGI ap-
proach uses the same input variables of the PM56
its performance varied from large underprediction for
Piracicaba to large overprediction for the Davis cool
days ((min < 5°C). Its performance is even inferior

Comparisons of accumulatdgh (mm) given by the Priestley—Taylor (three approaches) and Penman—Monteith (PM56) methods, and the

lysimetric ET ELys) for Piracicaba, SP, BR, and Davis, CA, USA

Method Piracicaba Davis

All Ratio Tmin > 5°C Ratio Tmin < 5°C Ratio All Ratio
Eiys 564.1 - 1345.3 - 283.8 — 1629.1 -
a =1.26 584.7 1.04 1305.8 0.97 314.6 1.10 1620.4 0.99
a=C 414.0 0.73 1356.6 1.01 376.7 1.32 1733.3 1.06
a=0"1 548.8 0.97 1292.6 0.96 318.1 1.12 1610.7 0.99
PM56 605.6 1.07 1429.1 1.06 318.7 1.12 1747.8 1.07

The Davis results were separated according to the daily minimum temperatys® Ratio: estimated/lysimeter.
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Fig. 5. The decoupling factor (Omega) as a function of the wind
run.

to that obtained assuming the fixed= 1.26. Con-

versely, the less input demanding AO approach gave

consistent good results for all conditions.
The good performance of the AO approach is an in-
dication thats2 is not a constant even for large fields

of short grasses. Selecting days with almost perfect fit

of the Epwsg With the Ejys it was possible to analyze
the range of2 values under very distinctive weather
conditions. During the 93 selected days (62 for Davis
and 31 for Piracicaba) the ET varied from 0.60 to
7.0mmday? covering the whole range of the mea-
sured values. For both locatiofisvaried from 0.69 to
0.93 with average of 0.83, a value close to the 0.8 re-
ported byMcNaughton and Jarvis (1983)here was

a negative linear relationship betwe@rand the wind
run (i.e., 2 = 0.976— 0.0009WR, %> = 0.8948 n =

93) with high values occurring during calm days and
low values being characteristic of very wind days,
as can be seen iRig. 5. This statistical relationship
is a simplification ofEq. (2) and it can be used in
the AO approach for estimatinBg with equivalent
efficiency.
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