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ABSTRACT: Good irrigation practices lead to higher yieldsl ancomes for producers but also raise
the demand for water use. Despite of the greatrashraent of technologies for water supply, irrigatio
management remains inadequate in most areas. dkeflhasic information on crop water needs is one
of the causes for inadequate water use and irmigananagement. The approach normally used to
guantify the consumptive use of water by irrigatetbps is the crop coefficient-reference
evapotranspiration (Kc ETo) procedure. In this pohae, reference evapotranspiration (ETo) is
computed for a grass or alfalfa reference cropiartden multiplied by an empirical crop coefficient
(Kc) to produce an estimate of crop evapotranspmgETc). The ETo represents the non-stressed ET
based on weather data. We selected three expesmthtdifferent crops in terms of physiology and
planting arrangements to discuss the crop coeficigaradigm and its relation with reference
evapotranspiration for highly canopy-atmosphereptam crops.We found the Kc decreasing as ETo
increased as a consequence of high plant atmospbepding, which limits the amount of water the
plant could supply to the atmosphere. This findmgimply that irrigation might be reduced undersie
conditions
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O coeficiente de cultura varia com a evapotranspirgdo de referéncia para culturas altamente
acopladas com a atmosfera

RESUMO:As boas praticas em irrigacdo podem conduzir cagly da produtividade e aumento da
renda dos produtores, mas também elevam a demandagpa dos mananciais. Apesar do grande
avanco das tecnologias, 0 manejo da irrigacdo @adimadequado na maioria das areas. A falta de
informacdes basicas sobre as necessidades hidasasilturas € uma das causas dessa deficiéncia no
manejo da irrigacdo. Uma das abordagens mais upadagjuantificar o uso consultivo de agua para
culturas é através da abordagem do coeficientauliera. Nesta abordagem, a evapotranspiracdo de
referéncia (ETo) é dada pela evapotranspiracaondgramado ou da alfafa e entdo multiplicada por um
coeficiente empirico (Kc) para estimar a evapopaasao da cultura (ETc). A ETo, neste caso,
representa 0 consumo hidrico sem limitacdo porcideitia hidrica baseada apenas em dados
meteoroldgicos. Neste trabalho, selecionou-se ddedes experimentos para discutir o paradigma da
abordagem do coeficiente de cultura e sua relag@oacETo para culturas altamente acopladas com a
atmosfera. Observou-se para os trés casos que agettesceu com o aumento do ETo com uma
consequéncia do alto acoplamento com a atmosfeeapassivelmente limita o transporte de agua das
plantas para a atmosfera. Este fato pode represemzducdo do volume de agua utilizado para a
irrigacao pode ser reduzido.

PALAVRAS-CHAVE: Kc, fator de desacoplamento, irrigacao
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INTRODUCTION

Good irrigation practices lead to higher yields amcbmes for producers but usually raise the
demand for water use. Despite of the great advaaeeof technologies for water supply, irrigation
management remains inadequate in most areas. dkeflaasic information on crop water needs is one
of the causes for inadequate water use and iroigatianagement.

A very used approach to quantify the consumptive afswater by irrigated crops is the crop
coefficient-reference evapotranspiration (Kc ETo)gedure. This approach also makes it possible to
consider the independent contributions of theealporation and crop transpiration by splittingiiio
two separate coefficients as follows: Ke, a sodmoration coefficient; and Kcb, a crop transpinatio
coefficient (referred to as the basal crop tramgmn coefficient) (Allen et al., 1998). In thisqmedure,
reference evapotranspiration (ETo) is computedaforeference crop and is then multiplied by an
empirical crop coefficient (Kc) to produce an estimof crop evapotranspiration (ETc).

This approach has been universally adopted as @eguoe for scheduling and quantifying the
water amount to be applied in the field and it besn supported by data along years, but the satae da
frequently shows the need of systematic improvement

In this paper, we used data from different crotsu® orchard, coffee and sugarcane plantations)
in terms of physiology and planting arrangemenwisouss the crop coefficient paradigm, and to show
how this approach might be improved if the traregpn coupling to the atmosphere would be
considered. To do so, we were based on our preyiabBshed studies showing canopy-atmosphere
decoupling influencing the crop transpiration resges to weather under high evaporative demand
(Marin et al., 2005; Marin &Angelocci, 2011, Nassif al., 2014), which could be explained by the
decoupling factorQ®) approach proposed by McNaughton & Jarvis (1983).

MATERIALS AND METHODS

Experiment 1: citrus orchard

The experiment was carried out in a orchard atettperimental area of the “Luiz de Queiroz”
College of Agriculture (ESALQ)at University of S&aulo (USP), Piracicaba, Sdo Paulo State, Brazil
(latitude 2242’S; longitude 4730°'W; 546 m a.m.s.l.) from January 1998 to Augu3@@, with details
described by Marin &Angelocci(2011).

The mean values of were used to compute the decoupling fac®y for a hipostomatous leaf,
which was defined by the following equation as désd by McNaughton and Jarvis (1983).
Conceptually, the extreme values®imean are: aJ2 -~ 1 as gra— 0 implying that the net radiation is
the only contributor to the evapotranspiration pgscand that vegetation is completely decoupled fro
the atmospheric conditions; ) -0 as gra— indicating complete coupling of vegetation with
atmospheric vapor pressure deficit and wind speed.

The daily ETc was calculated, and the data wasageer over 15 min, recorded at 10 s intervals
and stored by a datalogger (CR7; Campbell Scientiiic.) using the Aerodynamic method.

Experiment 2: Coffee plantation

The study was carried out in ESALQ-USP from AugasOctober, 2002, as fully described in
Marin et al (2005). The overall crop evapotrandgmra(ETc) was determined by the surface energy
balance using the Bowen ratip) (method, based on vertical differences of air terafure AT) and
vapor pressurede)by measuring them 1.5 m and 3.5 m above thengrot@ihe reliability of the method
was tested by rules proposed by Perez et al. (1988%e two variables were measured with an agsgirat
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copper-constantan thermocouple psychrometer (Mgrah, 2001) mounted 1.5 m and 3.5 m above the
ground.

Experiment 3: Sugarcane plantation

This experiment was carried out in Piracicaba ESAL&P from October of 2012 to April of
2015. The experimental plot had 2.3 ha of planecauitivar RB867515 irrigated by a center-pivoteTh
spacing at planting was 1.4 m between plants aadyn&5 buds per meter were used during planting.
The overall crop evapotranspiration (ETc) was dweileed by the surface energy balance using the
Bowen ratio ) method, as in the experiment 2 and fully descritye Nassif et al. (2014).

RESULTS AND DISCUSSION

Along the citrus whole experiment (Experiment 1)oBifas systematically higher thanETc, with
averages ofETo=4.4 mm'é&ndETc=2.8 mmn the wet summer season (SS) andET0=2.8 nhandl
ETc=0.90 mm din the winter season. During SS ETc followed ETatigkly closer than it was along
the WS, in which ETc was almost flat below 1 mrhakspiteETo ranged from 1 to 4 mm.Buring
the SS, ETo ranged from 3 to 7 mm, dutETc did not exceed 4 mmt dFigure 2a), but rather ETc
tended to reach a ceiling value when ETo surpadsedn d'.Average Kc values ranged from 0.6 to
0.17 for the whole experiment time (Fig 2B) whickre related with the slope of the linear equations
of Fig.2A. Fig. 2B shows the Kc downward trend d®HEncreases for both seasons, which might be a
consequence of stabilization of ETc in days wittoigh atmospheric. It is interesting to see thane
during the WS, when the atmospheric demand isivelgtiower than SS, the same trend was observed
(Fig 2B).

The winter Kc values for citrus were also lowentlhiaose observed by Alves et al. (2007) under
the same climate and soil conditions. These Kceslere still slightly lower than those observed by
Alves et al. (2007) but were within a similar rarrgported by others. The Kcb value was Gt41.08
for the wet period and 0.280.07 for the dry period, and these Kcb values wenparable to previously
reported values. The variety, root-stock, plant age management practices are responsible for
differences in the Kc and Kcb values, but the défees in micrometeorological conditions might have
an important role, especially regarding the atmesplwater demand. The same behavior was observed
in the coffee and sugarcane.
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Figure 1. Relationship between acid lime evapopaason (ETc, A) and crop coefficient (Kc, B) with
the reference evapotranspiration (ETo) in two sesiso
Coffee measurement in Experiment 2 showed simidédwes of ETcin relation to ETo, with
average ETc=3.1 mm'dand average ETo=3.2 mrit.dAt the time of year when measurements occurred,
coffee plants were usually recovering their physgat activity and preparing for the coming flowegin
phase, which is usually induced after a certaiiopdreneath cold and dry weather.
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The mean value of Kc obtained was 0.99, rangingnfdo6 to 1.9 (Figure 2b). The value of Kc
is essentially composed of two terms: the basalfficeant (Kcb), which represents the plant
transpiration, and the evaporative coefficient (Keghich represents the bare soil evaporation (Ade
al., 1998). Although Kce was originally defined fmarre soil, in orchards it can be defined in teahs
the interrow water loss, including weed transpmatiThe average value of Kce obtained was 0.24. In
Hawaii, Gutiérrez and Meinzer (1994b) found an mi€arvalue of 0.66 for Coffeaarabica, var. Catuai,
with LAI ranging from 1.4 to 7.5. One of the causaslow values of Kc observed at Hawaii seems to
be the differences in the micrometeorological cbods compared with the Brazilian plantation,
especially with respect to atmospheric water demand

The relation between ETc and ETo for coffee plamtatvhose ratio, given by the slope of the
straight line forced to pass by the origin (Fig),4apresents the Kc values, indicatesmean vall of
around 1.0 and there was no clear stabilizationdtr®r high ETo values (Fig. 2a) as observed in
Experiment 1 (Fig 2), but there was as well a doamairend of Kc values as ETo increased (Fig. 2b).
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Figure 2. Relationship betweencoffee evapotranspirdETc) and reference (ETo) evapotranspiration
(A), and relationship between crop transpirationdid ETo (B).

Sugarcane ETc was usually higher than the EToabbitige three years of measurements, with
average ETc=3.43 mmdind average ETo=4.05 mrt (Fig. 5). 2014 was one of the driest and hottest
years of the climatic registers in the region drevery high ETc data observed might be relatehliso
with maximum values reaching 7.9 mm dd¥ig. 5). On average, ETc was nearly 16% highe&fo
(Fig. 6a), and Kc showed a decreasing trend freh{far values of ETo less than 2 mm dayo 1.0 for
ETo higher than 6 mm dayIn the sugarcane field, the mean Kc for the wiex{geriment was 1.21,
ranging from 0,5 to 2.52. The Kc for plant canes(fiyear of Experiment 3) was 1.04; and for thst fir
ratoon (second year of experiment 3) it reach 1n3average, while in the second ratoon season it
decreased again to 1.23 (Fig. 4). This year avaragbt be biased by the period of the year wasrtake
as it varied from year to year. Anyway these datsonably agreed with FAO suggested values for
sugarcane (Allen et al., 1998). Figure3b shows &aehsing with ETo, as a consequence of the highly
coupled plant-atmosphere conditions, asalreadyrebdeoy Nassif et al.(2014) but this relationship
seems to be less marked than ones observed fas (fig. 1b) and coffee (Fig. 2b).
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Figure 3.(A) Relationship between sugarcane evapspiration (ETc) and reference (ETO)
evapotranspiration, and (B) relationship betweep coefficient (Kc) and ETo.

Results from Angelocci et al. (2004), Marin et @005) and Nassif et al. (2014) shows the
response of leaf conductance (gs) to weather Jagafaving a quadratic relationship in which gs
decreases when the atmosphere demands high tetimpirates.Based on values of vapor pressure
deficits, solar radiation and air temperatures ipossible to see gsincreasing up to weather ¢onslit
equivalent to ETo less than 4.5 mm, éind decreasing thereafter for higher ETo valDespite the
high variability of gs, these relations corrobosatiee hypothesis that trees control the transpinedis
the ETo increases, supporting the propositionHeruse of different Kcb values for discrete ETayem
In function of this and the results of the expenmtse Table 1 shows proposed values for Kc and Kcb i
different ETo ranges for the three crops. For althem, Kc (or Kcb) values decreased as the ETo
increased, which may represent an interesting wayprove the water management in orchards under
localized irrigation (for coffee and citrus for taace) and an important way to save water for eskien
irrigated sugarcane plantations.

Table 1. Values of Kc (and/orKcb) for three rangé€Tofor citrus orchards, coffee and sugarcane
plantations, under the experimental conditions.gthedard deviation is found in the brackets.

Coffee Sugarcane Acid lime (summer) Acid lime (winter)
ETo range Kc Kch Kc Kc Kcb Kc Kch

<2mmd | 1.57 [0.84][ 1.27 [0.48]| 1.26 [0.46]] 0.74 [0.14]| 0.53 [0.11][ 0.39 [0.16]| 0.46 [0.09]
2 -4 mmd[1.03[0.23]] 0.87 [0.18]| 1.15 [0.27][ 0.71 [0.12]| 0.45 [0.03]| 0.31 [0.15]| 0.35 [0.06]
>4 mm d* [0.94[0.20][ 0.67 [0.08]| 1.10 [0.20][ 0.68 [0.10] 0.37 [0.06]| 0.22 [0.05]| 0.24 [0.03]

Low values ofQindicates the influence of wind speed and VPD om Bifid T, i.e., the crop
transpiration becomes conditioned by aerodynamnditions rather than radiation conditions, which
imposed a tendency of larger crop evapotranspiraites. As Jarvis (1985) postulat€diends to be
gradually lesser in tall rough crops (mainly witisabntinuous ground cover) due to a reduction of
aerodynamic resistances of the canopy caused bgoaous air mixing and a high crop roughness.
Interesting to note that for even such a less raagiopy crop as sugarcaie)ow values ofQ for the
three crops also points for enough air mixing fouging the canopy to the atmosphere (Table 2).

Table 2.Average values of decoupling factor fofeef citrus and sugarcane plantations.

Crop Decoupling factor

Coffee 0.09
Citrus 0.11
Sugarcan 0.22
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Allen et al (1998) claimed that the Kc values pregub by them must be used under standard
climatic conditions, as sub-humid climate, minimueiative humidity of 45% and wind speeds
averaging 2 m-$and that variations in wind speed may alter aamadyic resistance and, hence, the
crop coefficients mainly for tall crops. They alsferred that under high wind speeds and low retati
humidity, Kc tends to increase. However, some dspdzserved in the three experiments here analyzed
were slight different from the aspects postulatgdiben et al. (1998). Firstly, we noted that Ka fo
coffee and citrus had a small variation as the Ehges up to 5.5 mm*dwhich is mainly due to the
role of interrow vegetation. Secondly, high windeeg and low air relative humidity affectedcrop
evapotranspiration and decreased Kcb values dsTtbevaried.

CONCLUSIONS

For the crops here analyzed, leaves reduced theatibconductance under high temperature,
DPV and solar radiation, even with good soil watenditions. Strong canopy coupling to the
atmosphere — due to relatively low aerodynamicstasce and moderate-to-high leaf resistance —
enhancedthis response pattern in the studied cftyese characteristics caused the Kc and Kcband Kc
to inversely vary in function of ETo. Based on thessults, it was proposed that the Kc and Kcb
recommendation for practical purposes should irelineir variation alsoin function of ETo.
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